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Abstract: Plants engage in symbiotic relationships with soil microorganisms to overcome nutrient
limitations in their environment. Among the best studied endosymbiotic interactions in plants are
those with arbuscular mycorrhizal (AM) fungi and N-fixing bacteria called rhizobia. The mechanisms
regulating plant nutrient homeostasis and acquisition involve small mobile molecules such as pep-
tides and micro RNAs (miRNAs). A large number of CLE (CLAVATA3/EMBRYO SURROUNDING
REGION-RELATED) and CEP (C-TERMINALLY ENCODED PEPTIDE) peptide hormones as well as
certain miRNAs have been reported to differentially respond to the availability of essential nutrients
such as nitrogen (N) and phosphorus (P). Interestingly, a partially overlapping pool of these molecules
is involved in plant responses to root colonization by rhizobia and AM fungi, as well as mineral
nutrition. The crosstalk between root endosymbiosis and nutrient availability has been subject of
intense investigations, and new insights in locally or systemically mobile molecules in nutrient- as
well as symbiosis-related signaling continue to arise. Focusing on the key roles of peptides and
miRNAs, we review the mechanisms that shape plant responses to nutrient limitation and regulate
the establishment of symbiotic associations with beneficial soil microorganisms.

Keywords: CEP/CLE peptide hormones; mobile miRNAs; nutrient homeostasis; root symbiosis

1. Introduction

Plant growth and development depend on the acquisition of a number of mineral
nutrients from the soil. Essential nutrients such as nitrogen (N) and phosphorus (P) have
key roles in agriculture, as their limitation is considered a frequent cause of reduced
crop productivity. Most land plants meet nutrient limitation in terrestrial environments by
associating with beneficial microorganisms. Arbuscular mycorrhizal (AM) associations with
fungi and N-fixing root nodulation of legume plants with rhizobial bacteria improve the
acquisition of mineral elements, such as P and N. Microbial inoculants are increasingly used
as biofertilizers, and tested for their potential to replace cost-intensive and environmentally
harmful synthetic P and N fertilizers in agricultural settings.

This review discusses the role of peptides and micro RNAs (miRNAs) in mediating
the plant responses to N and P availability and the establishment and control of symbiotic
relationships improving N and P acquisition.

2. Plants Associate with Soil Microorganisms to Access Essential Nutrients

Root nodule symbiosis is an endosymbiotic association formed between legumes
and rhizobial bacteria. Under symbiotic conditions, the latter fix aerial N2 through the
enzyme nitrogenase, converting it to ammonia (NH3) (reviewed in [1]). Upon release to
the peribacteroid space that separates symbiotic bacteria from the infected host cell, NH3
is converted to ammonium (NH4

+), which is then released to the plant cytosol [2]. NH4
+

transporters have been characterized in legumes, as in soybean (Glycine max) [3] and Lotus
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japonicus [4]. In return for fixed N, plants provide rhizobia with branched amino acids,
sugars and micronutrients essential for bacterial development. Besides that, dicarboxylic
acids, mainly malate, are also provided to bacteria by the plant, and are essential for N
fixation [1].

During the establishment of the symbiotic relationship, communication signals are
exchanged between rhizobia and legumes, involving flavonoids, which are released into the
rhizosphere by the plant root [5,6] and trigger the production of lipochitooligosaccharide
(LCO) nodulation factors (Nod factors) in compatible rhizobia (reviewed in [7]). Nod factor
signaling triggers a response cascade resulting in rhizobial entry into the root epidermis and
cortex, paralleled by the formation of a nodule primordium. Nodules are lateral root organs
where rhizobia are hosted intracellularly and develop into N-fixing bacteroids surrounded
by a plant-derived membrane individually or in small groups, forming organelle-like
symbiosomes (reviewed in [8]).

Arbuscular mycorrhizal symbiosis, the association formed between plants and fungi
of the phylum Glomeromycota, plays a critical role in nutrient acquisition by providing
access predominantly to P, but also to N and other mineral nutrients. AM fungi were found
to possess high-affinity transporters of inorganic phosphate (P) [9], which accumulates as
polyphosphate within arbuscules and is then rapidly translocated to the host plant [10].
N is also taken up by AM fungi from the substrate, and genes involved in the transfer
of NH4

+ and amino acids to host plants have been identified [11,12]. AM fungi receive
photosynthetic carbon in the form of sugars and lipids (reviewed in [13]) and are obligate
biotrophs, strictly relying on host plant resources for growth and reproduction.

Early chemical communication between AM fungi and host plants involves strigolac-
tones released by plant roots [14], and a cocktail of fungal chitooligosaccharides (COs) and
lipochitooligosaccharides (LCOs) [15,16]. AM fungal entry into the root is achieved through
appressoria that develop on the root epidermal surface [17]. Following hyphal entry, highly
branched fungal arbuscules are formed within cells of the inner root cortex. Like symbio-
somes in nodules, these are surrounded by a plant plasmalemma-derived membrane and
represent the major sites of nutrient exchange between micro- and macrosymbiont [18].
Arbuscules have a limited lifetime, and following their collapse and digestion by the host
cell, the latter can be re-colonized by a new arbuscule (reviewed in [19]).

