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The growth of a plant’s root system depends on the continued activity of the root meristem, and the
generation of new meristems when lateral roots are initiated. Plants have developed intricate signal-
ling systems that employ secreted peptides and plasma membrane-localized receptor kinases for
short- and long-range communication. Studies on growth of the vascular system, the generation
of lateral roots, the control of cell differentiation in the root meristem and the interaction with invad-
ing pathogens or symbionts has unravelled a network of peptides and receptor systems with
occasionally shared functions. A common theme is the employment of conserved modules, consist-
ing of a short signalling peptide, a receptor-like kinase and a target transcription factor, that control
the fate and proliferation of stem cells during root development. This review intends to give an over-
view of the recent advances in receptor and peptide ligand-mediated signalling involved in root
development.
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1. CELL COMMUNICATION IN ROOT MERISTEMS
Plant meristems are the sites that generate the majority
of the plant body by continuously initiating the for-
mation of new organs. The primary meristems are
formed during embryogenesis at opposite ends of the
embryo. New meristems will be initiated at later
stages of development, for example, when flower mer-
istems are formed that produce all floral organs. In
many grasses, the primary root is active only for a
short period of time, and the majority of the expanded
root system is generated from lateral roots. The highly
ordered cell arrangement in these root meristems and
the generation of very discrete cell files by specific stem
cells, together with the observation of a quiescent
centre as a cell group that regulates stem cell behaviour
in its immediate vicinity, have stimulated the search for
molecules that mediate intercellular communication to
coordinate cell division and differentiation patterns in
the root meristem (figures 1–3). Furthermore, sec-
ondary growth in width requires the activity of a
cambium meristem that gives rise to xylem and
phloem in a coordinated manner (figures 1 and 4).
Roots are also contacted by a wide spectrum of
micro-organisms that can act as pathogens or undergo
close interactions for mutual benefit. Root nodule for-
mation by Leguminosae is triggered by nitrogen-fixing
bacteria, and parasitic nematodes induce the growth of
root cysts or knots (figures 1 and 5). Communication
with these organisms occurs via evolutionarily con-
served signalling pathways that were readapted for
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the specific type of interaction. Research in recent
years has elucidated how peptides and their corre-
sponding receptor systems mediate the extensive
communication required for an organized growth and
development of the root, but also for the appropriate
responses to other organisms (figure 1). Peptides belong-
ing to the so-called CLV3/EMBRYO SURROUNDING
REGION (CLE) family act as signals in several of
these pathways, which are in most cases recognized by
leucine-rich-repeat (LRR) receptor-like kinases. The
paradigmatic prototype for such signalling cascades is
the CLAVATA pathway, which, although primarily
understood from analysis of the shoot system, will be
discussed first. Importantly, many of the key players
operating in the shoot stem cell systems were later
found to control similar cell fate decisions in the root.
2. THE CLAVATA PATHWAY AS A PARADIGM FOR
INTERCELLULAR COMMUNICATION
Genetic screens served to identify the first genes that
contribute to cell communication pathways. Ease of
access and the sometimes drastic developmental phe-
notypes of mutants have allowed isolation of genes
encoding receptor kinases and signalling peptides
that control the stem cell populations of shoot and
floral meristems. Similar genes and functions were
later discovered to play a role in root meristem
development. However, because our knowledge on
peptide signalling pathways is more detailed for the
shoot system, we will first discuss the CLAVATA signal-
ling pathway acting in the above-ground parts of the
plant as a paradigm. The CLAVATA1 (CLV1) gene of
Arabidopsis encodes a receptor protein composed of
an extracellular domain with 21 LRR domains and a
This journal is q 2012 The Royal Society
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Figure 1. Schematic of an Arabidopsis root. Different devel-

opmental processes and pathogen interactions are
highlighted by red boxes and will be explained in more
detail in the respective figures. Involved peptide ligands
(blue) and receptors (green) are indicated.
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Figure 2. Lateral root development. Schematic of lateral root
initiation. (a) Wild-type of stage I lateral root. Colours rep-

