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Roots play multifaceted role in plants
which are crucial for their growth ad
survival.
Receptor like kinases are important
cell wall sensors for detecting
intrinsic and external cues.
FERONIA a multitasking sensor
regulates diverse root growth and
adaptive traits.
FERONIA activation modulates
calcium, ROS and hormonal signaling
cascades in roots.
FERONIA regulates nutrient uptake
and microbiome assembly.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 18 April 2024
Revised 25 October 2024
Accepted 2 November 2024
Available online xxxx

Keywords:
FERONIA
Root biology
Abiotic stress
Mechanobiology, nutrient dynamics
Microbiome
a b s t r a c t

Background: Roots perform multifaceted functions in plants such as movement of nutrients and water,
sensing stressors, shaping microbiome, and providing structural support. How roots perceive and
respond above traits at the molecular level remains largely unknown. Despite the enormous advance-
ments in crop improvement, the majority of recent efforts have concentrated on above-ground traits
leaving significant knowledge gaps in root biology. Also, studying root system architecture (RSA) is more
difficult due to its intricacy and the difficulties of observing them during plant life cycle which has made
it difficult to identify desired root traits for the crop improvement. However, with the aid of high-
throughput phenotyping and genotyping tools many developmental and stress-mediated regulation of
RSA has emerged in both model and crop plants leading to new insights in root biology. Our current
understanding of upstream signaling events (cell wall, apoplast) in roots and how they are intercon-
nected with downstream signaling cascades has largely been constrained by the fact that most research
in plant systems concentrate on cytosolic signal transduction pathways while ignoring the early percep-
tion by cells’ exterior parts. In this regard, we discussed the role of FERONIA (FER) a cell wall receptor-like
kinase (RLK) which acts as a sensor and a bridge between apoplast and cytosolic signaling pathways in
root biology.
Aim of the review: The goal of this review is to provide valuable insights into present understanding and
future research perspectives on how FER regulates distinct root responses related to growth and stress
adaptation.
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: In plants, FER is a unique RLK because it can act as a multitasking sensor
, and adaptive traits. In this review, we mainly highlighted its role in root
distinct root responses such as root development, sensing abiotic stressors,
ransport, and shaping microbiome. Further, we provided an update on how
lving Rapid Alkalinization Factor (RALF) peptides, calcium, reactive oxygen
ignaling pathways.. We also highlight number of outstanding questions in
that warrants future investigation. To sum up, this review provides a com-
role of FER in root biology which can be utilized for the development of
igh yielding crops based on the modified root system.
B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Climate change poses significant threat to agricultural produc-
tivity, economy and nutritional security especially in developing
countries [1,2]. The impact of climate change driven extremes like
drought, heat waves, floods, storms on agricultural production as
well as dwindling agricultural land makes it harder to meet the
2050 goal of producing more food for increasing global population
[1]. Also, achieving 2050 food security mission, crop input must
rise by 2.4 % yearly, while the present pace is just 1.3 % [3,4]. In
the past there have been reports that climate change driven multi-
factorial environmental stressors have significantly affected the
major food crops such as rice, wheat and maize which had huge
impact on human diet and economy [5,6]. According to FAO [7],
hunger affected over 828 million people worldwide which are pro-
jected to exacerbate as agricultural output declines. Therefore, a
paradigm-shifting innovation for crop improvement is required
to develop climate-resilient and high-yielding smart crops for safe-
guarding future food security. One such approach is developing
robust root system that is more resilient to environmental abra-
sions, sequesters more carbon in the soil, and effectively captures
water and nutrients [8]. In plants, roots are the first organs to
respond multifactorial abiotic stresses such drought, floods, salt
stress, heavy metals, and nutrient depletion, therefore, strengthen-
ing the RSA will be crucial to enhancing global food production [9].
Crop improvement has advanced significantly during the past two
decades, but the majority of current efforts have focused mostly on
the above-ground features, leaving significant knowledge gaps in
the field of root biology [9–12]. Because roots were generally con-
sidered as the ‘hidden half ‘and have been least explored for devel-
oping future resilient smart crops owing to their complexity, time-
consuming, labor-intensive, and difficulties of observing them
throughout their life cycle [13]. In the past, researchers using con-
ventional breeding or biotechnological advancements for crop
improvements using root traits were facing challenges due to the
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difficulties on phenotypic selection to select superior lines possess-
ing promising RSAs to adapted to biotic and abiotic stressors stress
[14–16]. Additionally, the genetic regulation of root traits for
genetic recombination and selection is not well understood. This
challenge has impeded advancements in the study of root traits
genetics to understand how they are expressed in terms of pheno-
type and genotype [17]. Also, the complexity of root structure in
monocots and dicots were also challenging for identifying key root
traits for the crop improvement [17]. Roots can alter their form and
purpose over time due to factors such as root age and season [18].
The development stage of root systems influences various root
traits, including root branching density and coarse root to fine root
ratio [19]. It is becoming increasingly evident that root trait values
change over time at both the species and community levels, along-
side seasonal shifts in environmental factors like soil resource
availability or soil organism community composition and activity
[20]. Hence, the tactics for changing root architecture need to be
tailored to each crop, which poses a difficult challenge for biotech-
nological and breeding crop improvement programs. Therefore, a
thorough comprehension of root phenotyping and genetic control
is crucial for accurately measuring root trait values and using them
for crop improvement programs. With the advent of new technolo-
gies such as computed tomography, computer simulation model-
ing, hydroponics, high-throughput phenotyping, and genotyping,
many developmental and stress-mediated regulations of different
root traits have emerged in both model and crop plants leading
to new insights into the field of root biology [21–25]. Given the
magnitude of the climate change challenge and increased food
demand, holistic approach is needed to explore RSA and how they
respond to multifactorial stressors with more emphasized on wild
plant root system which may open up new possibilities for breed-
ers to develop future robust crops.

Roots are of essential biological importance since they serve as
the sites of an array of biological, environmental and chemical
processes such as nutrient and water intake, interactions with

http://creativecommons.org/licenses/by-nc-nd/4.0/
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microbiome, mycorrhizas, pathogens, pests, and abiotic stressors
[26,27]. Additionally, it also offers a vital experimental framework
for exploring various facets of plant organogenesis, such as the
control of pattern formation, cell division and differentiation as
well as intercellular local and systemic signaling [12]. In general,
there are two different kinds of roots: (i) those that develop during
embryonic development, like tap or primary roots in beans and pri-
mary and seminal roots in maize, and (ii) those that develop post-
embryonically from adjacent nodes on shoots, which are typically
denoted as adventitious roots (ARs) [28,29]. Interestingly, roots
have a great degree of developmental plasticity and frequently
adapt to their surroundings. RSA consists of structural features
including root length, shape, type, spread, and the quantity and
length of lateral roots [30]. RSA displays both robustness and
plasticity-oriented responses against abiotic stressors therefore
they can be a viable source for crop improvement [10,30]. How-
ever, long-term advancements in RSA characterization and the link
between RSA and function traits are necessary for the creation of
crop genotypes with enhanced root phenotypes. In this regard,
integration of high-throughput phenotyping and genotyping tools
is required to underpin the detailed mechanism of RSA develop-
ment under diverse environmental conditions [11,31]. Interest-
ingly, Arabidopsis roots have served as a model for
understanding the intricacy and unexplored realm of root biology
due to its simple root architecture, and availability of huge mutant
collections which have contributed to a better understanding of
developmental and adaptive responses at the cellular level [32].
Nevertheless, despite significant advancements in Arabidopsis,
there are still many knowledge gaps in understanding trait func-
tioning in wild or crop root systems.

