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ABSTRACT Cell–cell communication is essential for plants to integrate developmental programs with external cues that affect their
growth. Recent advances in plant signaling have uncovered similar molecular mechanisms in shoot, root, and vascular meristem
signaling that involve receptor-like kinases and small, secreted peptides. Here, we report that the receptor-like kinases TOAD2/
RPK2 and RPK1 regulate root growth by controlling cell proliferation and affecting meristem size. Two types of developmental
alterations were observed upon exogenous CLE peptide application. The first type was detected in all plants treated, and comprise
increased proliferative activity of cells in the stem cell niche and a delay of progression in differentiation of daughter cells. The second
type was changes specific to the genotypes that are sensitive to CLE-driven root meristem inhibition and include a large decrease in the
occurrence of cell divisions in longitudinal files, correlating with shorter meristems and cessation of root growth. The root meristems of
toad2/rpk2 mutant plants are insensitive to the inhibitory effect of CLE17 peptide treatment, consistent with TOAD2/RPK2 function as
a receptor for CLE peptides. In addition, a strong reduction in the expression of RPK1 protein upon CLE treatment, dependent on
TOAD2/RPK2, suggests that these two RLKs mediate CLE signaling in a common pathway to control root growth.
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UNDERSTANDING the molecular mechanisms of the cell
fate decisions of cells arising from an undifferentiated

meristematic state is key for understanding plant develop-
ment. Increasing experimental evidence, compiled from re-
search in Arabidopsis thaliana and other plant systems, has
uncovered complex networks of interacting hormones,
small peptides, RNAs, transcription factors, receptors, and
other molecules regulating the patterning of meristems
(Stahl and Simon 2010; Azpeitia and Alvarez-Buylla 2012;
Petricka et al. 2012). However, less is known about
how plants perceive external and internal signals, and how
receptor–ligand interactions translate into controlled down-

stream molecular steps that will ultimately generate precise
patterns of growth.

The paradigm of signaling through plasma membrane
receptors implies that ligands bind to the extracellular domain
of receptors and a signaling cascade triggers changes in post-
translational and transcriptional programs, modulating plant
growth. In Arabidopsis, a large monophyletic family of.400
genes encoding receptor-like protein kinases (RLKs), with
a predicted extracellular domain [containing Leucine-Rich
Repeat motifs (LRRs) in more than half of these RLKs], a
single-pass transmembrane domain, and a cytoplasmic ser-
ine/threonine/tyrosine kinase domain (Shiu and Bleecker,
2001a,b; Diévart and Clark 2004; Oh et al. 2009). Despite
the large number of identified RLKs, the specific functions
are known for only a fraction of them (,50). The functions
ascribed to these RLKs thus far indicate that they play key
signaling roles in regulating cell fate specification or main-
tenance, cell growth, cell death, and pathogen response
(Diévart and Clark 2004), and that they bind a variety of
ligand molecules ranging from steroid hormones to peptides
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and small secreted proteins (Torii 2008). In addition to di-
rectly binding ligands, some RLKs also function as regula-
tory components of other RLK complexes (Li 2010; Halter et al.
2014; Imkampe et al. 2017).

One well-characterized signaling pathway includes, LRR-
RLK CLAVATA1 (CLV1), which functions to control the size of
the shoot apical meristem (SAM) by binding to a small
secreted peptide, CLAVATA3 (CLV3) (Ogawa et al. 2008);
this ultimately restricts the expression domain of the homeo-
domain transcription factorWUSCHEL (WUS), which defines
a stem cell’s fate (Schoof et al. 2000). In addition, the re-
ceptor protein kinase CORYNE (CRN), lacking an extracellu-
lar domain, and the receptor-like protein CLAVATA2 (CLV2),
lacking an intracellular kinase domain, form a heteromeric
receptor complex that also binds CLV3 and regulates WUS in
a separate pathway that is independent of the CLV1 pathway
(Müller et al. 2008; Guo et al. 2010). The common pheno-
typic read-out of defects in the CLV pathway includes an
enlarged SAM and supernumerary floral and fruit organs
(Clark et al. 1997; Schoof et al. 2000; Durbak and Tax 2011).

