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Complex peptide hormone signaling in plant stem

cells
Reid Selby and Daniel S. Jones

Abstract

Peptide hormones influence diverse aspects of plant develop-
ment through highly coordinated cell-cell signaling pathways.
Many peptide hormone families play key roles in stem cell
maintenance across land plants. In this review, we focus on
recent work in two conserved peptide hormone families,
CLAVATA3/EMBRYO-SURROUNDING REGION (CLEs) and
ROOT MERISTEM GROWTH FACTOR (RGFs), and their roles
in regulating plant stem cells. We discuss recent work estab-
lishing downstream crosstalk between peptide hormones and
other conserved signaling mechanisms in meristem mainte-
nance as well as highlight advances in peptide hormone gene
identification that provide important context for CLE/RGF family
evolution across diverse plant lineages. CLE and RGF gene
families have greatly expanded in angiosperms, contributing to
the complex genetic regulation of stem cell homeostasis
observed in model systems over the last 30 years. Peptide
hormone duplications have resulted in genetic compensation
mechanisms that ensure robust development through the
function of paralogous genes. Broad conservation of genetic
compensation across angiosperms highlights the importance of
these mechanisms in developmental signaling and under-
standing their regulation could inform broader understanding of
morphological diversity and evolutionary innovation.
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Introduction
Plant development is a dynamic process where new
organs form continuously throughout an individual’s
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lifetime. To maintain a consistent body plan in a wide
range of environmental conditions, plants leverage a vast
array of conserved signaling mechanisms balancing stem
cell homeostasis and organogenesis. Developmental
regulation requires extracellular signaling to coordinate
gene regulatory networks across differentiating cell
types. These processes primarily converge in meristems,
specialized tissues containing pools of stem cells and
their derivatives, where organization of all primary tis-
sues initiates [1]. Signaling in meristems coordinates a
balance between cellular proliferation and differentia-
tion from stem cell derived lineages impacting overall
plant morphology and patterning [2—4]. Ciritical to this
regulation are peptide hormones; small, genetically
encoded, mobile proteins which, among other funda-
mental processes, regulate meristematic function [5].
Peptide hormones function as ligands that drive com-
plex cell-cell communication networks via receptor-
mediated signaling [6,7]. While their role in stem cell
regulation has been established for almost 30 years [8],
only recently have we realized the ubiquity of peptide
signaling across land plants as well as the genetic con-
sequences of large-scale gene expansions found in many
peptide families. Here, we highlight recent work from
two conserved peptide signaling pathways, CLAVATA3/
EMBRYO-SURROUNDING REGION (CLE) pep-
tides and ROOT MERISTEM GROWTH FACTOR
(RGF)/GLOVEN (GLV)/CLE-LIKE (CLEL) peptides
(hereafter RGFs), which are shaping our understanding
of peptide hormone function in meristematic tissues.

The first peptide hormone identified in stem cell regu-
lation was CLAVATA3 (CLV3) in Arabidopsis thaliana
(Arabidopsis), a founding member of the CLE peptide
family [8]. CLEs are small genes encoding pre-
propeptides (unprocessed precursors of mature peptide
hormones) ~100 amino acids in length containing a
small N-terminal secretory signal and a highly conserved
12—13 amino acid CLE domain at the C-terminus. The
CLE domain is cleaved and post-translationally modified
to produce a mature peptide hormone that diffuses
through the apoplast to mediate cell-cell signaling [9,10].
CLV3 functions to restrict the size of the stem cell pool
in shoot meristems via a suite of leucine-rich repeat
receptor-like kinases (LRR-RLKSs), most notably through
the CLAVATAL1 (CLV1) and BARELY ANY MERSITEM
(BAM) subclade which additionally require function of
the CLAVATA3 INSENSITIVE RECEPTOR KINASE
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(CIK) co-receptors [11—13]. CLE-mediated stem cell
regulation has been described in all meristematic tissues
studied to date in most land plant lineages; including
shoot/root apical meristems, vascular development, and
stomatal patterning [10,12,14].