Plant roots face number of challenges including nutrient deple-
tion, abiotic/biotic stressors, and mechanical pressures which
affects their growth and functional traits [11,33,34]. However,
roots are constantly tailoring their responses to above environ-
mental cues via a complex array of chemical signaling pathways
that integrate both developmental and adaptive traits in order to
ensure plant survival [11]. Plants have evolved their root system
as one of the multifaceted sensing tool kit that plays a key role
in sensing and responding to diverse environmental and nutri-
tional factors [35]. However, most researchers focus on intracellu-
lar signal transduction pathways while ignoring the early
perception by cell’s exterior parts, such as the cell wall or apoplast,
which has limited our understanding of early signaling events and
how they relate to downstream signaling cascades in root signaling
dynamics. Interestingly, roots may use different sensors or recep-
tors, which can sense external environmental cues and trigger
intracellular physiological and biochemical signaling cascades to
maintain cellular growth and stress adaptability. One such type
of sensors is cell wall receptor-like kinase (RLKs), which act as
bridge between signal perception and transduction [36]. RLKs are
of paramount importance in cell wall- and membrane-mediated
signaling that regulate plant growth, reproduction, and adaptation
to environmental stressors [37]. The first RLK was discovered in
maize (ZmPK1) [38], subsequently with genome-sequencing
research in numerous plant species showed a considerable number
of RLKs in higher plant genomes [39–41]. RLKs have unique cell
surface sensing capabilities of different biotic, abiotic, and mechan-
ical stress which makes them important players in plant signal
transduction [42]. Owing to their multifaceted functions in plants
they act as molecular switches of various plant signal transduction
pathways associated with growth and adaptive responses.
Structural profiling of RLKs have revealed that they contain ser-
ine/threonine kinases with a single transmembrane spanning from
their C-terminal cytoplasmic kinase domain to their N-terminal
extracellular domain [37,43]. Interestingly, some RLKs that lack a
N-terminal extracellular domain are called receptor-like
3

cytoplasmic kinases (RLCKs). RLCKs typically have an intracellular
kinase domain, although some may also include a transmembrane
domain [44].

With over 600 members, RLKs are the largest protein family in
Arabidopsis, and few of them have been identified as crucial cell
wall sensors. [45]. Generally, Arabidopsis transmembrane RLKs
are divided into 14 categories based on the hallmark motifs in
the ectodomains of receptor kinases, viz., leucine-rich repeats
(LRRs), Catharanthus roseus receptor-like kinase (CrRLKs), lectin
receptors (C-type and L-type lectin), wall-associated kinases
(WAKs), extension-like proteins, S-domain receptor-like kinase
(SD RLKs), proline-rich extension-like kinase (PERK), CRINKLY-
like (CR-like), the domain of unknown function 26 (DUF26),
thaumatin-like protein kinases (TLPKs), leaf rust kinase-like
(LRK), lysin motif (LysM), receptor-like kinase in flowers (RKF),
and unknown receptor kinase (URK) [46]. However, the biological
role of these RLKs is not fully understood. Additionally, ligands or
upstream and downstream signaling components are also missing
for most of the RLKs in plants. For in depth information on RLKs
readers are referred to reviews [44,47–49].

In this review, we focused on FER which belongs to CrRLK1 fam-
ily, and its multifaceted role in root biology as well as their signal-
ing dynamics. The CrRLK1 family was named following the
discovery of CrRLK1 in C. roseus [43]. The CrRLKs are distinguished
by one or two malectin-like domains, a transmembrane domain,
and an intracellular Ser/Thr kinase domain [44]. Among CrRLK1
family, FER has become a multifunctional player, controlling a vari-
ety of growth and development functions as well as responses to
pathogens and environmental variables [50–55]. In search of pri-
mary regulator of female fertility in Arabidopsis, FER was discov-
ered to be the master regulator and later identified as receptor
kinase [56,57]. FER, which was named after the Etruscan goddess
of fertility, acts as a node for the crosstalk between environmental
signals and plant growth. Rapid Alkalization Factor (RALF) peptides
function as ligands for CrRLK1-like FER and THESUS1 [50,53].
RALFs were given that name because they quickly raised the med-
ium’s pH, when introduced to Nicotiana tabacum cell cultures [58].
RALFs have been found in a variety of land plants but not in charo-
phytes. In Arabidopsis, 34–39 RALFs have been predicted in its gen-
ome [50,53,59]. Recent researches have shown that RALF peptides
have significant roles in numerous physiological processes [60–
62]. In addition to RALF, FER can also bind to oligosaccharides such
as pectin fragments through interactions between its malectin
domain and polygalacturonic acid to detect cell wall defects during
stress, and triggers calcium (Ca2+) transients that maintain cell wall
integrity [63]. Therefore, FER activation can be either RALF depen-
dent or RALF independent, which can have different effects on
plant signal transduction (Fig. 1). However, there are still many
questions that remain unanswered in RALF- or pectin-dependent
FER activation such RALF peptide activation, oligosaccharide for-
mation, activation of Ca2+ channels, hormonal regulation, and reac-
tive oxygen species (ROS) homeostasis during different plant
developmental and stress conditions. Mutant studies have revealed
that FER plays a variety of roles in plant development, including
the elongating of hypocotyl and root, leaf development, developing
root hairs, and regulating flower timing and seed development
[64–67]. Recent studies have reported that FER is a key player for
sensing and regulating various process in Arabidopsis, including cell
wall stress responses, hormonal crosstalk and mechanical signaling
[65,68–72]. FER is a crucial component of cell wall integrity and
detects any changes in the cell wall caused by abiotic or biotic
stimuli as well as mechanical stress [37,63]. Further, we have sum-
marized the role of FER in numerous plant developmental and
adaptation responses (Fig. 2).

Owing to its multifaceted roles in plant development and stress
biology, FER is considered as a multifactorial sensor and regulator
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Fig. 1. Schematic diagram shows FER activation by RALFs or oligosacrides which can modulate diverse plant signaling transduction pathways. Activation of FER can trigger
calcium, ROS and hormones signaling cascades that can regulate different plant signaling pathways related to growth and stress responses.
of numerous upstream and downstream signaling pathways
related to different traits [50–55]. In this review, we provided a
multiscale viewpoint on FER-mediated regulation of root signaling
dynamics. We primarily focused on how FER regulates different
aspects of root development and also how it aids in perceiving
the mechanical and environmental stresses. We also discussed
the new directions of root microbiome dynamics by highlighting
the role of FER in shaping root microbiome. We have also high-
lighted the knowledge gaps and outstanding questions that war-
rant future investigation in order to fully understand the
complexity of FER-mediated root-signaling dynamics.

FER a key regulator of root development

Root developmental processes are very complex, which involve
the coordination of diverse signaling players such as hormones,
genes, transcriptional factors, and small peptides. From the last
few decades, significant advancement has been made in decipher-
ing the regulatory mechanisms of root development, leading the
identification of different signatures such as hormones [auxin
(AUX), cytokinin (CK), brassinosteroid (BR), abscisic acid (ABA)],
small peptides [CLE (CLAVATA3/ESR-related), RGF (ROOT GROWTH
FACTOR), CEP (C-TERMINALLY ENCODED PEPTIDE), IDA (INFLOR-
ESCENCE DEFICIENT IN ABCISSION)], cyclin-dependent-kinases
(CDKs), and D-type cyclin (CYCD) as well as transcription factors
(TFs) [73–79]. Recent studies have reported the role of additional
components namely RLKs in regulating different aspects of root
developmental biology which have emerged a new research fron-
tier in root biology [67,69,80,81]. RLKs regulates the growth of dif-
ferent root types such as primary, lateral, adventitious and hair
formation [82–84]. However, our current understanding on how
RLKs regulate different root traits is still at early stage. In this
review, we are focusing on the role of FER as one of the elegant
members of RLKs in root developmental biology and also highlight-
ing new paradigms that suggest their involvement in root signaling
dynamics.

Plants require regulated formative cell divisions and proper cell
specification in order to produce many tissues and organs that
4

make up the adult body [85]. These mechanisms are primarily reg-
ulated by transcriptional networks and phytohormones. Recently,
it has been discovered that ligand-induced RLK signaling pathways
are yet another potential essential regulator of plant cell specifica-
tion [82]. Among them, FER is emerging as one of the key modula-
tors of root developmental biology. Many studies have shown that
FER acts as both positive and negative regulator of root develop-
ment that is mainly relied on different cellular signatures like
RALFs, AUX, ABA, protein kinases (PTKs), ROS, Ca2+ and various
TFs as well as the nature of stress and nutritional conditions
[50,86]. For example, FER is necessary for RALF1-induced Ca2+

spikes, which further limit root development. A crosstalk between
RALF and ABA through FER phosphorylation is indicated by the fact
that its peptide ligands RALF and ABA both activate FER and limit
root development [86]. Previous study has shown that exogenous
treatment of RALF peptides in wild type Arabidopsis significantly
inhibits root growth but not in FER mutants, which highlights
the importance of FER in RALF-mediated root inhibition. Arabidop-
sis RALF1 peptides, when binds to the FER receptor, stimulate its
kinase activity which inhibits H+-ATPase activity and proton trans-
port, thus causing apoplast alkalization and suppression of root
elongation [50]. FER can also inhibit primary root growth by phos-
phorylating receptor interacting protein kinases (RIPKs) in a
RALF1-dependent manner [80].