resent the localization of the receptor kinase ACR4 (green)
in the dividing pericycle cells and putative peptide ligands
(grey). Barred arrows indicate an ACR4-mediated negative
regulation of cell divisions. Arrowheads indicate cell div-
isions. (b) acr4 mutant stage I lateral root showing

supernumerary cell divisions. Individual cell layers are
labelled: st, stele; p, pericycle; en, endodermis; c, cortex;
ep, epidermis.
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cytoplasmic kinase domain of the serine–threonine
type, connected by a single-pass transmembrane
domain (TMD) [1,2]. CLV1 is expressed in a central
domain of shoot and floral meristems, where it serves
to restrict the activity of the homeodomain transcrip-
tion factor WUSCHEL (WUS) [3]. WUS functions
are required to maintain an active and non-
differentiating stem cell population at the tip of the
meristem. Here, stem cells are located that divide
rarely, but provide new transit-amplifying (TA) cells
for organ initiation and further growth in the periph-
eral regions of the meristem. If WUS activity fails,
stem cells differentiate prematurely, and the entire
meristem ceases to generate new plant organs, such
as leaves or floral structures [3–5]. However, loss of
function mutants of CLV1 allow higher levels of
WUS expression, and also expansion of the WUS
expression domain towards the meristem tip [5].
This increased WUS activity inhibits the release of
cells from stem cell fate, and also reactivates stem
cell-specific gene expression profiles in TA cells [6].
In consequence, the stem cell zone of the meristem
Phil. Trans. R. Soc. B (2012)
enlarges and extra floral organs are generated [5].
clv-mutant flowers generate only club-shaped (clavata
in latin) siliques, hence the name. Initial genetic
screens had identified three different CLAVATA loci
(CLV1, CLV2 and CLV3) [1,7,8]. CLV3 is a founding
member of the CLE gene family. The CLV3 gene is
expressed exclusively in stem cells of the aboveground
meristems [9,10], and acts as a secreted signalling
peptide. All predicted CLE peptides share a conserved
C-terminal motif, which forms the core of the active
peptide [11,12]. Overexpression of CLE genes in
transgenic plants grown in liquid cultures and purifi-
cation of extracellular peptides from the medium
allowed determination of the structure of the active
peptide [13,14]. For all cases shown so far, CLE pep-
tides are processed from larger precursors by
proteolytic digestion [15,16]. One or several of the
prolines residing in the core CLE-motif are hydroxylated
and can carry arabinofuranose sugars [13,17–19]. Such
peptide glyosylation could serve to protect from pro-
teolysis in the extracellular space, or could change
the binding interface with their corresponding recep-
tors. The arabinosylated form of CLV3 was indeed
found to bind with a higher affinity to the extracellular
domain of CLV1. Furthermore, the glycosylated
CLV3 and CLE2 peptides were capable of fully
rescuing the shoot meristem phenotype of a clv3
mutant upon addition to the medium [13], while the
non-glycosylated peptides only partially restored
shoot stem cell control when employed at the same
concentrations. This study strongly indicates that
sugar modifications of CLE peptides can be assigned
a major role in determining signalling activity.

Secretion of CLV3 from stem cells and the resulting
activation of the CLV1 receptor provide a strong feed-
back signal for stem cell homeostasis. Any increase in
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Figure 3. Root meristem development. (a) Schematic of the
Arabidopsis root meristem. Colours represent the localization

of the homeodomain transcription factor WOX5 (red) in the
quiescent centre, the receptor kinase ACR4 (green) in colu-
mella stem cells and columella cells and the peptide ligand
CLE40 (blue) in columella cells. The stem cell niche is out-
lined in orange. (b) Conceptual model of distal stem cell fate