In addition to its well-established role in modulating the
maintenance of the SAM, CLV1was recently identified to play
a similar role in the root apical meristem (RAM) (Stahl et al.
2013). The RAM, located at the tip of the root, contains a
group of frequently dividing stem cells (initials) surrounding
three or four centrally located cells with low mitotic activity,
called the quiescent center (QC). This stem cell niche of the
RAM is the source of all cells that arise in layers and form
concentrically arranged files of cell types. CLV1 expression in
cells distal to the QC (toward the root tip) overlaps that of a
non-LRR receptor kinase, ARABIDOPSIS CRINKLY4 (ACR4),
which was previously shown to regulate formative cell divi-
sions in lateral roots (LRs) and to control the integrity of the
epidermal cell layer (Gifford et al. 2003; De Smet et al. 2008).
Root phenotypes caused by ACR4 mutations, similar to
mutations in a CLV3 homolog CLAVATA3/ENDOSPERM
SURROUNDING REGION-LIKE (ESR)40 (CLE40), include
the expanded expression of a WUS-RELATED HOMEOBOX
5 (WOX5) and supernumerary meristematic columella ini-
tials (De Smet et al. 2008; Stahl et al. 2009). Application of
exogenous CLE 40 results in transcriptional upregulation
of ACR4 but not CLV1, and even though a direct binding
between ACR4 and CLE 40 was not demonstrated, CLV1
has the potential to directly bind CLE40 (Guo et al. 2010).
These findings further demonstrate the importance of recep-
tor complexes containing different receptors in modulating
intricate signaling responses triggered by peptides in the
CLV3 family.

Intercellular communication through small regulatory
peptides, as described above, emerges as a key component
of developmental programs (Fukuda and Higashiyama 2011;
Delay et al. 2013). The regulatory peptides encoded by the
CLE (CLAVATA3/ESR-related) family of 32 genes in Arabi-
dopsis have been implicated not only in meristem mainte-
nance, but also in a variety of developmental processes
such as LR development, gravitopism, and protoxylem differ-

entiation (Kiyohara and Sawa 2012; Qiang et al. 2013). The
CLE proteins have a conserved 12–14-amino acid CLE motif
at or near the C-terminus (Cock and McCormick 2001), and
are proteolytically processed and further modified (Ni et al.
2011; Tamaki et al. 2013) to generate extracellular signaling
molecules. Based on the response triggered by overexpres-
sion or exogenous treatment of Arabidopsis seedlings, CLE
peptides are classified as type A and B CLE peptides. Treat-
ment of roots with type A CLE peptides can induce early
termination of meristem activity and cessation of growth
(Fiers et al. 2005; Ito et al. 2006; Whitford et al. 2008), while
type B CLE peptides can suppress tracheary element differ-
entiation (Ito et al. 2006; Kinoshita et al. 2007; Hirakawa
et al. 2008) but do not have an effect on root length. Over-
expression and exogenous application experiments are used
(Strabala et al. 2006; Kinoshita et al. 2007; Jun et al. 2010),
largely due to the absence of visible phenotypes of CLE mu-
tants (Jun et al. 2010). While functional assays clearly sug-
gest that CLE peptides can signal through RLKs to regulate
meristem size and activity in both SAM and RAM, few direct
interactions have been demonstrated (Matsubayashi et al.
2002; Hirakawa et al. 2008; Ogawa et al. 2008).

TOADSTOOL 2 (TOAD2/RPK2, also called RECEPTOR-
LIKE PROTEIN KINASE 2-RPK2, but for brevity hereafter we
will use TOAD2) is another RLK that functions downstreamof
CLV3 in the regulation of SAM size (Kinoshita et al. 2010;
Betsuyaku et al. 2011b). The mutant phenotypes of TOAD2
include the increased size of the SAM observed in CLV1 and
CLV2 mutants, and those phenotypes are additive in higher-
order mutants containing toad2, clv1, and clv2 (Kinoshita
et al. 2010), suggesting that they may act in parallel path-
ways. In addition, a partial insensitivity to the effect of the
CLV3-induced short root length (S) phenotype was reported
for toad2 mutants, similar to crn and clv2. Unlike CRN
(Müller et al. 2008), the overexpression of TOAD2 resembles
the phenotypes of CLV3 overexpression and the wus loss-of-
function mutant phenotype in which the size of the SAM is
reduced (Kinoshita et al. 2010). Biochemical studies of CLV
pathway component interactions using a transient gene ex-
pression system inNicotiana benthamiana revealed that CLV1
is potentially formingmultiprotein complexes with CLV2/CRN
and with TOAD2 in a CRN-dependent manner (Betsuyaku
et al. 2011b), but whether a single, large complex forms, or
several independent complexes function in parallel, remains to
be uncovered. In addition, TOAD2 physically interacts with
BAM1 (BARELY ANY MERISTEM1, a member of the CLV1
family of LRR-RLKs), and both TOAD2 and BAM1 interact
genetically with CLV2 in response to CLE peptide-mediated
inhibition of root growth, but the specific CLE ligand is not
known (Shimizu et al. 2015).