On the other hand, FER positively regulates root hair (RH) devel-
opment by involving multiple signaling routes. RHs are tubular
protrusions that appear on the root’s outermost layer and may
make up as much as 50 % of the root’s surface area. RH size has
paramount physiological and adaptive significances since it affects
the root’s surface area and, consequently, the plant’s capacity to
absorb nutrients and water from the soil [67]. There are various
environmental signals and internal growth regulators that regulate
the formation of RHs. Nevertheless, numerous genes have been
identified so far that regulate RH development. However, Ara-
bidopsis ROOT HAIR DEFECTIVE 6-LIKE 4 (RSL4), a bHLH transcrip-
tion factor, is one of the major players that regulates the
transcription of number of RH genes related to RH elongation
[87]. Further, Arabidopsis plants deficient in RSL4 are impaired in
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Fig. 2. A schematic diagram highlights the role of FER in regulating different plant growth and adaptive traits. FER regulates various growth traits (e.g., pollen development,
root and shoot elongation, leaf size, root development, seed size and development, and flowering). Additionally, FER plays key role in sensing different environmental
stressors.
hairy root development, while as overexpression of RSL4 are suffi-
cient to promote root hair growth. Recently, RALF1-FER was iden-
tified as a central hub of RH development between the upstream
cell surface and downstream signaling events. Activation of
RALF1-FER leads to the phosphorylation of an early translation ini-
tiation factor (eIF4E1) that modulates the expression of numerous
RH genes including RSL4 all of which promotes the RH growth [87].
In other words, the RALF1-FER-eIF4E1 trio promotes RSL4 protein
synthesis, which modulates RH growth. Interestingly, higher levels
of RSL4 also display negative feedback regulation of RALF1 gene
mainly by binding its promoter cis elements which ultimately bal-
ancing RH growth and size. RALF1 also interacts with Lorelei-like-
GPI anchored protein 1 (LLG1) in addition to FER and forms a trio
complex RALF1-LLG/FER that induces GEF–ROP/ARAC pathway,
which in turn modulates auxin-mediated RH development [87].
However, it will be interesting to find out how RALF1-FER controls
RH development during environmental stressors, nutrient deple-
tion and other factors. On the other hand, FER enhances RH growth
by another pathway. For instance, Duan et al. [65] reported that
FER triggers the guanine nucleotide exchange factor (GEF)-plant
5

RHO GTPase (ROP/ARAC) pathway to generate ROS, which is vital
for RH growth. In addition to FER, another CrRLK1 so called ERULUS
(ERU) is also found in RH tips and its activation is reliant on the
auxin signaling pathway [88]. In contrast, fer mutant seedlings’
root hairs have significant faults, with the majority collapsing upon
emergence and the remainder either growth-retarded or growth-
arrested [65]. Additionally, fer mutant seedlings were found to be
insensitive to AUX triggered root hair elongation [65]. It will be
interesting to decipher how FER, ERULUS and auxin trio can mod-
ulate RH development, which will provide novel avenues not only
unravelling the intricacy of RH development but also for develop-
ing stress resilient crops with different RH traits. As a matter of
fact, a variety of environmental factors, including the availability
of phosphorus, nitrogen and other micronutrients as well as differ-
ent hormonal cascades like AUX, ABA and ethylene (ET) affect the
cell destiny and proliferation of root hairs. ABA and ET are very
often considered as negative regulators of cellular growth includ-
ing root. However, FER is known to suppress both ABA and ET path-
ways [64,69]. As a result, the interaction between FER and
hormones (ABA, ET, AUX) will be an exciting research area to
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Fig. 3. Regulation of root development by FER. This model depicts how RALF/FER and other key signaling players drive root hair development, enhance nutrient, and water
absorption (1–4). Many important molecular players (e.g., RALF-FER/eIF4E1, RSL4, RALF1-FER-LLG1, and FER-ERU-AUX) have been identified to drive root hair development.
This model shows how RALF/FER activation leads root growth inhibition via calcium burst and apoplast alkalization (5). It also highlights the missing players that are involved
in RALF/FER-controlled root developmental traits.
explore in root developmental biology given their significance in
controlling a variety of root traits. This complexity raises the pos-
sibility that FER functions as a central node that coordinates signals
and mediates root growth responses at the junction of the plasma
membrane and the cell wall. In conclusion, RALF1-FER stimulates
root hair cell proliferation, while inhibiting primary root cell
growth. Further, we have summarized the FER signaling cascades
in regulating root development (Fig. 3). The concept that FER has
cell-type- and/or growth environment-dependent function is sup-
ported by the mounting evidence that RALF1 and FER cooperate to
restrict primary root growth [50], while promoting root hair
growth [67]. However, it is difficult to comprehend how FER posi-
tively and negatively regulates a variety of root cellular processes
that have different outcome. Additional investigation into FER root
regulatory networks may produce helpful insights in deciphering
its complexity that will be helpful for developing crops with dis-
tinct root system.

Another important aspect of root developmental biology is the
root nutation. Root nutation is form of asymmetric root growth
(ARG) describes how roots grow in a wave and skewing manner
as a result of uneven growth rates on different sides [89]. The
PIN-FORMED2 (PIN2) and AUXIN RESISTANT1 (AUX1)-mediated
6

polar auxin transport are recognized to be essential roles in carry-
ing out asymmetry as the absence of either PIN2 or AUX1 gene
inhibited ARG [90,91]. FER has been discovered as a key player in
defining the root nutating behavior (Fig. 3). For example, FER loss
of function (fer-4) showed increased root waviness on tilted plates
as well as formed anti-clockwise coils on horizontal plates, which
further shows FER in controlling root nutating behavior [81]. This
study also reported that FER modulates root nutating behavior
through Ca2+, PIN2- and AUX1-mediated auxin transport signaling
and microtubule organization. Recent studies have revealed that
fer-4 mutant seedlings had abnormal columella root cell patterns,
grew more lateral root (LR) branches, and took longer to respond
to gravitropic signals in the primary root than their wild-type
counterparts [92]. This study provided incredible finding on the
involvement of polar auxin transport (PAT) in fer-4 mutant lines
responsible for having abnormal columella root cell patterns, more
lateral root (LR) branches, and delayed response to gravitropic sig-
nals. They highlighted that FER regulates PAT by modulating
ACTIN-mediated PIN2 polar localization which could further dis-
play distinct root traits [92]. Additionally, we have outlined the sig-
nificant findings regarding the function of FER controlled root
developmental features (Table 1).
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Table 1
Regulation of root morphological and structural traits by FERONIA.

Root Regulation Species References

Arabidopsis
thaliana

Structure Root (;) Primary root (;) RALF-mediated growth inhibition (cell expansion)
(7 days old fer-4 mutant has longer root than WT)
By negatively regulating JA signaling

[50,93]

Primary root (;) Comparable to that in wild type (no regulation) A. thaliana [92]
Activation of ERF114 and ERF115Negatively regulates lateral root formation
related genes
(ERF114 and ERF115)
Abnormal polarized PIN2 induced by F-actin cytoskeleton yielding auxin
accumulation

Lateral root (;) A. thaliana [92,94]

Root hair ( ) Auxin mediated RHO GTPase signalingHas a role in autocrine regulation with
RALF1 and root hair defective 6-like4
(RSL4)
Involved in ERU-mediated root hair tip growth with AHA1/2

A. thaliana [65,88,95]

Xylem ( ) Negatively regulates xylem maturation related genes (ERF114 and ERF115) A. thaliana [94]
Morphology Skewing /

nutating
Component for nutation polar auxin (PIN and AUX1), Ca2+ signaling
Increased screwing angle in fer-4 mutant

A. thaliana [70,81]

, positive regulation; ;, negative regulation.