regulation in the root meristem. Arrows indicate positive
regulation and barred arrows indicate negative regulation.
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Figure 4. Vascular development. Schematic of Arabidopsis
root vasculature. Colours indicate the localization of the

receptor TDR/PXY (green) in the phloem and the peptide
ligand TDIF (CLE41/44) (blue) in the procambium. Indi-
vidual cell layers are labelled: mx, metaxylem; px,
protoxylem; p, pericycle; en, endodermis; c, cortex; ep,
epidermis.
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stem cell number causes increased CLV3/CLV1 signal-
ling; the resulting repression of WUS expression would
immediately cause a corresponding decrease in stem
cell number, allow differentiation of stem cells in the
outer stem cell domain, and thereby decrease CLV3
signalling again [5,9]. Several mathematical models
have meanwhile simulated this feedback system in
operation, and shown that it can serve to maintain a
stable and long-lasting stem cell population in meris-
tems [20–22].

The activity of the CLV3/CLV1 system described here
so far is restricted to shoot and floral meristems, and
prompted the search for other peptide–receptor pairs
that modulate stem cell maintenance or cellular differen-
tiation in other parts of the plant. Additional genetic
screens by analysing mutants with clv1-like phenotypes
identified CLV2, encoding a receptor-like protein that,
in contrast to CLV1, lacks the cytoplasmic serine–threo-
nine kinase domain [8,23]. Because mutations in CLV2
enhance mutations in CLV1, two parallel acting path-
ways must exist that transmit the CLV3 signal [24].
Consistent with this, both CLV1 and CLV2 proteins
were shown to bind CLV3 [13,19,25].
3. A CLV-LIKE PATHWAY ACTING IN THE ROOT
A first role for CLV2 in root development was discov-
ered when Arabidopsis seedlings were grown on
medium containing micromolar concentrations of
CLE peptides [26–28], or in transgenic plants overex-
pressing CLE genes. In both cases, root growth
arrested and differentiation of root meristem cells
was observed, suggesting that CLE peptides can act
similarly to CLV3 in the shoot and restrict stem cell
maintenance. Mutant screens based on this CLE over-
expression phenotype ended with the isolation of two
Phil. Trans. R. Soc. B (2012)
novel suppressor mutations, sol1 and sol2 (for SUP-
PRESSOR of LLP1/CLE19 overexpression). The
SOL1 gene encodes a Zn2þ-carboxypeptidase that is
proposed to process CLE peptide precursors [28].
SOL2 was also identified as a suppressor of CLV3 over-
expression in the shoot, and, for its phenotypic
resemblance to clv-mutants, termed CORYNE (CRN;
greek for club-shaped). Interestingly, neither clv2 nor
crn/sol2 mutants displayed a root phenotype that was
distinct from wild-type in the absence of increased
CLE peptide availability. Cloning of CRN/SOL2
uncovered that it encodes a kinase that carries a
TMD and a short extracellular sequence [24,29].
This predicted serine–threonine kinase domain of
CRN may be non-functional, because kinase assays
have been unsuccessful so far, and at least partial com-
plementation of a crn mutant was achieved with an
engineered mutant kinase version predicted to lack
any kinase activity [30,31]. The mutant phenotypes
of crn/sol2 and clv2 are indistinguishable, and double-
mutant combinations revealed no additional phenoty-
pic alterations [24,32]. Together with further genetic
studies, this indicated that CLV1 and CLV2 together
with CRN/SOL2 act in two parallel pathways that con-
trol stem cell maintenance in the shoot. In root tissues,
a requirement for CRN/SOL2 and CLV2 was only
shown when CLE peptides were added, or when
CLE genes were overexpressed in transgenic plants
because the mutants do not show a growth arrest
after CLE peptide treatment [24,27,29].