3. Plant Responses to N Availability and Rhizobial Symbiosis Involve CEP and CLE
Peptide Regulation

Peptide hormones facilitate both cell-to-cell signaling in plant tissues and systemic
communication between organs by long-distance mobility through the vascular system.
Plant genomes encode a variety of small signaling peptides (SSPs), which in their mature
state are post-translationally modified, small (<20 amino acids) peptides cleaved from a
longer precursor protein, and are involved in developmental and physiological processes
and mediating plant responses to environmental stimuli. Several SSP gene families show
differential abundances in response to changes in plant nutrient status, and have roles
in processes controlling root morphogenesis and physiology, as well as macronutrient
uptake [20,21]. The CLE (CLAVATA3/EMBRYO SURROUNDING REGION-RELATED)
and CEP (C-TERMINALLY ENCODED PEPTIDES) families have been studied extensively
in relation to their roles in systemic N signaling. Members of other SSP gene families
including CAPE (CAP-DERIVED PEPTIDE), GLV (GOLVEN/ROOT GROWTH FACTOR),
IDA (INFLORESCENCE DEFICIENT IN ABCISSION), PIP (PAMP-INDUCED SECRETED
PEPTIDE) and TAX (TAXIMIN) encoding genes were similarly suggested to play roles in
nutrient-status-related signaling [20]. In the following paragraphs we discuss the roles of
CLE and CEP peptides in N deficiency and nodulation symbiosis signaling.

3.1. Roles of CLE Peptides in N Homeostasis and Symbiosis Regulation

CLE peptides are 12 to 13 amino acids long and function as secreted peptide ligands
that bind to plasma membrane-localized receptor-like proteins, thereby triggering down-
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stream signaling events. The CLE gene family encodes small proteins with a conserved
CLE domain at the C-terminus, generating the mature CLE peptide following proteolytic
processing [22]. CLE peptides regulate various physiological and developmental processes,
and a number of CLEs were reported to be involved in nutrient homeostasis and to respond
to symbiotic interactions with microorganisms [23].

The Arabidopsis thaliana genome harbors 32 CLE genes [22]. Among them, CLE1, -3,
-4 and -7 show increased activity in N-deficient compared to sufficient roots and were
suggested to regulate lateral root primordia formation through binding to the CLAVATA1
(CLV1) leucine-rich repeat-receptor-like kinase [24]. These CLE genes are expressed in
the root pericycle, and the corresponding CLE peptides are hypothesized to be secreted
from pericycle cells and transported through the apoplastic continuum within the central
cylinder to reach phloem companion cells where CLV1 is localized. The CLE-CLV1 signaling
pathway is a key mechanism regulating the outgrowth of lateral roots and the expansion of
the root system when A. thaliana plants grow under N-deficient conditions, enhancing the
plant survival in N-poor environments [24].

In legume plants, multiple CLE genes have been proposed to be involved in nodu-
lation control. Some legume CLE genes are specifically linked to the rhizobial symbiosis,
while others are regulated by both rhizobia and N availability. A number of CLE peptides
have been reported to negatively regulate nodulation, acting as essential components of
a plant mechanism called autoregulation of nodulation (AON) which balances nodule
numbers with plant needs and resource availability (for a recent review see [25]). CLE
genes related to rhizobial infection or symbiosis include L. japonicus LjCLE-RS1, -2, -3 and
LjCLE40 [26,27], M. truncatula MtCLE12, -13 and -35 [28–30], Glycine max GmRIC1 and -2 [31]
and Phaseolus vulgaris PvRIC1 and -2 [32] (Figure 1, Table 1). Among them, LjCLE-RS1,
MtCLE12, MtCLE13, GmRIC1 and GmRIC2 were reported to specifically show increased ex-
pression activity in roots upon rhizobial infection compared to mock treated roots [27,28,31].
Consistent with root–shoot mobility, LjCLE-RS2 derived peptides, though specifically ex-
pressed in roots, were found in xylem sap collected from shoot tissue of infected plants [26].
LjCLE-RS2 peptides were further found to directly bind to the shoot-localized CLV1-type
leucine-rich repeat receptor-like kinase (LRR-RLK) LjHAR1 (HYPERNODULATION ABER-
RANT ROOT FORMATION 1) [33], a negative regulator of symbiosis [34,35]. Putative
orthologues of LjHAR1 in other legumes, the symbiosis regulators MtSUNN, GmNARK [36]
and PvNARK [32] are likely to similarly act as receptors of rhizobia-induced, xylem-mobile
CLE peptides.