Fig. 4. Modulation of root system architecture (RSA) by FER during different environmental, mechanical and nutritional conditions in plants.
Role of FER in stress perception and regulation in roots

Plants are capable of sensing and responding to diverse envi-
ronmental and mechanical cues as well as nutrients in order to sur-
vive and reproduce. The majority of research to date has been
concentrated on above-ground shoot-related phenotypes, which
have been helpful in understanding the intricate interactions
7

between plants and their environment, and have successfully been
translated into the development of high-yielding and resilient
crops through molecular breeding and genetic engineering. How-
ever, the plant roots are still an underutilized source of crop devel-
opment [96]. The root system is responsible for essential plant
processes such as water and nutrient intake, substrate anchoring,
and communication with symbiotic species. Roots face different
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external factors viz., environmental (biotic and abiotic stressors,
microbiota), nutritional (macro and micronutrients), and mechan-
ical conditions (gravity, touch, sound, wounding), all of which have
significant impact on above-ground parts and crop yield Fig. 4.
However, it remains largely unknown how roots sense above fac-
tors at molecular level. In this review, discussed how FER plays a
key role in root sensing and signal dynamics during abiotic and
mechanical stressors as well as nutrient homeostasis (macro and
micronutrients).

Role of FER in abiotic stress responses in roots

Roots are very often exposed to various abiotic stressors such as
drought, salinity, cold, heat, and heavy metals which affect their
development and overall crop yield [97]. For instance, drought
stress directly inhibits root growth and development, and reduces
water intake which increases stress on xylem tissue [98]. Without
proper acclimatization, this could result in xylem embolism, which
would lead to hydraulic failure [99]. Drought also affects root’s
capacity to absorb nutrients, change their microbiota, decrease
their penetrability, and also place mechanical strains on them, all
of which endanger plant survival [100]. Similarly salt and heavy
metal stressors impede root growth and their essential functions
by leading to nutritional imbalances, osmotic stress, and inhibiting
enzyme activity [101]. High and low temperature stress also affects
root system and its key traits [102]. Similar to other stresses, flood-
ing has a detrimental effect on a plant’s root system by blocking
gas diffusion, which causes hypoxia, altering root microbiome,
nutrient imbalance and promoting root diseases, all of which con-
tributes to plant death [103–105]. However, plants use their ele-
gant responsive system in order to confront or survive these
conditions. For instance, the role of calcium channels, ROS, hor-
mones, nitric oxide (NO) and small peptides have been reported
to play key role in abiotic stress signaling responses in plants.
However, their apoplastic activation or regulation remains largely
unknown thereby leaving major knowledge gaps in cells interior
and exterior signaling responses. However, recent studies have
shown that cell wall sensors play vital role in stress sensing and
signal transduction by detecting early damages caused by abiotic
or biotic stressors, and triggers a variety of downstream signaling
cascades. Here, we focused on the existing knowledge on how cell
wall sensor FER is perceiving various abiotic stressors, and regu-
lates different upstream and downstream signaling cascades. Pre-
vious study has shown that FER maintains the cell wall integrity
in roots by detecting the defects caused by salinity stress [63]. This
was confirmed by subjecting fer mutants to salinity stress, which
causes a dramatic burst of root cells. Interestingly, in this study,
FER extracellular domain binds with pectin fragments during salin-
ity stress and triggers Ca2+ transients that maintain cell-wall integ-
rity. This study also proved that FER is required for the recovery of
root growth after exposure to salt stress. The most striking feature
of this study was the FER/RALF1-independent response towards
salinity stress. However, there are other RALF peptides that may
be important during salinity stress. For instance, Zhao et al. [106]
identified new FER-mediated salinity tolerance pathways which
involve the association of three players leucine rich extensin
LRX3/4/5, RALF22/23 and FER, which control ROS production and
hormone homeostasis. The main finding of this trio regulatory
complex was the negative regulation of ABA, jasmonic acid (JA),
and salicylic acid (SA). Although many new findings have emerged
from these studies but how RALF peptides are activated that bind
to FER as well as which calcium channel is involved remains largely
unknown. In addition, how FER controls ATPase, NADPH activity
and other downstream signaling events during salt stress warrants
future consideration. How FER interacts with other signaling cas-
cades that is prominent during salinity stress needs further atten-
8

tion for developing salinity resilient smart crops. Finally, it requires
to identify the other players involved in cell wall reprograming
during salinity stress and how they are connected with FER.
Recently, Xie et al. [107] reported that FER positively regulates salt
tolerance and reduces ABA sensitivity in Malus domestica. These
studies highlight the importance of FER in salinity stress percep-
tion and signal transduction.

Roots are the main organs that detect drought stress and relay
this signal to other organs which forms a long-distance signaling
communication with above ground parts [108]. Under drought
stress root undergo various adaptive changes such as deeper root
formation, root diameter and root respiration [109]. For instance,
under drought stress increased number of thinner and deeper roots
are formed, which facilitates roots to absorb nutrients and water
due to more surface area [109]. The bending of roots toward areas
of water, or positive hydrotropism, is another element that affects
drought tolerance and RSA [110]. Since the accumulation of ABA is
a hallmark of drought stress and root adaptive responses and has
been studied on deciphering the intricacy of drought stress medi-
ating signaling [111]. There is evidence that exogenous treatments
of ABA enhance drought tolerance, which further supports the
strong link between ABA accumulation and drought tolerance
[112]. ABA signaling triggers a number of defensive responses in
plants, such as stomatal closure and transcriptional/translational
reprograming of stress response genes [111]. Recently, it was
found that FER suppresses ABA by activating ABI2 phosphatase (a
negative regulator of ABA) through FER–RopGEF1/4/10–ARAC10/
ROP11 that further inhibits ROS production [69]. Further, fer
mutants were found to be more hypersensitive to ABA and produce
high levels of ROS which inhibited stomata closure, seedling and
root development, and ultimately led to cell death [69]. This study
also provides novel findings on the upstream regulation of ABA sig-
naling and its ally ROS by linking the FER pathway with the inhibi-
tion of ABA signaling. However, further studies are required to
unravel how FER controls ABA signaling cascades when plants
are exposed to drought either individually or in combination with
other stressors. The role of FER in root development and adaptive
traits during drought stress warrants future investigation. Addi-
tionally, how FER controls ABA regulatory signaling molecules such
as calcium, potassium, nitrate, malate channels and peptides in
roots and their impact on long distance signaling during drought
stress needs further consideration. Future studies are required to
unwire the role of FER in ABA independent regulatory responses
during drought stress which will offer new insights on drought sig-
naling mechanisms in root biology. On the other hand, role of
oligosaccharide mediated FER activation during drought stress
warrants future investigation.

Recently, FER was identified as important player for regulating
cold and heat stress responses in Arabidopsis [113]. As fer mutants
showed more hypersensitivity to cold and heat with low survival
rate when compared to wild-type plants [86]. This study provides
the crucial role of FER in plant response to RALF1 and ABA during
cold or heat signaling dynamics. Another study found that the BZR1
transcription factor controls heat stress tolerance in tomato by ROS
signaling mediated by FER [114]. However, the core signaling play-
ers that are involved during FER-mediated cold and heat response
have not yet been identified. Hence, identifying other components
such as FER co-receptors and downstreammolecules will enable us
to better understand how FER regulates cold or heat stress
responses in plants. Owing to the complexity of cold and heat sig-
nal transduction in plants, it is important to examine how FER reg-
ulates different cold or heat responsive hormonal cascades,
calcium channels, ROS and NO which will provide novel avenues
for developing cold or heat tolerant crops. Plant growth and crop
production are severely hampered by excess heavy metals and
trace elements as well as nutrient deficiencies in soils [115]. There-
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Table 2
The role of FER in sensing different environmental cues and its regulatory mechanism in plants.