The RGF peptide family also have conserved roles in
meristem signaling, specifically during early root devel-
opment. RGFs are a family of secreted, tyrosine-sulfated
peptides that redundantly function to promote stem cell
activity in Arabidopsis roots [15]. RGFs, like CLEs, have
a conserved C-terminal domain of 13 amino acids that is
cleaved and secreted for function in the root apoplast.
RGFs are perceived by the RGF1-INSENSITIVE (RGI)
LRR-RLK subclade which function along with the SO-
MATIC EMBRYOGENESIS RECEPTOR KINASE
(SERK) co-receptors [16,17]. In angiosperms, both CLE
and RGF stem cell signaling pathways regulate the
expression of critical downstream morphogenic tran-
scription factors, including the WUSCHEL-REIATED
HOMEOBOX (WOX) family transcription factors (most
notably the shoot stem cell identity gene WUSCHEL)
and the PLETHORA (PLT) AP2-class transcription fac-
tors, respectively [12,18]. How downstream processes are
coordinated for any CLE/RGF peptide hormone pathway
is still a major question in the field. But recent work
across model systems suggests that crosstalk with addi-
tional essential developmental signaling pathways, such
as the phytohormone auxin or distribution of reactive
oxygen species (ROS), may provide insight into mecha-
nisms that connect downstream components.

In this review, we discuss how recent studies on CLE/
RGF peptide hormones are shaping our understanding
of peptide hormone signaling in stem cell regulation. We
discuss the potential for conserved downstream signal
crosstalk in both peptide families that could provide key
clues for understanding the earliest mechanisms each
pathways utilized. Next, we highlight advances in pep-
tide gene identification that have aided in our under-
standing of both CLE and RGF gene family distributions
across land plants. Moreover, we focus on recent work in
CLE-regulation of shoot meristems in order to highlight
how gene family expansions have led to robust devel-
opmental regulation in angiosperms.

Peptide hormone signaling: downstream
crosstalk

In the moss Physcomitrium patens, the PpCLVla,
PpCLV1b, and RECEPTOR-LIKE PROTEIN KINASE
(PpRPK, another CLE mediating LRR-RLK) receptors
bind CLE peptides to regulate cell division and identity
through complex interactions with cytokinin and auxin
signaling [19—21]. CLAVATA signaling pathways in the
liverwort Marchantia polymorpha promote rather than
suppress stem cell proliferation [22—24]. MpCLE2
signals through the MpCLV1/MpCIK receptor/co-
receptor complex to regulate stem cell division;

however, this process is independent of the WUS
ortholog MpWOX [23,24]. Coupled with an apparent
lack of any stem cell regulating WUS-related domains in
P, patens, these studies illustrate an ancient relationship
between peptide hormones and phytohormone signaling
in shoot meristem regulation that predates the CLJ-
WUS module found in angiosperms [20]. Recent work in
Arabidopsis highlights this CL.AVATA and phytohormone
crosstalk further, as an auxin-dependent role for the
atypical receptor pair CLAVATAZ (CLVZ, a receptor-like
protein) and CORYNE (CRN, a transmembrane pseu-
dokinase) in regulating flower outgrowth was identified
[25]. CLV2/CRN positively regulate cell proliferation
during early flower development in a WUS-independent
process, echoing CLAVATA signaling in M. polymorpha.
This pathway was originally thought to be independent
of CLV3-CLV1 signaling in the inflorescence; however, a
closer look at ¢/&v3 and /v null mutants identified similar
auxin-dependent cell proliferation phenotypes that are
predominately masked by varying degrees of stem
fasciation (unregulated stem-width expansion) and
temperature-dependent environments [26]. These
contradictory outputs from CLAVATA signaling in the
shoot meristem (negative vs. positive regulation of cell
proliferation) could primarily be a product of different
functional meristematic domains, the central zone
(where stem cell initials reside) vs. the peripheral zone
(where new organs initiate through rapid division) [27].
In fact, antagonistic CLAVATA signaling domains in the
shoot meristem is further supported by the function of
CLE40 in Arabidopsis inflorescence development,
where CLE40 positively regulates cell proliferation in
the peripheral zone and is excluded from the center of
the meristem through canonical CLV3 signaling [28]. A
recent perspective on meristem zonation in CLE func-
tion highlights these opposing outputs of CLAVATA
signaling further by proposing a model in which non-
flowering plant lineages only have the stem cell pro-
moting CLE-BAM related signaling modules and lack
the stem cell repressive CLV3-CLV1 module [29]. More
functional studies in non-flowering plant lineages are
necessary to test this model; however, it is important to
note that recent work uncovering a role for CLV3-CLV1
in promoting cell proliferation in the peripheral zone
suggests that this signaling module regulates more than
stem cell repression via crosstalk with additional
developmental regulators [26].