In a process analogous to AON, root nodulation symbiosis is inhibited by high nitrate
concentrations in the environment. LjCLE-RS2 expression is induced by both rhizobial
inoculation and nitrate supply, implying a dual role in rhizobia-induced autoregulation
and nitrate-mediated inhibition of nodulation [26]. Studies on CLE35 in M. truncatula offer
further evidence for an involvement of AON components in nitrate inhibition of nodulation.
MtCLE35 is a nitrate-responsive gene, which is also expressed during nodulation [29].
Overexpression of MtCLE35 in transgenic roots of M. truncatula led to reduced root nodule
numbers, in a SUNN- dependent manner [30]. Additionally, downregulation of MtCLE35
through RNAi resulted in increased nodule numbers, even under nitrate conditions where
nodulation was inhibited in wild-type plants [37]. MtCLE34 was also co-induced by nitrate
and rhizobia but turned out to be a pseudogene lacking a functional CLE domain [30].
It was thus proposed that MtCLE34 might have had a role in nodulation, before it was
mutated and lost its function [30].
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Figure 1. Nutrient homeostasis and acquisition mechanisms involve regulation by peptide hormones
and miRNAs. CLE and CEP peptides and miRNAs responding to (A) N availability, (B) rhizobia ,
(C) P availability and (D) arbuscular mycorrhizal fungi. Molecules that are induced or repressed by a
respective stimulus are displayed in red or blue, respectively. Molecules that are responsive to more
than one stimulus are in bold. Arrows indicate shoot-to-root or root-to-shoot translocation of mobile
molecules. Specific responses are mediated by the shoot localized leucine-rich repeat receptor-like
kinases HAR1/SUNN/NARK and CRA2/CEPR1. Lj, Lotus japonicus; Mt, Medicago truncatula; At, A.
thaliana; Bn, Brassica napus; Gm, Glycine max; Pv, Phaseolus vulgaris; Sl, Solanum lycopersicum.

Biochemical studies revealed that CLE peptides are post-translationally modified. In
the well-studied CLV3 peptide of A. thaliana, a proline residue at position 7 is hydroxylated
and subsequently arabinosylated, a prerequisite for its biological activity and high-affinity
binding to its receptor CLV1 [38]. Hydroxyproline O-arabinosylation is widely observed
in secreted A. thaliana peptides, and Golgi-localized enzymes encoded by three AtHPAT
genes mediate this process [39]. CLE arabinosylation was similarly reported in other plants,
such as L. japonicus [33], M. truncatula [40,41] and P. sativum [42], suggesting that this
modification may be a requirement for receptor binding and functionality in general. In
M. truncatula, the rhizobium-induced MtCLE12 was suggested to be arabinosylated by the
Golgi-localized hydroxyproline O-arabinosyltransferase ROOT DETERMINED NODULA-
TION1 (RDN1), as MtCLE12 overexpression did not affect root nodule numbers in rdn1
loss-of-function mutants [40,41]. Interestingly, in contrast to MtCLE12, tri-arabinosylation
of MtCLE13 was RDN1-independent, suggesting that other enzymes are also involved in
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CLE peptide arabinosylation in this species [41]. In L. japonicus, CLE-RS1 and CLE-RS2
tri-arabinosylation was shown to be critical for HAR1 binding and activity in AON [33].
While the enzyme catalyzing glycosylation of these peptides is unclear, a third CLE mediat-
ing HAR1-dependent AON in L. japonicus, LjCLE-RS3, was shown to be arabinosylated
through LjPLENTY, a putative ortholog of MtRDN1/Pisum sativum NOD3, which are all
homologs of AtHPAT genes [43]. Consistently, PLENTY also localizes to the Golgi complex.
Overexpression of LjCLE-RS1 and -2 in a plenty mutant background retained AON activity,
whereas LjCLE-RS3 mediated repression of nodulation was abolished in plenty mutants [43].
LjCLE-RS1 and -2 are thus likely arabinosylated at least in part by enzymes other than
PLENTY [43].

Table 1. List of selected CLE and CEP peptides responding to nitrogen (N), phosphorus (P) and
microsymbionts (rhizobium and AM fungi).

Stimuli Organism Influence Range Predominant Expression
(Tissue) Refs

AtCLE1
AtCLE3
AtCLE4
AtCLE7

N-deficiency induced A. thaliana systemic roots [24]

LjCLE-RS1 Rhizobium-induced L. japonicus systemic roots [26]

LjCLE-RS2 Rhizobium- and
N-induced L. japonicus local and systemic roots [26]

LjCLE-RS3
LjCLE40

Rhizobium- and
N-induced L. japonicus roots, nodule primordia [27]

LjCLE19
LjCLE20 P-induced L. japonicus roots [44]

MtCLE12 Rhizobium-induced M. truncatula local and systemic nodules [28]

MtCLE13
Rhizobium- and nod
factor-induced,
cytokinin-induced

M. truncatula local and systemic
roots (symbiosis susceptible
zone), inner cortical cells,
nodules

[28]
[45]

MtCLE35 Rhizobium- and
N-induced M. truncatula systemic roots, nodules [29]

[30]

MtCLE32 Pi-induced M. truncatula roots [46]

MtCLE33 Pi-induced M. truncatula root vascular tissue [46]
[47]

MtCLE16 MtCLE45 AM-induced M. truncatula roots [46]
[47]

MtCLE53 AM-induced M. truncatula root vascular tissue near
colonized regions

[46]
[47]

GmRIC1
GmRIC2 Rhizobium-induced G. max systemic roots [31]

GmNIC1 N-induced G. max local roots [31]

PvRIC1
PvRIC2

Rhizobium-induced,
P-deficiency increased P. vulgaris systemic roots, pericycle cells of

Pi-deficient roots
[32]
[48]

AtCEP1
AtCEP3
AtCEP5
AtCEP6
AtCEP7
AtCEP8
AtCEP9

N starvation-induced A. thaliana systemic mainly roots
(but also in aerial tissues) [49]
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Table 1. Cont.