Stress Regulation Species References

Abiotic
stress

Salt Sense the defects occurred by stress at cell wall (root growth recovery)
Involved in RALFs and LRXsInvolved in RALF1 and AGB1
(heterotrimeric Gb subunit)
Increased sensitivity to stress in fer-4 mutantNegatively regulates touch
regulated genes
(TCHs)

A. thaliana [63,70,118,119]

Increased tolerance to stress and reduced sensitivity to ABA in oxFER Malus domestica [107]
Involved in relieve photosystem damage and accumulation of free amino
acid

Drought M. domestica [120]

Solanum
lycopersicum

Heat Involved in ROS and brassinosteroid-mediated process (brassinazole
resistant 1, BZR1)

[114]

Increased sensitivity to stress in fer-4 mutant A. thaliana [86]
Cold Increased sensitivity to stress in fer-4 mutant A. thaliana [86]
Light (phototropism)
Photo-oxidative Regulates light-induced stress genes, ROS (1O2), photosystem Ⅱ A. thaliana [121]
Blue light Regulates phototropin 1 (PHOT1) A. thaliana [122]
Red Involved in phytochrome B-regulated Fe deficiency tolerance pathway S. lycopersicum [123]

Involved in canonical shade response strategies (SAS)-associated gene
networkFar-red

A. thaliana [124]

C/N Response to stress by regulating E3 ubiquitin ATL6 A. thaliana [125]
Heavy metals Negatively respond to Cd, Ni, Pb

Positively respond to Cu, Zn
A. thaliana [117]

Negatively regulates Cd toxicity via Fe uptaking pathway (tolerance in fer-4
mutant)

A. thaliana [126]

Mechanical
stress

Touch Negatively regulates Jasmonic acid-mediated stress response
Involved in CAMTA3 regulation
Mediated by Ca2+ signaling (impaired in fer-4 mutant)

A. thaliana [70,127]

Gravitropism Inhibits root cell elongation (alkalization in apoplast)
Regulates columella cell, PIN2, auxin, and F-actin

A. thaliana [92]

Cell wall damage (wounding) Negatively regulates ERF114 and ERF115 expression A. thaliana [94]
Involved in root tip regeneration with RALF33 under stress A. thaliana [128]

Biotic stress Pseudomonas syringae Inhibit jasmonic acid signaling (plant immunity) A. thaliana [93]
P. syringae & Bacillus subtilis Alleviate phosphate starvation together with PHR1 and RALF A. thaliana [129]

Inhibit Pseudomonas in the rhizosphere pseudomonads through ROS
regulation

Pseudomonas fluorescens A. thaliana [130]

Negatively regulates pathogen infection by ABA, SA, and polyphenol
accumulation

Valsa mali M. domestica [131]

Pyricularia oryzae FLR2 and FLR11 (FER like receptor, FLR) is related to ROS production and
defense-related genes

Oryza rufipogon [132]

Fig. 5. A schematic model shows the signaling pathways regulated by FER. This model provides a summary of the existing knowledge regarding the unique regulation of
several signaling cascades by FER during the detection and signal transduction of abiotic and mechanical stressors. This figure shows some of the key players (e.g., ABA, JA,
Ca2+, ROS and ATPase, TFs) which are either directly or indirectly regulated by RALF1 or PECTIN/FER activation that in turn triggers different downstream signaling cascades
depending on the nature of stress. This model also highlights various missing links in FER-mediated signal transduction (e.g., activation of calcium channels and their sensors,
ROS regulation, hormonal crosstalk, sensing different abiotic and mechanical stimuli and their signal transduction). It also highlights the role of FER in nutrient homeostasis
such C/N ratio. The role of trio complex RALF1-FER-ATL6 and their interaction with 14–3-3 family has been identified as primary molecular switches of maintaining C/N ratio.

9
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fore, plants must maintain the ion homeostasis in order to main-
tain the cell integrity and cellular functions. In the past, various
players (e.g.,carriers, transporters, hormonal signatures, ROS, NO,
and different gene networks) have been identified that govern
the ion regulation in plants [115,116]. However, the recent studies
have reported the role of cell wall sensors such as FER, THESEUS1,
and HERCULES1 in monitoring the defects triggered by presence of
excessive or low heavy metals as well as growth adaption [117].
This study also reported that fer-4 knock-out showed a greater tol-
erance to cadmium (Cd), copper (Cu), lead (Pb), and (zinc) Zn, but a
hypersensitivity to nickel (Ni). This indicates that, FER seems to be
an important player for underpinning the heavy metal sensing in
root biology. Future studies are required to identify FER mediated
signaling players during heavy metal stress in roots. Further, we
summarized the overall information on how FER regulates differ-
ent abiotic stressors (Table 2), based on available literature we
have shown how FER senses different abiotic and mechanical stres-
ses and regulates signaling transduction pathways in Fig. 5. We
have also highlighted the missing gaps in FER-mediated signaling
which warrants future investigation.

FER a key sensor in root mechanobiology

Plant mechanobiology has emerged as one of the most promi-
nent field in plant sensory biology in the recent times [36]. Plants
are very often exposed to different mechanostimulli such as touch,
rain, wind, gravity, sound, wounding and other cellular mechanical
signals (turgor pressure) which have significant impact on their
growth and development [133–135]. However, plants have well-
structured mechanosensing system that allows them to detect
these diverse mechanostimuli and translate them into biochemical
responses [136]. Nevertheless, mechanosensing in plants depends
on various intrinsic and extrinsic factors, such as the type of
mechanostimulus, duration, plant species, organ, physical proper-
ties, cells, and environmental conditions [136]. Although the bio-
chemical and molecular components of plant responses to other
environmental cues have been well recognized, but it remains lar-
gely unknown in plant mechano perception and signal transduc-
tion. Roots face wide ranges of mechanical perturbations during
drought or heterogeneous soil particles that impact root penetra-
tion and extension [137]. Root caps, which are dynamic organs at
the very tip of main roots, are crucial for development through
harder media and heterogenous soils [138]. It is well documented
that bending or poking of root tips elicits a transient Ca2+ influx
and using mechanical channel calcium inhibitors further supports
that presence of mechanical sensing system in roots [139]. Roots
are generally considered as an elegant model to explore the molec-
ular underpinnings that govern gravitropism. Many studies have
reported an array of gene families such as inositol 1, 4, 5-
trisphosphate (InsP3), auxin influx (AUXI and LAX family), efflux
transporters (PIN family and P-glycoprotein-type transporters),
ALTERED RESPONSE TO GRAVITY 1 (ARG1), ARG1-LIKE2 (ARL2),
PID-like protein kinases (WAG1 and WAG2), and signaling mole-
cules (Ca2+, ROS, NO), which have provided novel insights into
the molecular intricacy of root gravitrophism [140–146]. However,
it remains largely unknown how gravity sensing occurs in the
upstream cellular compartment like cell wall and plasma mem-
brane, and how it triggers downstream signaling into different
cytosolic intracellular and organelle signaling cascades. Calcium
burst has become a hallmark of root gravitropism but still no
mechanosensitive channels has been identified in response to
gravitropism. There are many mechanosensitive channels [MSL,
Mid1-Complementing Activity (MCA) proteins, reduced
hyperosmolality-induced [Ca2+]i increase (OSCA) channel, two-
pore K+ (TPK), PIEZO], and cell wall receptor-like kinase (FER, THE-
SEUS1, ANXUR1, ANXUR2 andWAKS) which are considered impor-
10
tant sensors for perceiving different mechanical or other stresses in
plant system [13]. Recent studies have reported the role of
mechanosensitive channels in root responses to different mechano
stimuli hence provided novel insights into plant mechanobiology
[13,147,148].