Molecularly, CRN and CLV2 can interact via their
TMDs and adjacent juxtamembrane amino acids
[32,33]. Using fluorescence resonance energy transfer
between receptor protein fusions, it was shown that
coexpression and interaction between CRN and CLV2
are required to localize both proteins at the plasma
membrane. If expressed individually, CRN or CLV2
will be retained in the endoplasmic reticulum [32].
Thus, the main role for the kinase-defective CRN
protein may lie in its ability to guide CLV2 receptor to
the plasma membrane. Signal transmission to the
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Figure 5. Autoregulation of nodulation. Schematic of
nodule/root signalling. Nodule formation induces CLE pep-
tide production, which act as long-range signals that are
perceived by receptor-like kinases (RLKs) in the shoot.
This triggers the generation of a secondary signal (unknown)

that restricts nodule initiation.
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nucleus could then be mediated by additional
membrane-associated kinases that interact with CLV2
through CRN.

In addition to SOL1, CRN and CLV2, the receptor-
like kinase RPK2 (RECEPTOR-LIKE KINASE 2
or TOADSTOOL2) was shown to be essential for
transmitting CLE signals in the root and shoot
[34,35]. Genetically, rpk2 mutants appear to be addi-
tive with clv1 and crn or clv2 mutants in shoot
development, which suggests that RPK2 establishes a
third independent signalling pathway for the percep-
tion of CLE peptides. Similar to CLV2 and CRN,
RPK2 has multiple functions during plant develop-
ment, and is required from embryogenesis to cell
fate specification during pollen development [35,36].
In root development, rpk2 mutants were found to
be fully epistatic to the root growth restricting acti-
vity of all CLE peptides tested. RPK2 is expressed
in the root meristem, with a lower expression
level in the columella domain. Interestingly, RPK2
could be dosage limited, because overexpression of
RPK2 induced CLE overexpression phenotypes and
corresponding meristem growth arrest in both shoot
and root system [34].
Phil. Trans. R. Soc. B (2012)
4. THE RECEPTOR KINASE ARABIDOPSIS
CRINKLY 4 CONTROLS LATERAL ROOT
FORMATION AND STEM CELL MAINTENANCE
Previously, receptor-like kinases (RLKs) were invoked in
peptide signalling in the root owing to CLE peptide mis-
expression phenotypes in roots [26,28,37]. However,
loss-of-function phenotypes were not observed for the
receptors CLV2, CRN or RPK2. Studies on lateral
root development and the distal root meristem revealed
a role for ARABIDOPSIS CRINKLY 4 (ACR4), which
was previously identified as an RLK that coordinates
layer integrity in the epidermis and protoderm [38–41].

The first indication of lateral root initiation is two
asymmetric divisions of pericycle cells, which occur
opposite xylem poles. Four small cells are generated
that undergo further periclinal divisions to generate a
small mound of cells, the lateral root primordium.
Detailed and high-resolution transcriptome analysis
identified ACR4 as a candidate regulator that is specifi-
cally expressed in the two small daughter cells after the
first asymmetric pericycle cell divisions [41]. In acr4
mutants, new lateral roots are initiated with a tighter
spacing, and sometimes immediately adjacent to each
other. This suggests that ACR4 is required to suppress
lateral root initiation by lateral inhibition (figure 2).
A peptide activating ACR4 during this process has not
yet been identified. However, acr4 mutants are also
affected in the maintenance of the root stem cell niche.
In Arabidopsis, four cells of the quiescent centre (QC)
are surrounded by stem cells that give rise to specific
cell types (figure 3). Abutting the QC on the distal
side is a single layer of columella stem cells (CSCs),
which divide to generate several layers of starch accumu-
lating columella cells (CCs). Differentiation of CSC
daughter cells is delayed in acr4 mutants, so that roots
maintain more stem CSC layers. The mutant phenotype
allows linkage of ACR4 function with that of CLE40, a
peptide of the CLE family that is most closely related to
the shoot stem cell restricting CLV3 peptide [37,42].
CLE40 is expressed in CCs and can thus provide a feed-
back signal that regulates CSC activity and proliferation.
ACR4 is normally expressed in CSCs and CCs, and is
rapidly transcriptionally upregulated upon treatment of
roots with high levels of CLE40 peptide, suggesting
that ACR4 expression is itself regulated by ACR4 signal-
ling. Although speculative, a model can be envisaged
whereby upregulation of ACR4 serves to bind and
sequester excessive CLE40 ligand [43]. Increased
CLE40 expression results in a premature differentiation
of CSCs into CCs, indicating that the CLE40 dosage
must be tightly controlled for normal root meristem
function. Because all described effects of CLE40
depend on ACR4 function, it is possible that CLE40
peptide binds and directly interacts with ACR4.