Similar to CLLEs, RGFs have some conserved activity in
bryophytes compared to angiosperms. In a heterologous
system, expression of MpRGF from M. polymorpha in
Arabidopsis had similar effects on root development as
AtRGF1/6, especially in the inhibition of root elongation
and reduction in lateral root emergence, demonstrating
broad conservation of RGF perception and downstream
signaling components [30]. While no RGFs have been
identified in P patens, they are present in the tran-
scriptomes of older moss lineages, suggesting that this
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was an independent loss and the most recent common
ancestor of land plants possessed RGF family peptides
[30]. Interestingly, RGF family expansion coincides with
the appearance of true roots in vascular plants. But RGF-
RGTI signaling is present in the liverwort M. polymorpha
which lacks true roots, suggesting this co-emergence
may be coincidental and the ancestral function of
RGFs lay outside root apical meristem development
[30,31]. Recently, a study in Arabidopsis identified a
relationship between RGFI and ROS concentrations in
the root apical meristem that could point toward a
conserved regulatory mechanism in need of testing in
bryophyte models [32]. ROS is an integral signal in
regulating root meristematic zones (proliferation vs.
differentiation), and the RGF1 peptide induces shifts in
O3 and H,0; in the root apical meristem upon peptide
treatments [33]. RGFI-INDUCIBLE TRANSCRIPTION
FACTOR 1 (RITFI) expression was induced by RGF1
treatments and found to directly impact ROS levels in
the root tip. The downstream stem cell regulating
transcription factor PL72 was stabilized by this RGF1-
RITF1 induced ROS;, providing a mechanism by which
RGF signaling directly influences meristem size in
Arabidopsis [32]. It is unclear yet how conserved RGF-
mediated ROS regulation is; however, ROS levels have
been linked to developmental defects in M. polymorpha,
making this a prime target for future functional
work [34].

Peptide hormone identification and gene
expansions

Gene-family expansions of peptide hormones are
common across plant lineages, with angiosperms typi-
cally having a greater number of peptide encoding genes
compared to non-vascular plants [35,36]. But the small
size and sequence variability of peptide hormones can
make identification difficult, limiting the evolutionary
context of these important signaling genes. This prob-
lem is shared by the CL.E and RGF families and has only
recently been overcome through advances in computa-
tionally informed gene identification. Newer methods
utilizing hidden Markov modeling (HMM) have proven
effective in the detection of previously unidentified
orthologs/paralogs across CLE and RGF peptide families
[35,37,30,31,38]. This includes newly identified genes in
established model systems. A recent study in tomato
(Solanum lycopersicum), identified 37 new CLEs, alongside
the known 15, using a combination of iterative tBLASTn
with a HMM targeting the conserved CLE domain [38].
These new SICLEs are active in exogenous root assays,
where they inhibit cell divisions in the root meristem.
Work from this same group also identified a novel CLE in
Arabidopsis, CLFE33, that functions in protophloem
specification/restriction in the root meristem [39].
These newer bioinformatic tools in combination with the
growing number of available genomic data across land
plants has led to a more comprehensive understanding of
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CLE and RGF family diversity, with orthologs now
identified in all major plant lineages. Over 600 previously
unknown CLE sequences were detected in 69 species of
plants [37]. Similarly, one study identified over 400 RGFs
in 149 species using transcriptomic data, while a second
study identified 203 candidate RGFs from 24 species
using genome assemblies; finding only a complete
absence of RGFs in hornworts and algae along with a
secondary loss in some moss lineages [30,31].