In this review, we focused on the role of FER in plant mechanos-
timulation. Owing to its multifaceted functions, FER is one of the
best candidates to explore in root mechanobiology. As we have
already discussed how FER controls various root signaling aspects
using different signaling cascades thus further proves that how
important FER is for root developmental and sensing stressors.
However, the role of FER as a mechanosensor is not fully explored
therefor remains many knowledge gaps. Shih et al. [70] reported
that FER controls touch response in roots. Mutant of fer shows
abolished Ca2+ activation pathways and the reduced expression
of touch responsive genes such as TCH4, TCH2, TCH3, CPK28,
CML49, WRKY33, WRKY18 and ZAT10 than wild-type touch treated
plants. This study highlight the role of FER in modulating the touch
signaling cascades in Arabidopsis [70]. Many questions remain
unanswered in FER mechanosensing. For instance, i) whether
RALF-dependent or RALF-independent FER activation occurs in
roots after mechanical stress. ii) How FER activation further mod-
ulates Ca2+ channels, NADPH, H+-ATPase and hormonal crosstalk
that form central hub of mechanosignal transduction in plants.
How FER aids roots in sensing different mechanical cues like
sound, gravity, wind, touch, rain, etc. warrants future investigation.
In this regard there is needs to integrate forward and reverse
genetics, genome-wide association studies (GWAS), multiomics,
and real-time imaging using different sensors approaches to
address above questions with an aim of unravelling the molecular
intricacy of root mechanosignal transduction. Additionally, future
research should focus on other cell wall sensors like THESEUS1 in
root mechanobiology. Further we have shown the role of FER in
root mechanosensing in (Fig. 5).

FER and root-nutrient signaling dynamics

Plants being sessile are highly reliant on their root system in
order to locate and uptake nutrients more efficiently and econom-
ically from the soil systems for their existence [149]. Numerous
studies have demonstrated that nutrients directly affect RSA, mak-
ing it an intriguing area for researchers to investigate the complex
relationships between nutrient dynamics and root development
[150]. As a result, modifying RSA has become a key tactic to
improve nutrient uptake, particularly in low input agricultural sys-
tems. Root hairs are the major parts to uptake nutrients from the
soil, and have become an obvious sites to examine the molecular
underpinnings of nutrient transport activities in the root [151].
Nevertheless, molecular candidates that act as modulators or reg-
ulators of different stages of root hair development are beginning
to emerge. One such molecular candidate is FER that controls an
array of signaling events during root hair development and its
functions. Recent study has shown that FER plays a major role in
regulating carbon/nitrogen ratio in Arabidopsis [125]. Nutrients
such as carbon (C) and nitrogen (N) are crucial to maintain routine
and fundamental cellular functions. For example, C is the primary
structural component in the production of enormous molecules
like amino acids [152]. Similarly, N is also critical for normal
growth, cellular metabolism and energy homeostasis [153].
Numerous studies have demonstrated that synchronization of the
C and N ratio controls a number of crucial pathways in plants,
including glycolysis/gluconeogenesis, protein targeting, and meta-
bolism, all of which are crucial for plant growth and development
[154,155]. Despite playing a vital function in plants, C and N
molecular sensing and regulation remain a mystery. Previous stud-
ies have identified many potential candidates that could play vital
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role in C/N ratio regulation. For example, ATL (Arabidopsis Tóxicos
en Levadura) family encodes plant-specific E3 ubiquitin ligase pro-
teins, and associates with 14–3-3 proteins for ubiquitination [125].
It is known that 14–3-3 proteins regulate many enzymes (glu-
tamine synthetase, trehalose-phosphate synthase, sucrose-
phosphate synthase, nitrate reductase) involved in C/N ratio.
ATL31 and its closest homolog, ATL6, have been found among the
ATL gene family to interact with 14–3-3 proteins to regulate C/N
ratio. FER controls the upstream regulation of signaling cascades
that are mediated by ATL6 [125]. According to their findings, over-
expression of FER increased resistance while fer mutants displayed
hypersensitivity to high C/N ratio in Arabidopsis. The core mecha-
nism behind the FER-mediated ATL6/14–3-3 signaling was FER
kinase activity of ATL6, and RALF1/FER activation that increases
the stability of 14–3-3 proteins. The discovery of the RALF1/FER/
ATL6 trio regulatory pathway as a novel regulatory mechanism of
the C/N ratio in Arabidopsis thus opens up new avenues in the
dynamics of nutrient signaling in plants (Fig. 5). The connection
between FER and the nutrient sensor TOR Complex 1 (TORC1) sig-
naling 2 to control root hair growth under low temperatures has
recently been discovered to be a new avenue of FER-mediated
nutrient signaling in Arabidopsis [156]. This study also provides
the evidence on the role FER under low nutrient condition and
could be a promising area for future research in root-nutrient
dynamics. These studies further support the notion that FER has
important role of FER in plant-nutrient signaling dynamics. There-
fore, additional research is required to decipher how FER controls
various root-nutrient signals in plants (including macro- and
micro-nutrients), as this may open up new opportunities for crop
development in environments with low soil nutrient levels and
changing conditions (Fig. 5). It is important to decode how FER
controls the intracellular and extracellular activity of various chan-
nels or transporters, hormones, calcium waves, ROS, NO, and tran-
scriptional factors that are involved in the regulation of macro- and
micro-nutrient transportation and translocation. Additionally,
which pathways FER will evolve in response to macro- or micro-
nutrient absorption in roots. How FER can maintain the macro-
or micro-nutrient ratio for proper growth and functions of RHs. It
will be interesting to study how FER can control root-nutrient
dynamics during biotic and abiotic stressors. Finally, researchers
need to also focus on other allies of FER such as THESEUS1 and
their peptides (RALFs) in order to examine their role in root-
nutrient dynamics.
FER: A bridge between upstream and downstream signaling
pathways

The initial line of defense between plant cells and their sur-
roundings is the cell wall, which preserves not only the shape of
plant cells but also senses environmental cues [157]. From the last
decade, significant findings have emerged on cell wall-mediated
growth and stress resilience in Arabidopsis, which has led new per-
spectives on plant signal transduction system [158]. For example,
role of various RLKs as sensors and their modulatory or regulatory
functionaries has opened new platforms in plant developmental
and stress biology [159,160]. Plants produce numerous structurally
diverse biochemical signaling molecules such as Ca2+ waves, ROS,
hormones, peptides that modulate their growth and adaptive
responses [134]. The functional role of these signaling molecules
have been well studied in both model and crop systems. However,
their regulation by RLKs and other apoplastic players is not fully
understood. Here, we are updating the recent developments on
how FERmodulates plant cellular signaling cascades and highlight-
ing knowledge gaps. In plants, FER controls diverse growth and
adaptive traits mainly by modulating Ca2+ waves, hormonal cross-
11
talk, ROS burst, H+-ATPase activity, and cell wall integrity [161].
These signaling pathways are controlled by both RALF-FER-
dependent and independent manner, and their activation is largely
reliant on the nature of stress and site [60,63]. FER modulates cal-
cium signaling during growth and mechanical stress. For example,
Ngo et al., [162] showed that FER controls Ca2+ waves during pollen
development as fer mutants were severely altered in the dynamics
of calcium waves. Similarly, in Arabidopsis it was found that FER
controls cytosolic Ca2+ waves during touch treatment as fer
knock-out mutants totally inhibit the calcium burst and decrease
the expression of touch marker genes [70]. Under salt stress, the
FER protects cell-wall integrity in Arabidopsis via Ca2+ dependent
signaling [63]. These studies further support the notion that FER
controls calcium channels however, how it triggers their activation
remains largely unknow. Also, which calcium channel (e.g., GLR,
CNGC, MCA, MSL, OSCA, and PIEZO) is regulated by FER during
stress perception remains unknown. Additionally, calcium sensors
that are involved in the calcium signal transduction induced by
RALF1-FER remains enigmatic. Therefore, future studies are
required to decode how FER activates calcium channels and to
identify sensors that translate environmental triggered signals into
biochemical responses which will provide novel insights on apo-
plast mediated signaling in plants. FER also act as master regulator
of ROS production during growth and stress [163]. However, it lar-
gely depends on the organ type and nature of the stress. For exam-
ple, FER positively controls auxin-induced ROS production, which
in turn controls the growth of root hair polar [65]. FER also regu-
lates pathogen-triggered ROS during plant defense responses
[69]. In contrast, FER inhibits the production of ROS in guard cells
in response to ABA [69].How NADPH oxidases are regulated by FER
is not fully understood therefore warrant future investigation.