Stimuli Organism Influence Range Predominant Expression
(Tissue) Refs

MtCEP1 Rhizobium-induced, N
starvation-induced M. truncatula local and systemic roots, shoots [50–52]

MtCEP2
MtCEP12

Rhizobium-induced, N
starvation-induced M. truncatula mainly roots, shoots [52]

MtCEP4
MtCEP5
MtCEP6
MtCEP8

N starvation-induced M. truncatula mainly roots, shoots [52]

MtCEP7
Rhizobium- and nod
factors-induced,
cytokinin-induced

M. truncatula systemic
roots, epidermal cells in
colonized roots, nodule
primordia, mature nodules

[45]

SlCEP2 AM-reduced S. lycopersicum local roots [53]

3.2. Roles of CEP Peptides in N Homeostasis and Symbiosis Regulation

CEP peptides are a family of SSPs which are 15 amino acids long, secreted peptides re-
leased from a C-terminal conserved domain (the CEP domain) of precursor proteins through
proteolytic processing. Similarly to CLEs, CEPs are also post-translationally modified by
proline hydroxylation and arabinosylation [54]. The accumulation of CEPs was observed to
be highly correlated with plant responses to N starvation. The A. thaliana genome includes
11 CEP genes, 7 of which have been shown to be up-regulated specifically in response to N
starvation [49]. Moreover, 10 out of the 11 CEP genes led to enhanced expression of the
nitrate transporter gene NRT2.1 when overexpressed in A. thaliana seedlings [49].

The well-studied AtCEP1 peptide in A. thaliana was shown to undergo long-distance
root-to-shoot translocation and proposed to mediate plant adaptations to low environ-
mental N availability [49]. CEP1 directly binds to the leucine-rich repeat receptor kinases
CEPR1 and CEPR2, found to locate in both shoots and roots [49]. The systemic nature of
this mechanism was shown via grafting (cepr1-1 cepr2-1 mutant scions were grafted onto
wild-type rootstocks by hypocotyl-to-hypocotyl grafting) and split root (the root system of
a plant was separated into two parts exposed to different nutrient conditions) studies, and
the translocation of CEP1 was verified by its detection in the xylem sap [49]. Exogenous
application of CEP1 and CEPR1/2 loss of function studies showed that the CEP1-CEPR1/2
signaling pathway regulates N uptake by affecting the expression of genes encoding for
the nitrate transporters NRT1.1, NRT2.1 and NRT3.1 [49].

Similarly to CLE peptides, CEP peptides have been reported to be involved not
only in N-deficiency responses but also nodulation control in legumes. In contrast to the
repressive role of CLE peptides on symbiotic nodule numbers, CEPs have been attributed
a positive regulatory role in nodulation. MtCEP1 in M. truncatula was shown to enhance
nodulation when overexpressed or externally applied to Sinorhizobium meliloti-infected
roots [50]. Exogenous application of MtCEP1 to M. truncatula roots led to significantly
decreased lateral root numbers, while nodule numbers increased [50]. Both effects were
mediated by the LRR-RLK CRA2 (COMPACT ROOT ARCHITECTURE 2), the putative
orthologue of AtCEPR1 in M. truncatula, as they were abolished in cra2 loss-of-function
mutants [51]. In addition to MtCEP1, MtCEP2 and MtCEP12 were N-starvation induced,
and co-regulated lateral root and nodule numbers [52] (Table 1). Grafting studies revealed
that the CRA2-mediated signaling pathway affecting root architecture is locally active in
roots, whereas CRA2-mediated nodulation control is an independent process which is
systemically regulated through shoot-localized CRA2 [55]. The systemic MtCEP1-CRA2
node promotes nodulation under low N conditions by regulating the downstream signaling
components miR2111 and TML (see below) [56].
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MtCEP7, which was reported to be induced by rhizobia, Nod factors and cytokinin [45],
seems to function as positive regulators of symbiosis, as exogenous CEP7 application
reinforced nodulation, whereas CEP7 downregulation led to reduced nodule numbers [45].
Similarly to MtCEP1, MtCEP7 was also seen to control nodulation through a systemic
signaling pathway mediated by the shoot-localized population of the CRA2 receptor [45].