The parallels between the shoot and root stem cell
signalling pathways are extensive and include target
genes regulated by CLE peptides. In the root meris-
tem, a close homologue of WUS, the homeodomain
transcription factor WUSCHEL-LIKE HOMEOBOX
5 (WOX5) [44], is expressed in the QC cells and
serves to maintain the identity of the surrounding
stem cells. In cle40 or acr4 mutants, the expression
domain of WOX5 expands, while it is shifted to a
more proximal location (and therefore repressed in
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the QC domain) when CLE40/ACR4 signalling is
strongly activated [42].
5. ROOT GROWTH FACTORS REGULATE AUXIN
SIGNALLING IN ROOT MERISTEMS
Peptides such as those of the CLE family are post-trans-
lationally modified by proteolytical processing and by
coupling of sugar residues to their hydroxyprolyl
groups. Other peptides that pass through the secretory
pathway receive a sulphate group on the hydroxyl group
of tyrosine, mediated by the golgi-resident enzyme tyro-
sylprotein sulphotransferase (TPST). TPST is encoded
by a single-copy gene in Arabidopsis that is positively regu-
lated by auxin, and knock-out mutants (tpst-1) display
pleiotropic phenotypes, including short roots, extra QC
cells and differentiation of CSCs [45,46]. At least some
of these developmental defects are due to reduced
expression of transcription factors of the PLETHORA
(PLT) family. The PLT genes respond to auxin presence
in the root meristem, and are required to maintain the
expression of PIN auxin efflux carriers and normal
growth patterns in the root meristem [47,48]. Searches
for putative short peptides that carry a secretion signal
and a predicted tyrosine-sulphation motif led to the
identification of the ROOT MERISTEM GROWTH
FACTOR (RGF) peptide family [46]. When tpst-1
mutant roots were grown in the presence of RGF1 pep-
tide, root meristem architecture was partially restored
and root meristem length increased, together with
expanded PLT expression. Thus, PLT genes appear to
be regulated by an RGF-dependent signalling pathway.
However, PLT transcript levels were largely unaltered in
tpst-1 mutants or upon RGF addition, suggesting that a
RGF pathway could control PLT translation or stability.
Obviously, RGF peptides are not the only peptides
requiring sulphation for activity, and RGF1 showed
synergistic effects upon addition of the 5-amino acid
peptide hormone phytosulphokine (PSK) and PSY1
(PLANT PEPTIDE CONTAINING SULFATED
TYROSINE1), a tyrosine-sulphated 18-amino acid gly-
copeptide [49]. PSK and PSY1 promote cell division
and cell expansion. For their biological activity, the sul-
phate group and the L-arabinose side chain (for PSY1)
are essential. Specific LRR-RKs that bind to and are
activated by PSK or PSY1, respectively, were identified
previously [49,50]. But a receptor protein binding
to and activated by RGFs still awaits identification.
Another class of small, secreted, 15 amino acid-long
hydroxyprolinated peptides, the CEP (C-TERMIN-
ALLY ENCODED PEPTIDE) peptides, has also been
suggested to play a role in root development. Overexpres-
sion of CEP1 and treatment with synthetic CEP1 results
in root meristem arrest. Most of the CEP family members
are expressed in the root (CEP1 is expressed in lateral
root primordia), but so far no functional genetic
analyses have been described [14].
6. CLE PEPTIDES CONTROL CELL FATES IN
ROOT VASCULAR MERISTEMS
The stem cells of the vascular system are found in the
procambium, which are highly polarized strands that
generate phloem and xylem cells. TRACHEARY
Phil. Trans. R. Soc. B (2012)
ELEMENT DIFFERENTIATION INHIBITORY
FACTOR (TDIF), a CLE peptide first isolated from a
Zinnia cell culture system that allows in vitro tracheary
element differentiation, was identified owing to its
name-giving characteristics. The Arabidopsis orthologues
are CLE41/CLE44, which are normally expressed in the
phloem [18,51] (figure 4). Addition of CLE41/44
to liquid-cultured seedlings caused an overproliferation
of phloem cells [51]. Procambium cells express
PHLOEM INTERCALATED WITH XYLEM
(PXY), also known as TDR (TDIF receptor), encoding
a CLV1-related receptor-like kinase [52], which was
shown to bind CLE41 via its extracellular LRR domains
[51]. pxy mutants fail to maintain the typical order of
phloem cells (outside of the procambium), separated
from xylem cells (inside). A cle41 mutant formed a thin-
ner stele than wild-type plants [53], whereas increased
expression of CLE41 from the phloem caused procam-
bium proliferation, albeit with normal vasculature
organization [54]. Misexpression of CLE41 from other
cell types disrupted normal tissue organization, indicat-
ing that not the absolute concentration of the CLE
peptide, but rather its concentration gradient controls
tissue organization and cellular identities. A target gene
regulated by the TDIF/PXY module is WOX4, another
member of the WOX gene family [53]. Expression of
WOX4 in the procambium serves to maintain this stem
cell system, a function that appears to be shared among
many WOX genes studied so far. However, in contrast
to WUS and WOX5 regulation, procambial WOX4
expression is under positive control by the TDIF/PXY
system. Detailed transcriptome analysis of interfascicular
cambium that was isolated via laser capture micro-
dissection uncovered two additional LRR-RLKs,
REDUCED IN LATERAL GROWTH (RUL1) and
MORE LATERAL GROWTH (MOL1), that antagon-
istically control cambial growth [55]. MOL1 functions
as a repressor of both WOX4 and RUL1, but phenotypes
of mol1 rul1 double-mutants resemble wild-type, indicat-
ing that vascular development is subject to multiple, and
possibly parallel acting ligand-triggered RLK pathways.