Numerous studies have shown that RALF1-FER activation mod-
ulates both growth and stress related hormonal cascades such as
AUX [65,164], BR [64,68], JA [93], ET [72], and ABA [69,86]. All of
them have huge impact on plant growth and stress resilience. For
example, FER is a regulator of auxin-regulated root hair growth
and participates in the ROPGEF1/RAC/ROP2 signaling pathway
[65]. FER also modulates auxin transportation and regulate auxin
triggered ROS in root hair cells. In a similar manner, FER phospho-
rylates MYC2, a critical element of JA signaling, resulting in its
inactivation to counteract high JA levels in situations when the
pathogen uses JA to promote disease [93]. According to Deslauriers
and Larsen [64], FER is an important modulator of ET signaling
pathway in Arabidopsis because it suppresses the expression of
inhibitors of ET synthesis like S-adenosylmethionine (SAM) via
SAM1 and SAM2 [72]. Recent research has shown that FER controls
ABA signaling by interacting with ABA INSENSITIVE 2 (ABI2), a
PP2C member operating upstream in the ABA response [69]. How-
ever, as a potential feedback control mechanism, ABI2 dephospho-
rylates FER for its RALF activation [86]. This study also highlights
the crosstalk between ABA and RALF peptides during FER-
mediated growth and stress resilience. In future, it will be interest-
ing to explore new horizons of ABA-RALF1-FER regulatory mecha-
nism in biotic and abiotic stressors, and how this trio will balance
trade-off between growth and stress in plants. We speculate that
this trio system may have additional hidden players upstream
and downstream that could control a variety of growth and stress
responses. Recent study has demonstrated that FER plays a role in
plant growth and resistance that is mediated by BR. First, BRs
induce FER genes, and BR mutants show altered gene expression
patterns of FER and CrRLK1L subfamily members (HERCULES1 and
THESEUS1). All of these studies provide concrete evidence that
FER controls hormonal crosstalk and forms a central node between
growth and stress hormonal pathways. In future, major players in
the upstream and downstream RALF1-FER signaling need to be
identified to fully decipher its role in plant growth and signal
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transduction. Here, we have summarized how FER modulates dif-
ferent signaling signatures in plants (Fig. 5).

FER and root microbiome assembly: A new paradigm in root
microbiome dynamics

Roots offer a very desirable and nutrient-rich niche that support
diverse microbial communities which are beneficial to plant health
and nutrient availability [13,165]. Additionally, root microbiome
has huge impact on plant stress resilience and soil fertility. At
the soil-root interface, roots offer a variety of microhabitats, such
as endorhizosphere, rhizosphere, and rhizosphere soil. Therefore,
a critical first step in the logical use of the microbiota for agricul-
tural objectives will be the analysis of the molecular mechanisms
behind plant–microbe community relationships at the root-soil
interface. Enrichment of particular microbial taxa in plants has
been linked to growth promotion and stress resilience, while dys-
biosis microbiome have been linked to disease in both plants and
animals [166]. Many studies have shown that plants under stress
can shape their beneficial microbial taxa in the rhizosphere to
increase the resilience to future stressors [167,168]. Likewise,
under field or lab conditions, synthetic enrichment of particular
of tailored beneficial consortia can support not only growth traits
but also increase stress resilience to biotic and abiotic stressors
[169,170]. These findings imply that, to maximize fitness, plants
may be able to control the particular or a few beneficial microbes.
Hence, maintaining microbiome structure is one of the most
important function of roots, and has become research frontier in
root biology for the crop improvement. However, little is known
about the genetic controls and methods which plants utilize to
manage the structure of such beneficial microbes. Nevertheless,
there are plenty of data that highlight the role of diverse factors
for driving the structure of root microbiome [165,171]. Some of
the important drivers for microbiome assembly are host-based fac-
tors are root exudate chemistry, plant age, genotypes, plant spe-
cies, and canopy type which can greatly influence the root
microbiome. For example, in the same soil potato and rice showed
diversified root microbiome composition at subspecies level. Based
on the next-generation sequencing approaches a distinct micro-
biome was identified in Arabidopsis and other crop plants grown
under same soil conditions. Interestingly phylogenetically different
plants show greater variation in shaping microbiome which pro-
vides the evidence that plant phylogeny plays important role in
structuring root microbiomes [172]. On the other hand,
genotype-based microbiome structure was found in different crops
such as pea, wheat, oats, and potato [173,174]. Previous reports
have shown that wild and transgenic line of Populus with different
genetic clones shaped distinct microbiomes [175]. Additionally,
developmental stage and plant age also influences root micro-
biome. For example, previous studies have shown that root growth,
root architecture, root morphology and root length influence
microbiome structure [176,177]. Root exudates have the major
influence on root microbiome structure. Generally, roots produce
a diverse blend of chemicals known as exudates such as amino
acids, carbohydrates, vitamins; organic acid and ions which not
only provide nutrient riche niche but also influence in shaping
microbiome [178,179]. Similarly, environmental factors (e.g.,
organic matter, soil pH, temperature, soil type, depth, porosity,
oxygen, and carbon dioxide concentration) are important signa-
tures for root microbiome assembly [165,171]. On the other hand,
microbe based factors [e.g., microbe-microbe interaction, biofilm
formation, exopolysaccharide (EPS) secretion, biosurfactant com-
pounds, quorum sensing signals, adhesion molecules, flagellum,
antibiotics, and free radical detoxifying proteins] also determine
the overall outcome of root microbiome assembly [165,171]. Till
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date, most of the studies have focused on the external factors that
drive root microbiome assembly which indeed has broaden our
understanding of the complexity of root microbiome dynamics.
Generally, roots act as filters for selecting unique microbiota in
plants. However, it is still unknown how roots sense microbiome.

From last two decades, significant progress has been made on
how plants sense pathogens with different lifestyles which have
provided novel findings in molecular plant-pathogen interactions.
For example, many cell wall-based sensors, trichomes, plasma
membrane channels and other intracellular signaling cascades
have been identified that drive early pathogen perception signaling
as well as late transcriptional, translational, and posttranslational
modifications [101]. However, it remains largely unknown how
they sense different beneficial microbial taxa at molecular level.
Plants have different sensors, which are located both above- and
below-ground parts. For instance, trichomes, leaves and root hairs
have different sensors that can play key roles in plant microbiome
structure assembly and signaling dynamics. In this review, we
address the role of FER in root-microbiome signaling dynamics
and highlight the future directions and knowledge gaps. RLKs
and RLPs are crucial players for pathogen recognition and activa-
tion of plant immune responses. However, their role in microbiome
shaping or functioning is not fully understood. Recently, it was dis-
covered that FER acts as most versatile cell wall sensor that can
drive the assembly of particular beneficial taxa in root microbiome
[129,130]. For instance, Song et al., [130] reported that that loss of
FER robustly enriches rhizosphere pseudomonads due to low ROS
production. Additionally, they demonstrated that a novel mecha-
nism necessary for the negative regulation of rhizosphere Pseu-
domonas is FER-regulated basal ROS buildup through ROP2-
dependent NADPH oxidase activity [130]. In another study, it
was found that FER-RALF and PHR1(transcriptional regulator of P
starvation) intersects with FLS2/BAK1 to suppress Arabidopsis
immunity, thereby allowing specific beneficial root microbiota
(Flavobacterium, Pseudomonas and Delftia) to colonize which in turn
helps to relieve phosphate deprivation. Previous studies have
revealed that Flavobacterium, Pseudomonas and Delftia were among
the most predominant beneficial bacterial in plants during stress
[180–182]. These studies open new directions in plant microbiome
research. Further research is required to determine how RALF/FER
pathway can regulate calcium, ROS, hormones and root exudates
and their role in the selection of beneficial bacteria by sensing
the integrity of the cell wall. Also, the role of FER in shaping plant
microbiome at different plant compartments under diverse envi-
ronmental conditions warrants future attention, which will pro-
vide novel avenues for exploring new paradigms of plant
microbiome interactions. Future studies should also focus on other
cell wall RLKs (e.g., THESEUS1, ANUX, WAKS, and LRRs) to decipher
their role in root microbiome dynamics. Deciphering the signifi-
cance of FER in forming the root microbiome will require more
research into how FER and other RLKS control plasma membrane
ion channels, ATPase, NADPH, and hormone dynamics, as well as
their influence on plant root exudate production. We have pre-
sented the model which shows the role of FER in microbiome
assembly as well as its interconnected networks (Fig. 6).