In summary, downstream effects of rhizobium or nitrate-induced CLE and CEP pep-
tides are antagonistic, with CLE peptides mediating restriction, and CEP peptides promot-
ing nodulation. These opposite responses are mediated by partially overlapping signaling
pathways sharing common components. Chromatin immunoprecipitation studies revealed
that the transcription factor NIN co-regulates the expression of MtCLE13 and MtCEP7,
and ectopic expression of MtNIN induced the expression of MtCLE13 and MtCEP7 in the
absence of external stimuli [45]. Moreover, both MtCLE13 and MtCEP7 were induced by
cytokinin, and the effects of both peptides on nodulation were mediated by the cytokinin re-
ceptor gene MtCRE1 [45]. Studies on the crosstalk between peptide and classical hormones
provide evidence that peptide signaling is interlinked with signaling through cytokinin,
auxin, ethylene and strigolactones (for a recent review see [57]). The concurrent induction
of the antagonistic CLE and CEP pathways may be part of a mechanism that enables the
plant to flexibly adjust rhizobial infection events and the nodule numbers to its needs
based on the endogenous supply status of various nutrients, photosynthetic capacity and
environmental conditions.

4. CLEs and CEPs Respond to Both P and AM Fungal Infection

In contrast to root nodulation symbiosis, where host plants are supplied with bac-
terially fixed aerial N, AM fungi predominantly deliver phosphate extracted from the
surrounding substrate to the host. It was shown that high exogenous phosphate supply
restricts the initiation and development of AM symbiosis. P acts systemically to repress
symbiotic gene expression and AM fungal root colonization [58].

Analogous to CLE-mediated regulation of nodulation symbiosis, this regulation of
AM involves CLE peptides (Table 1, Figure 1). In M. truncatula, expression of MtCLE32
and MtCLE33 was significantly induced in roots grown under high (2 mM) P conditions
compared to P-starved roots [46]. Further, ectopic overexpression of the MtCLE33 in
M. truncatula transgenic roots resulted in reduced AM root colonization [46]. Apart from
peptides, phytohormones and miRNAs have been reported to have key roles in P starvation
and AM symbiosis signaling, regulating the initiation, maintenance, and extent of AM root
colonization (reviewed in [59]).

The development of AM fungi within the root is regulated by the host plant through a
genetic mechanism termed autoregulation of mycorrhizal symbiosis (AOM) [60], a systemic
signaling cascade sharing common elements with AON [61]. Along this line, it was shown
that root-derived CLE peptides and a CLV1-type shoot-localized receptor regulate the
colonization of roots by AM fungi [46,47]. Transcript abundance of specific CLE genes
was found to increase upon AM fungal root colonization [46,47,62]. Certain CLE genes
responding to AM symbiosis were also shown to respond to phosphate availability [47]
(Table 1, Figure 1), reminiscent of the dual regulation of CLE genes by rhizobial infection
and nitrate [26,27]. Ectopic overexpression of the AM-induced MtCLE53 in the roots of
M. truncatula resulted in reduced fungal colonization compared to control roots [46,47],
whereas cle53 mutants showed higher colonization levels than wild-type plants [47]. In-
terestingly, the nodulation-induced MtCLE13 [28] was not induced by AM symbiosis, and
ectopic overexpression of MtCLE13 seems not to have an effect on fungal colonization
levels, implying specificity of the respective CLEs [46].

Similarly to AON, arabinosylation of CLE peptides may also be a requirement for
receptor binding and functionality in AOM. Karlo et al. [47] showed that the hydroxypro-
line O-arabinosyltransferase RDN1 has a role in the control of fungal colonization in M.
truncatula. Mycorrhized roots of rdn1 mutants contained more vesicles and arbuscules
than wild-type roots. In line with a requirement for RDN1-mediated arabinosylation of
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MtCLE53, overexpression of the latter in an rdn1 genetic background did not reduce AM
fungal colonization as in wild-type plants [47].

Although CLE peptides may respond to diverse stimuli, the shoot-localized receptor
LjHAR1/MtSUNN/GmNARK/PsSYM29, may be a common component of the respective
signaling mechanisms (discussed in [57]). In M. truncatula, downstream signaling of the
AM-induced MtCLE53, the rhizobium-induced MtCLE13 or the P-responsive MtCLE33 was
dependent on SUNN in overexpression assays, implying SUNN as a common receptor for
all three CLE peptides [45,46]. Components acting downstream of the shoot receptor in
AOM are still unknown, except that it was shown that the control of fungal root colonization
in M. truncatula seems mediated by regulation of strigolactone biosynthesis via M. truncatula
DWARF27 (MtD27) expression [63]. This regulation was shown to be dependent on P levels
and AM signaling, and was mediated by SUNN and CLEs [46].

In addition to CLE peptides, a genome-wide investigation of SSPs in M. truncatula
found CEPs to be responsive to P deficiency [21]. Further, recent findings showed CEP2 to
be downregulated in AM-inoculated S. lycopersicum roots. SlCEP2 was proposed to promote
lateral root formation in tomato plants through an auxin-related pathway, which might
be CEPR1-mediated [53]. However, so far, no direct evidence of a functional involvement
of CEPs in AOM has been reported, and a putative function in AM control will be an
interesting subject of future studies.

5. miRNAs Respond to N and P Availability and Symbiosis-Mediated
Nutrient Acquisition

MicroRNAs are small, non-coding RNA molecules, typically 21–24 nucleotides in
length, that exert post-transcriptional gene regulation by homology-based pairing to target
mRNAs, inducing their degradation or translational inhibition.