The two pathways controlled by TDIF in the vascu-
lature and CLV3 in the shoot display extensive
similarities. In both cases, CLE peptides act via
LRR-RLKs to control the expression levels and
domains of closely related WOX-family homeodomain
transcription factors. However, no functional overlaps
or receptor cross-activation by these peptides has been
observed. A series of alanine-substituted CLV3 and
TDIF peptides allowed mapping of the specificity
determinants for binding to CLV1 and root growth
restriction to N- and C-terminal amino acids [56]. In
addition, the proline residue at position 7, which is gly-
cosylated in CLV3 and drastically increases affinity to
CLV1, is not required for root growth inhibition,
suggesting mechanistic differences between the inter-
action of CLE peptides with CLV1 or the
unidentified root receptor.
7. COMMUNICATION WITH ROOT PATHOGENS
AND SYMBIONTS VIA PEPTIDES
A plant’s root system represents the primary entry
point for a number of pathogens, including parasitic
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nematodes. These nematodes fall into two major
classes, which induce the formation of either root
knots or cysts by the plant tissue that act as feeding
sites, providing both nutrients and a housing for the
proliferating nematodes. Their generation is induced
by signalling molecules that the invading nematodes
inject into the plant tissues. CLE peptides isolated
from the oesophageal glands of the soybean cyst
nematode Heterodera glycines could functionally
rescue a clv3 mutant, if expressed from the CLV3
promoter sequences, suggesting that the parasite com-
municates with the plant cells by activation of receptor
kinase signalling pathways [57]. In line with this,
Arabidopsis mutants for CLV2 or CRN were found to
be less susceptible to parasitic nematodes [58,59].
Genes encoding CLE peptides were previously
thought to be plant-specific, but parasitic nematodes
provide the notable exception. Their predicted CLE
peptides lack an N-terminal secretion signal, and are
therefore expected to be found in the cytoplasm of
the cell upon injection. Interaction with the extracellu-
lar domain of receptor proteins such as CLV2 is only
possible if the peptides become secreted. Interestingly,
the nematode CLE peptides carry a variable domain
N-terminal to the CLE-motif, which directs the
peptide towards the apoplast via a so far unknown
secretion pathway [60,61]. GrCLE1, a CLE peptide
from the nematode Globodera rostochiensis, is processed
from a larger precursor in the plant cell, and binds
to the extracellular domains of CLV2 and the
CLV1-related RLKs BAM1 and BAM2 [58].