What is abundantly clear about CLEs and RGFs in non-
vascular plants, is that there are far fewer of these
peptide hormones in bryophytes compared to angio-
sperms [29,31,35], an evolutionary trend echoed by the
peptides’ receptors [36,40]. There are four distinct
peptides encoded by nine CLE genes (PpCLEI-9) and
only three known CLE-mediating LRR-RLKs
(PpCLV1a/b and PpRPK2) in P patens [19]. In
M. polymorpha, there are as few as two CLE genes
(MpCLE1/2) and two CLE-mediating receptors
(MpTDR and MpCLV1) [24]. Moreover, RGFs are
absent from P, patens and there is only one RGF gene and
two RGI-like receptors in M. polymorpha [30,31]. Fewer
genes involved in peptide hormone signaling leave less
room for genetic complexity in signaling pathways and,
in general, a trend of increasing CLFE and RGF gene
family members can be seen throughout vascular plant
lineages (Figure 1). Gene family expansions across these
key developmental pathways has directly resulted in the
complex genetic coordination observed in the regulation
of stem cell homeostasis in angiosperms (Figure 2).

Genetic compensation in peptide signaling

In angiosperms, expansion of peptide hormone gene
families has increased rates of gene functionalization
and genetic redundancy among peptide signaling path-
ways, influencing the evolution of their vast morpho-
logical diversity [10,29,30]. Recent work has given us
insight into how plants deal with gene-family expansions
of developmentally critical pathways in the form of ge-
netic compensation. Two forms of genetic compensation
have now been described in regulating stem cell ho-
meostasis in shoot meristems, active and passive [41].
Active compensation occurs when a paralog, or closely
related gene, has altered expression levels and/or
expression domains that mask phenotypes in the
absence of a gene. Passive compensation occurs when
mutant phenotypes are masked by the aggregate native
function of paralogs, or closely related genes, with
limited changes in their expression patterns [42,43].
Instances of both active and passive compensation have
now been described in CLE signaling (Figure 2). Ex-
amples of active compensation have been described in
the Solanaceae as a result of a lineage specific CLV3 gene
duplication. In tomato, S/CLV3 along with its paralog
SICLEY function to restrict shoot meristem size
throughout development [41]. Interestingly, sk/3
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Figure 1

Species CLEs
Arabidopsis thaliana 33
Solanum lycopersicum 52
Zea mays 48
Setaria sp. 41*
Picea abies 25
Selaginella moellendorffii 6
Marchantia polymorpha 2
Physcomitrium patens 9

RGFs Refs
11 [39, 31]
11 [38, 31]
14 [35, 31]
114 [35, 31]
1 [35, 31]
5 [35, 31]
1 [23, 31]
0 [35, 31]
*data for Setaria veridis % data for Setaria italica
Current Opinion in Plant Biology

CLE/RGF gene families in species representing diverse land plant lineages. Colors represent the following groups (also in order from top to bottom):
angiosperms-eudicots (dark red/top), angiosperms-monocots (light red/bottom), gymnosperms (yellow), ferns and lycophytes (green), and bryophytes

(blue). Color scheme adapted from Hirakawa 2022 [29].

mutants have enlarged meristems while single mutants
of skcle9 have no phenotype. In contrast sk/o3 skele9 double
mutants show a synergistic increase in meristem size,
indicating that both paralogs regulate shoot stem cell
homeostasis. In sk/o3 mutant meristems, S/CLE9
expression increases dramatically and thus compensates
for the loss of S/CLV3 [41]. This CLV3/CLE9 duplication
occurred ~ 30 million years ago in the Solanaceae and
has been differentially retained across the family
[41,44]. CLEY can be found in Physalis grisea (ground-
cherry), Petunia hybrida (petunia), and tomato but has
been partially or completely lost in Nicotiana benthamiana
(tobacco  relative),  Capsicum — annuum  (pepper),
S. melongena (eggplant) and S. tuberosum (potato). In
species where CLEY is retained, active compensation
persists. ¢/o3 mutants in both groundcherry and petunia
have less severe meristem defects, with each respective
CLEY ortholog presumably capable of compensating for
the loss of CLV3. In contrast, V. benthamiana (which has
lost a functional CLEY ortholog) has a severe phenotype
in ¢/v3 mutants suggesting that species without CLE9
have no direct mechanism for compensation [44].