Several miRNAs have been associated with responses to N availability in different
plant species (Table 2, Figure 1). In A. thaliana, upon N starvation, the expression of one or
more miRNAs of the miR169, miR171 and miR395 families was repressed, while miR160
and miR780 expression was induced [64]. In addition, an A. thaliana miR167 isoform
was the first miRNA to be linked to plant N-responses, and was shown to mediate N
dependent lateral root outgrowth [65]. More studies in A. thaliana, but also other plants,
have shown that the regulation of the plant root architecture is a major function of N-
responsive miRNAs. Interestingly, both miR167 and miR393 influence root architecture
by interfering with auxin signaling through targeting the AUXIN RESPONSE FACTOR
8 (ARF8) [65] and the AUXIN-SIGNALING F-BOX PROTEIN 3 (AFB3) [66], respectively.
Further, miR169 targets the transcript of NFYA5, which encodes a transcription factor
suggested to regulate N-starvation responses in plants by affecting the expression of the
nitrate transporters AtNRT1.1 and AtNRT2.1 [67]. Interestingly, apart from miRNAs, also
long non-coding RNAs (lncRNAs) have been found to respond to the N status in different
plants (for a recent review see [68]).

Consistent with a general role of miRNAs in maintaining plant nutrient homeostasis,
several miRNAs have further been reported to respond to P availability (Table 2, Figure 1).
Among them, miR399, miR827 and miR2111 isoforms were found to accumulate under
P-starvation conditions in different plant species including A. thaliana and N. benthamiana.
These miRNAs were present in the phloem sap of P-starved B. napus plants, suggesting
organ-to-organ mobility along with long-distance regulation of gene expression [69–71]. A
well-studied P-responsive miRNA is miR399, which undergoes long-distance shoot-to-root
allocation during the onset of P deficiency [69] and is suggested to mediate enhanced P
uptake and translocation [72]. miR399 post-transcriptionally regulates PHO2 (PHOSPHATE
2), a ubiquitin-conjugating E2 enzyme that targets members of the PHT1 (PHOSPHATE
TRANSPORTER 1) family for ubiquitin-mediated degradation [69,72–74].

Phosphate starvation and AM-symbiosis-related signaling networks interlink, and
miRNAs are among the shared components. For example, the miR399-PHO2 node-
regulating P-homeostasis in non-mycorrhizal plants was shown to be acting in AM-
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colonized roots of M. truncatula [75]. Studies in different symbiotic plants have identified
miRNAs that dually respond to P availability and AM fungal infection. For example,
miR393, shown to restrict arbuscule development by targeting auxin receptors involved
in arbuscule formation, is induced by low P-concentrations and repressed by AM [76].
The responsiveness of different miRNAs in the environmental P conditions and their roles
in AM symbiosis are reviewed in [59]. A particularly interesting antagonistic role is re-
ported for miR171 isoforms in M. truncatula AM symbiosis control. Several miR171 family
members negatively regulate root invasion by AM fungi via post-transcriptional control
of the GRAS-type transcription factor LOM (LOST MERISTEMS 1), a positive regulator
of AM [77]. In contrast, miR171b, which specifically accumulates in arbuscule-containing
plant cells, displays a mismatched cleavage site and prevents cleavage of LOM1 transcripts
by other members of the miR171 family [77].

M. truncatula miR171h (L. japonicus miR171c), which targets the GRAS-type transcrip-
tion factor NODULATION SIGNALLING PATHWAY2 (NSP2) transcripts [78,79], accumu-
lates under both N and P sufficiency and has been reported to be involved in both rhizobial
nodulation and AM symbioses. NSP2 is essential for nodulation in legumes [80,81], and
positively regulates AM fungal colonization [15]. It is further involved in strigolactone
biosynthesis [82]. In line with its roles in symbiosis development, M. truncatula miR171h
accumulation is not only nutrient-status-dependent, but also induced by myc-LCO and nod
factor signaling during AM and nodulation symbioses [78,79,83]. Ectopic overexpression
of pri-miR171h in M. truncatula roots resulted in reduced mycorrhizal root colonization
and nodule numbers compared to controls, when plants were inoculated with AM fungi
and rhizobia, respectively [83]. Thus miR171h seems to have a central role in integrating
plant responses to the essential nutrients N and P, and the acquisition of these nutrients
through symbiotic associations.