Conclusion and perspectives

Plants with superior root systems may effectively gather water
and nutrients, and store more carbon in the soil, potentially mak-
ing them more resistant to climate change and enhancing produc-
tion stability. Even though roots are essential for plant productivity
and adaptability and their role in crop improvement and yield pro-
ductivity has not been fully explored in contrast to above ground
traits. Roots are the first organ that faces many environmental
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Fig. 6. Schematic diagram shows how FER mediated signaling molecules influence root microbiome assembly. FER can affect root microbiome assembly by regulating
different root traits (e.g., pH, ROS, calcium, and hormonal signatures). This figure shows FER activation may be triggered by either RALF peptide or pectin/oligosaccharide that
will affect microbial taxa during different environmental conditions. It also highlights the missing links in FER-mediated root microbiome signaling dynamics.
obstacles like salinity stress, drought, and heavy metal stressors
that have significant impact on whole plant. Signal perception
via cell surface receptors is a characteristic shared by all living
things. Recent studies on cell wall sensors such as RLKs have pro-
vided novel insights on how plants detect various stimuli (e.g.,
mechanical, biotic, abiotic, and cellular development) and translate
them into biochemical responses to balance growth and adaptive
responses. Considering this, we provided a multiscale viewpoint
on the role of most prominent cell wall sensor FER which has
emerged a master player in sensing both growth and stress
responses. We also discussed how they modulate or regulate dif-
ferent aspects of root biology. However, there are many questions
that need to be addressed in future, which will provide new
research directions in the field of root biology (See outstanding
questions). How FER regulates root development by modulating
key root signaling players (AUX, CK, BR, and ABA), small peptides
[CLE, RGF, CEP, IDA cyclin-dependent-kinases (CDKs), D-type cyclin
(CYCD)], as well as TFs that regulate different root developmental
processes. How FER modulates root adaption to biotic and abiotic
stressors, and how it protects and promotes their root growth.
How FER senses diverse mechanical stress is the most exciting
research in root mechanobiology. How FER regulate root growth
and stress responses, and balance their trade-offs? How FER regu-
late root Ca2+ channels and their signaling events, which is RALF-
dependent and RALF-independent? How FER control ROS, pH,
and hormonal crosstalk that influence different root traits? How
FER perceive individual or multiple root abiotic and mechanostim-
ulli, and how it differs in their perception and transduction? How
FER regulate root RSA and adaptive responses? Do FER have any
role for the signaling from root to shoot? How FER influence root
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microbiome during mechanical and abiotic stresses? Addressing
these questions requires integration of forward and reverse genet-
ics, GWAS, multiomics, and real-time imaging using different sen-
sors with an aim of unravelling the molecular intricacy of FER-
mediated root signaling dynamics. Due to its diverse, fundamental,
and tissue-specific roles in plant development, yield regulation,
and numerous stress responses, FER can be ideal candidate for
plant breeding to improve plant growth, yield and adaptive traits.

Funding

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT),
(RS-2024-00407104).

CRediT authorship contribution statement

Sajad Ali: Conceptualization, Methodology, Writing – original
draft, Writing – review & editing. Anshika Tyagi: Conceptualiza-
tion, Methodology, Writing – original draft, Writing – review &
editing. Suvin Park:Methodology, Writing – original draft, Writing
– review & editing. Rajeev K. Varshney: Conceptualization, Writ-
ing – review & editing. Hanhong Bae: Supervision, Conceptualiza-
tion, Writing – original draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.



S. Ali, A. Tyagi, S. Park et al. Journal of Advanced Research xxx (xxxx) xxx
References

[1] Habib-ur-Rahman M, Ahmad A, Raza A, Hasnain MU, Alharby HF, Alzahrani
YM, et al. Impact of climate change on agricultural production; Issues,
challenges, and opportunities in Asia. Front Plant Sci 2022;13:. doi: https://
doi.org/10.3389/fpls.2022.925548925548.

[2] Benitez-Alfonso Y, Soanes BK, Zimba S, Sinanaj B, German L, Sharma V, et al.
Enhancing climate change resilience in agricultural crops. Curr Biol 2023;33:
R1246–61. doi: https://doi.org/10.1016/j.cub.2023.10.028.

[3] Tilman D, Balzer C, Hill J, Befort BL. Global food demand and the sustainable
intensification of agriculture. Proc Natl Acad Sci U S A 2011;108:20260–4.
doi: https://doi.org/10.1073/pnas.1116437108.

[4] Ray DK, Ramankutty N, Mueller ND, West PC, Foley JA. Recent patterns of crop
yield growth and stagnation. Nat Commun 2012;3:1–7. doi: https://doi.org/
10.1038/ncomms2296.

[5] Daryanto S, Wang L, Jacinthe PA. Global synthesis of drought effects on maize
and wheat production. PLoS One 2016;11:e0156362.

[6] Brás TA, Seixas J, Carvalhais N, Jagermeyr J. Severity of drought and heatwave
crop losses tripled over the last five decades in Europe. Environ Res Lett
2021;16:. doi: https://doi.org/10.1088/1748-9326/abf004065012.

[7] FAO, IFAD, UNICEF, WFP, WHO. The State of Food Security and Nutrition in the
World 2022. 2022. doi: 10.4060/cc0639en.

[8] Calleja-Cabrera J, Boter M, Oñate-Sánchez L, Pernas M. Root Growth
Adaptation to Climate Change in Crops. Front Plant Sci 2020;11:. doi:
https://doi.org/10.3389/fpls.2020.00544523645.

[9] Uga Y. Challenges to design-oriented breeding of root system architecture
adapted to climate change. Breed Sci 2021;71:3–12. doi: https://doi.org/
10.1270/jsbbs.20118.

[10] Khan MA, Gemenet DC, Villordon A. Root system architecture and abiotic
stress tolerance: current knowledge in root and tuber crops. Front Plant Sci
2016;7:1584.

[11] Koevoets IT, Venema JH, Elzenga JTM, Testerink C. Roots withstanding their
environment: Exploiting root system architecture responses to abiotic stress
to improve crop tolerance. Front Plant Sci 2016;7:1335. doi: https://doi.org/
10.3389/fpls.2016.01335.

[12] Wachsman G, Sparks EE, Benfey PN. Genes and networks regulating root
anatomy and architecture. New Phytol 2015;208:26–38. doi: https://doi.org/
10.1111/nph.13469.

[13] Tyagi A, Ali S, Park S, Bae H. Deciphering the role of mechanosensitive
channels in plant root biology: perception, signaling, and adaptive responses.
Planta 2023;258:105.

[14] Richard CAI, Hickey LT, Fletcher S, Jennings R, Chenu K, Christopher JT. High-
throughput phenotyping of seminal root traits in wheat. Plant Methods
2015;11:1–11. doi: https://doi.org/10.1186/s13007-015-0055-9.

[15] Lynch JP. Root phenes for enhanced soil exploration and phosphorus
acquisition: Tools for future crops. Plant Physiol 2011;156:1041–9. doi:
https://doi.org/10.1104/pp.111.175414.

[16] Rose TJ, Impa SM, Rose MT, Pariasca-Tanaka J, Mori A, Heuer S, et al.
Enhancing phosphorus and zinc acquisition efficiency in rice: A critical
review of root traits and their potential utility in rice breeding. Ann Bot
2013;112:331–45. doi: https://doi.org/10.1093/aob/mcs217.

[17] Meister R, Rajani MS, Ruzicka D, Schachtman DP. Challenges of modifying
root traits in crops for agriculture. Trends Plant Sci 2014;19:779–88. doi:
https://doi.org/10.1016/j.tplants.2014.08.005.

[18] Volder A, Smart DR, Bloom AJ, Eissenstat DM. Rapid decline in nitrate uptake
and respiration with age in fine lateral roots of grape: Implications for root
efficiency and competitive effectiveness. New Phytol 2005;165:493–502. doi:
https://doi.org/10.1111/j.1469-8137.2004.01222.x.

[19] Freschet GT, Pagès L, Iversen CM, Comas LH, Rewald B, Roumet C, et al. A
starting guide to root ecology: strengthening ecological concepts and
standardising root classification, sampling, processing and trait
measurements. New Phytol 2021;232:973–1122. doi: https://doi.org/
10.1111/nph.17572.

[20] Zadworny M, McCormack ML, Rawlik K, Jagodziński AM. Seasonal variation in
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