Nodules are formed by the root systems of Legumi-
nosae to associate with symbiotic nitrogen-fixing
bacteria. The number of nodules is controlled by the
host legume in response to external cues, such as soil
nitrate levels, but also through negative feedback regu-
lation, termed autoregulation of nodulation (AON;
figure 5). AON appears to be controlled by a signal
generated in nodules that is transmitted to the shoot.
There, a second signal is generated that suppresses
the formation of further nodules. The molecular simi-
larities between peptide-dependent stem cell signalling
in the shoot system and AON were first described for
soybean (Glycine max), where mutations in the
CLV1-homologue GmNARK, which is preferentially
expressed in leaves, were shown to induce supernodu-
lation and the production of more lateral roots [62]. In
Medicago sativa, the CLE peptides MtCLE12 and 13
[63] are expressed in root nodules and serve to inhibit
nodulation. In Lotus japonicus, the CLE peptides
LjCLE-Root Signal1 (LjCLE-RS1) and RS2 are up-
regulated by nitrate addition, and are perceived in the
shoot by the receptor-like kinase HYPERNODULA-
TION ABERRANT ROOT FORMATION 1
(HAR1) [64,65], a homologue to Arabidopsis CLV1.
KLAVIER, a Lotus homologue of the Arabidopsis
RPK2 receptor kinase that physically interacts with
HAR1, is also required for AON [66]. In Pisum sativum,
the CLV2 homologue PsCLV2 is inactivated in sym28
mutants, resulting in a typical clv2-like shoot pheno-
type, with altered phyllotaxis and stem fasciation, but
also in failure of AON and hypernodulation [67]. The
common theme here is that CLE-type peptides serve
as the primary root-to-shoot signal, which is perceived
Phil. Trans. R. Soc. B (2012)
by receptor complex(es) in the shoot. The nature of
the secondary, nodule-repressing signal that communi-
cates information from the shoot to the root is not yet
known.
8. CONCLUSIONS
Several pathways for intercellular communication via
secreted peptides have been unravelled in recent
years. In many cases, the discovery of these pathways
was driven by bioinformatic approaches, followed by
detailed studies on predicted peptides, and the pairing
through biochemical and genetic approaches with their
corresponding receptors. Many of the peptides investi-
gated so far are processed from large precursor
molecules and further modified by addition of sugar
residues or sulphate groups. These post-translational
processing steps and modifications often change the
specificity of the peptide or its overall activity, and
need to be considered when studies on peptide func-
tions are based on the addition of synthetic peptides.
Determining the genome sequences of several plant
species has certainly facilitated the prediction of puta-
tive peptide-encoding genes, but we have not yet
gained a complete picture on the spectrum of small
peptides that plant cells use for their communication.
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