Several miRNAs have been reported to respond to rhizobial inoculation (Table 2,
Figure 1) and are presumed to play roles during early stages of the symbiotic interaction,
mostly by targeting transcripts of genes encoding transcription factors. Apart from miR171
family members, these include miR319d in common beans and miR172 in many plant
species (reviewed in [84]). The sequencing of sRNA libraries from nodules alongside a
degradome analysis identified several miRNA-target pairs that show activity in nodules.
In soybeans, combined sRNA and degradome sequencing revealed miR167 targeting the
5’UTR of the nuclear cation channel CYCLOPS as well as miR393j-3p targeting of ENOD93
(EARLY NODULIN 93) [85]. The overexpression of miR393 in soybean roots significantly
reduced nodulation [85]. M. truncatula miR167 family members further target auxin re-
sponse factors [86], and L. japonicus miR397 targets a Cu2+-containing LACCASE [79].
The regulation of some miRNAs has been linked to auxin and cytokinin action in the
legume–rhizobium symbiosis, however there are only a few studies on this topic (re-
viewed in [84]). Interestingly, in line with an adaptation of conserved developmental
mechanisms in the genetic regulation of symbiosis, M. truncatula miR166 has a dual role
regulating root and nodule development. miR166 isoforms target HD-ZIPIII (CLASS-III
HOMEODOMAIN-LEUCINE ZIPPER) genes, a family of transcription factors associated
with nodule development, and overexpression of MtMIR166 affected both nodule and
lateral root numbers as well as vascular bundle development [87].

Over the last years, miR2111 has emerged as a key component of root nodulation
control via the AON mechanism (discussed in Section 6 of the current article). miR2111
is a mobile signal undergoing shoot-to-root translocation. It accumulates in shoots under
low N conditions and acts as a positive regulator of nodulation by targeting root-localized
transcripts encoding the F-Box Kelch-repeat protein TML (TOO MUCH LOVE) [88], an
inhibitor of rhizobial infection and nodulation [89,90].

A second miRNA implemented in AON is soybean miR172c [91,92]. miR172c strongly
accumulates in the vicinity of rhizobial invasion and in nodules [91,93] and acts as a positive
regulator of rhizobial infection and nodule formation through regulation of AP2/ERF
transcription factor mRNAs [91,93]. In soybeans, the transcriptional repressor NNC1
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(NODULE NUMBER CONTROL 1) is assumed to be the primary miR172 target [91,92].
NNC1 is a negative regulator of nodulation and was shown to bind to the promoters of the
early nodulin genes ENOD40-1 and -2, inhibiting their expression. NNC1 further interacts
with NIN (NODULE INCEPTION), inhibiting the transcription of downstream genes
encoding GmRIC1 and GmRIC2 peptides, linking it to AON. Using a nark loss-of-function
mutant, it was shown that miR172c is negatively regulated by NARK, an observation
providing additional evidence for the involvement of the miR172c-NNC1 node in AON in
soybeans [91,92].

Table 2. List of selected miRNAs responding to nitrogen (N), phosphorus (P) and microsymbionts
(rhizobium and AM fungi).

Stimuli Organism Influence Tissue Target Refs

miR167 N-repressed A. thaliana local root pericycle cells ARF8 [65]

miR169 N-limitation repressed A. thaliana and
B. napus systemic shoots, roots, phloem sap NFYA5 [67]

[70]

miR398a N-limitation and
P-limitation repressed A. thaliana [70]

miR399 P-limitation induced A. thaliana
and B. napus systemic vascular tissues, phloem sap PHO2 [70]

[72]

miR2111
P-limitation induced
N-repressed,
rhizobium-repressed

A. thaliana and
B. napus
L. japonicus

systemic phloem sap
leaves phloem, phloem sap

E3 ligase
TML

[76]
[88]

miR397 nodulation-induced L. japonicus local and
systemic nodules, leaves LACCASE10 [79]

miR171c nodulation-induced L. japonicus nodules NSP2 [79]

miR171h
expressed in high P
and N, AM-repressed,
nodulation-induced

M. truncatula roots, arbuscule-containing
cells, nodules NSP2 [83]

miR171b AM-specific M. truncatula local colonized root cells LOM1 [77]

miR393 low-P expressed,
AM-repressed M. truncatula local roots auxin receptors [76]

miR399 low P-induced,
AM-induced M. truncatula systemic leaves and roots PHO2 [75]

miR166 nodulation induced M. truncatula local vascular bundles, roots,
nodules HD-ZIP III [87]

miR172c rhizobium-induced,
nod factors-induced G. max local rhizobium-inoculated roots

and nodules NNC1 [91]

miR156b rhizobium-repressed G. max local roots GmSPL9d [94]

In a recent report, Yun et al. [94] showed that overexpression of miR156b in soybean
roots resulted in reduced expression of NINa, ENOD40-1 and MIR172c. The main target of
miR156b is the GmSPL9d (SQUAMOSA PROMOTER-BINDING LIKE 9d) gene, a positive
regulator of symbiosis that accumulates upon infection. GmSPL9d affects the expression of
NINa, ENOD40-1 and MIR172c by direct promoter binding [94]. Similarly, in L. japonicus,
ectopic overexpression of miR156a reduced nodulation and affected the expression of early
nodulation genes such as ENOD genes, NFR1, CYCLOPS and NSP1 [95]. These data suggest
that the miR156-SPL node has a key regulatory role in nodulation by directly activating the
expression of core genes in the early stages of nodulation signaling.
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6. CEPs and CLEs and miR2111 Jointly Orchestrate Plant Responses to N and Rhizobia

AON controls rhizobial infection and nodule numbers to ensure a viable balance
between ammonia uptake and carbohydrate as well as nutrient costs. This feedback loop
has been well-described in different plant species and was shown to be systemic, involving
CLE and CEP peptides as root-derived signals moving to the shoot through the xylem,
and micro RNA miR2111 as well as CEPD peptides as shoot-derived, root-active signals
navigating through the phloem [56,88]. miR2111 is mainly expressed in shoot tissues, more
precisely in leaf vein phloem [88,96]. Leaf phloem expression was postulated as prerequisite
for systemic mobility of small RNAs [97], and indeed, miR2111 was shown to translocate
from shoot to root [88,96]. Shoot-derived miR2111 effectively reduces root transcript levels
of TML via endonucleolytic cleavage [88].