In Arabidopsis, both active and passive compensation of
CLV3 signaling has been recently described. CLE16 and
CLEI17 compensate for loss of CLV3 in shoot meristem
regulation, with higher order mutant combinations of
ko3 clel6 clel7, all having enlarged meristems compared
to ¢/v3 single mutants [45]. ¢lel6 and clel7 single mutants

have no observable meristem phenotypes, and neither
gene is expressed in wildtype shoot meristems; however,
both CLEI6 and CLEI7 are expressed in the meristem
of ¢/v3 mutants. In addition to their cooperative function
in the shoot, CL.E16 and CL.E17 also regulate lateral root
initiation through similar compensatory mechanisms but
whether this is active compensation is yet to be deter-
mined [46]. Similar to CLE16/17, CLEZ5 compensates
for the loss of C1.V3 during inflorescence development
[26]. ¢fo3 cle25 double mutants have a severe synergistic
phenotype affecting both the size and the overall shape
of the inflorescence meristem, producing an enlarged
disk-like meristem with an increased delay in floral
development (akin to c¢&oZ/crn flower outgrowth defects
discussed earlier). CLEZ5 is not expressed in wildtype
inflorescences but is upregulated in developing floral
primordia in ¢/&03 mutants [26]. Passive compensation of
CLV3 occurs via a large suite of additional CLE [41]. A
higher order dodeca-cle mutant, uncovered using multi-
plex CRISPR gene editing targeting 11 shoot-expressed
CLEs, has an enhanced meristem phenotype compared
to /3 single mutants, and none of the targeted CLEs
appear to have altered expression levels in %3 shoot
meristems. It is important to note that compensation
mechanisms in CLE signaling are not restricted to
peptides and have also been described in the related
CLE receptors CLVI, BAMI and BAM3; where expres-
sion domains of BAM1 and BAMS3 shift in the /vl mutant
background into the center of the shoot meristem to
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Figure 2
Control of shoot stem cell maintenance
WT clavata/cle mutant shoot meristems
(\7 -2 meristem
o == - 1 phenotypic severity
]
7] -
g8 cle25 ® dodeca-cle
2 cle16 cle17 clv3 A clv3cle25
g Aclv3cle16 cle17
8
£ slcle9 slclv3 A slclv3 sicle9
£
P Compensation
Mechanism
2, A Active
g nbclv3a/b @ Passive
K]
)
3
N zmcle1e5 zmfcp1 zmcle7 zmfcp1 zmcle?
8 Azmcle7 zmcle1e5
S
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Genetic compensation in CLE shoot stem cell signaling. CLE-mediated stem cell homeostasis is buffered through active and passive genetic compensation
mechanisms. In Arabidopsis, CLV3 restricts shoot stem cell identity throughout development, but in clv3 mutant meristems CLE25 (active), CLE16/17
(active) and a suite of 11 additional CLEs (passive) compensate for this loss at varying levels. A conserved gene duplication of CLV3 occurred in the

Solanaceae giving rise to the closely related paralog CLEY, but species across the family have differentially retained the CLE9 ortholog. In tomato, SICLE9
(active) compensates for the loss of slclv3 with siclv3 sicle9 double mutants having far more severe defects than either single mutant. Nicotiana benthamiana
(tobacco relative) is a tetraploid and has two unique copies of CLV3 with no active compensation from any CLE9 paralog(s). In this case, nbclv3a/b are
phenotypically severe, similar to the clv3 cle9 double mutants of Solanaceae species that have compensatory signaling mechanisms. In maize, one of its
CLV3 homolog ZmCLE?7 functions in regulating inflorescence meristem size and two additional closely related CLEs (ZmFCP1 and ZmCLE1E5) also
contribute to this regulation but in different ways. zmfcp1 zmcle7 double mutant is additive compared to the single mutant phenotypes. zmcle1e5 single
mutants have only a very slight increase in meristem width compared to WT, but zmcle7 zmcle1e5 double mutants are synergistic with a much more severe
phenotype than either single mutant. This suggest ZmCLE1E5 actively compensates for the loss of zmcle7 while ZmFCP1 likely functions in a parallel

pathway. CLE, CLAVATA3/EMBRYO-SURROUNDING REGION; CLV3, CLAVATAS. Plant diagrams were created with BioRender.com.

compensate for the loss of CLVI [11,28]. The higher
order receptor mutant ¢l bam1/2/3 has a far more severe
shoot meristem phenotype compared to ¢&o/ mutants,
while bam1/2/3 triple mutants have smaller shoot meri-
stems than wildtype [11]. These complex genetic re-
lationships influencing meristem function highlight the
role both active and passive compensation play in
regulating development following gene expansions of
key peptide signaling components.

Until recently it was unclear if similar CLE signaling
compensation mechanisms existed in monocot shoot
meristems as it does in the eudicots described above.
While maize has two C/LV3 homologs in ZmCLE7 and
ZmCLE14, only ZmCLE7 and two closely related CLEs
(ZmFCPI and ZmCLEIE5) are upregulated in /7

mutant inflorescence meristems (where ZmCLE7 func-
tions) [41,47,48]. zmcle7 zmfcpl double mutants are ad-
ditive and both zmcle7 and zmfcpl single mutants have
enlarged inflorescence meristems on their own suggest-
ing that these two CLFEs likely function in parallel
pathways and are not compensatory [41]. zmclele5 has
only a slight meristem defect on its own and is syner-
gistic with gmcle7, as zmcle7 zmclele5 double mutants have
inflorescence meristems much larger than either single
mutant demonstrating an active compensation for the
loss of ZmCLET7 by ZmCLEIE5 [48]. Similar to maize, it
was recently shown that the CLV3 homolog in Setaria
viridis (SoFONZ2) regulates inflorescence meristem size
and effects inflorescence architecture; however, it is
unclear if compensation plays a role in this CLE signaling
pathway as the function of additional CLEs in the sofon2
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background have not been studied [49]. Identification of
active compensation components in CLE signaling in
maize demonstrates that these mechanisms are widely
distributed across all angiosperms.

Currently, there are no described compensation
mechanisms in RGF signaling, but all components
involved have expanded in gene number across angio-
sperm lineages [36,50]. There are 11 RGFs in Arabi-
dopsis, many of which have overlapping functions and
only have phenotypes in higher order mutant combi-
nations [51]. The higher order mutant rgf7 rgf2 rgf3 has
defects in root stem cell maintenance, whereas each
respective single mutant has no noticeable phenotype
[15]. The RGI receptors are also highly redundant, and
recent work has linked higher order mutants to varying
levels of phenotypic severity. Mutant combinations of
RGI1-RGI5 all show a range of root meristem defects,
with rgi1/2/4/5 and 7gil/2/3/4/5 being the most severe
[17]. Many RGF peptides and RGI receptors have
overlapping expression domains with related genes and
the patterns of each in different 7gf/rgi genetic back-
grounds will be needed to determine if genetic
redundancy observed in RGF signaling pathways are a
form of active or passive compensation.

Conclusions

Peptide hormones are key developmental regulators in
all land plants. Recent studies in non-vascular plant
species point toward highly conserved roles for multiple
peptide families in stem cell signaling. Conservation of
developmental mechanisms downstream of peptide
signaling across plant lineages is still to be determined;
however, it appears likely that at least CLE signaling in
meristematic tissues intersects with key phytohormone
signaling pathways (auxin) in all plant lineages studied
to date. There is an evolutionary trend toward large-
scale gene expansions in both CLE and RGF gene
families (but certainly not limited to just these two
peptide hormone families). Duplications of peptide
hormone encoding genes can directly translate to an
increase in the number of each peptide produced in a
species, generating a remarkably complex genetic
landscape for evolution to act on. These gene family
expansions have contributed to the complex forms of
genetic compensation and gene redundancy observed in
angiosperm development. Continued work in diverse
land plant lineages will provide more clues as to just how
pervasive compensatory genetic mechanisms are in
plant development and give insight into how novel gene
regulation evolves.
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