The miR2111-TML node is responsive to both soil nitrate levels and rhizobial signaling,
suggesting a role in balancing nodulation symbiosis with N availability. Nitrate fertilization
or rhizobial inoculation led to decreased miR2111 levels, and accordingly, TML transcript
abundance increased [56,88].

miR2111 expression depends on two peptide receptors, the LRR-RLKs LjHAR1/MtSUNN/
GmNARK and MtCRA2 [37,56,88,96]. Both factors are expressed in the whole plant, how-
ever the regulation of symbiosis is mainly achieved by the shoot fraction. HAR1, a negative
regulator of symbiosis, represses miR2111 levels in rhizobially infected plants, resulting
in TML transcript accumulation and restriction of further infections [88,96]. The second
regulator of miR2111, CRA2, is a positive regulator of symbiosis and promotes miR2111
accumulation under low N conditions [56]. The antagonistic regulation of infection through
miR2111 underlines the biological relevance of this node. For the plant, both miR2111 pro-
motion and repression, and a fast switch of these states, seem equally important, allowing
the plant to quickly change from a susceptible status welcoming infection to restriction of
the latter.

Consistent with the divergent effects of activated HAR1/SUNN/NARK and CRA2 on
miR2111 regulation, these two shoot receptors differ in the groups of peptide ligands they
perceive. HAR1/SUNN/NARK interacts with CLE peptides [29,33], and several studies
suggest that the receptor regulates miR2111 depending on root-derived CLE peptide
perception [37,88,96]. For example, nitrate induction of MtCLE35 coincided with reduced
miR2111 levels and, consistently, an accumulation of MtTML2 transcripts downstream
of the SUNN receptor [37]. CRA2, in contrast, perceives CEP peptide ligands, positively
regulating miR2111 depending on the presence of CEPs [56]. Overexpression of MtCEP1,
for example, resulted in increased miR2111 abundance and reduced transcript levels of
both M. truncatula TML1 and TML2 in roots. This was dependent on CRA2, as those effects
were not apparent in cra2 mutants [56]. Both classes of peptides possess several members
regulated by N and/or symbiosis signaling (see Section 3 of the current article) (Table 1,
Figure 1). The combined results indicate that a multitude of CEP and CLE peptide signals
triggering divergent responses converge in the miR2111-TML regulon, shaping a model
of AON as a complex, multilayered network that dynamically integrates infection and
symbiosis development with plant nutritional status and needs.

7. CLE Peptide Involvement in P-Dependent Control of Nodulation

P supply is well known to positively correlate with nodulation and symbiotic N
fixation in legumes [98,99], and consistently, nodule fresh weight and activity are sensitive
to P deficiency [100]. A study in the actinorhizal plant Alnus incana showed that a high
phosphate concentration can reverse the nitrate-induced inhibition of nodulation, leading
to an increase of nodules. The positive effect of P on nodule numbers was found to be
systemically regulated and independent of overall plant growth and development [101].
In common beans, P deficiency reduced the numbers of the bacterially induced root hair
deformations during the initial steps of rhizobial infection [102]. Although a negative effect
of P deficiency on nodulation has been clearly documented, the underlying molecular
mechanisms were unknown until recently.
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In the roots of common beans, P deficiency induced the expression of genes encoding
the AON-related root-to-shoot signals RIC1 and RIC2 in the absence of symbiosis [48]
(Table 1). Moreover, it was shown that, under P deficiency, RIC1 and RIC2 led to a systemic
restriction of nodulation, through the HAR1/SUNN/NARK receptor in both common
beans and soybeans. This effect seems to be mediated by TML, as TML transcripts accu-
mulated in the roots of both plants [48]. These data suggest that CLE peptides negatively
regulate nodule formation under P deficiency conditions via the AON genetic network.

8. Conclusions

Plants have adopted different strategies to control nutrient homeostasis and overcome
nutrient limitation in their environment, such as the adaptation of root system architecture
and the establishment of root symbiotic relationships.

The molecular basis of these response systems has been the subject of intense interest
by the scientific community in the light of reducing dependence on inorganic fertilizers
while securing global food supplies. Studies in model plants revealed conserved processes
that ensure survival and productivity under nutrient deprivation, and there is an increasing
host of knowledge on how plants cope with fluctuations in the availability of important
nutrients such as N and P in the soil. However, more research to this field is not only
important for transferring the knowledge acquired in model systems to a wider range of
species including crop plants, but also to grasp the relevance of these processes in natural
communities, and in adapting plant populations to increasingly challenging environmental
conditions in the face of climate change.
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