The LRR-RLK TOAD2 was also reported to be a key regu-
lator of other developmental mechanisms that involve cell
differentiation and specification of cell fates. Phenotypic anal-
ysis of toad2 mutants revealed enhanced shoot growth and
male sterility due to pollen defects caused by abnormal dif-
ferentiation of microspores and hypertrophy of the tapetum
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(Mizuno et al. 2007). TOAD2 also genetically interacts with
another LRR-RLK, the RECEPTOR-LIKE PROTEIN KINASE
1 (RPK1), to coordinate central domain protoderm pattern-
ing during the late globular stage of embryogenesis (Nodine
et al. 2007). Double homozygous rpk1 toad2 mutants are
embryo lethal, arrest their development during early stages
of embryogenesis, and lack the normal radial specification of
cell types. Analysis of molecular markers indicates that outer
layer specification is lost and that an outward expansion of
inner markers is detected. However, whether the ground tis-
sue cell fate of outer layers is an indirect consequence of
misspecification of protoderm or directly due to a specific role
of these RLKs in the ground tissue is still an unsolved issue.
Interestingly, about half of the rpk1 toad2/+ embryos devel-
oping from rpk1 toad2/+ plants exhibit an arrest similar to
that of the double-mutant embryos, while the other half are
able to complete their development (Nodine et al. 2007).
However, further analysis of rpk1 toad2/+ embryos that do
not arrest at the globular stage revealed that additional de-
velopmental processes are affected at a lower penetrance in
this mutant background, with �16% of rpk1 toad2/+ em-
bryos developing only one cotyledon primordium and conse-
quently emerging as seedlings with just one cotyledon
(Nodine and Tax 2008). The single-cotyledon phenotype is
also characteristic of rpk1 embryos but occurs at a much
lower frequency (4.6%) (Nodine and Tax 2008). This phe-
notype indicates that failure to specify the outer layer at early
stages perturbs subsequent patterning events. For instance,
the accumulation of the phytohormone auxin, one of the key
regulators of cotyledon patterning (Moller and Weijers
2009), is not detected at the site where cotyledon primordia
should initiate in the rpk1 toad2/+mutants (Nodine and Tax
2008). The auxin flux, and therefore the establishment of an
auxin maxima, is regulated by the PIN-FORMED (PIN) efflux
carrier proteins family through their polar localization in the
plasma membrane (Friml 2010). The auxin efflux carrier
PIN-FORMED1 (PIN1) is not expressed in the defective half
of the embryos lacking one cotyledon primordium, correlat-
ing with an absence of auxin maxima. A link between mis-
regulated polarity of PIN1 in the epidermis of rpk1 and the
occurrence of plants with one cotyledon was also recently
demonstrated in the rpk1 embryos with cotyledon defects
(Luichtl et al. 2013).

Spatiotemporal regulation of RLK activity contributes to
coordination of plant growth and development. The LRR-RLK
BRASSINOSTEROID INSENSITIVE1 (BRI1) functions in bras-
sinosteroid hormone perception, andmutations in BRI1 cause
a dwarf phenotype due to reduced growth and development
(Li and Chory 1997; Clouse and Sasse 1998). The growth
defects of bri1 mutants, but not vascular tissue defects, are
rescued by the expression of a functional BRI1 receptor from
the A. thaliana MERISTEM LAYER 1 (AtmL1) promoter that
has a restricted expression domain within the epidermis. This
suggests that signaling in the epidermis is sufficient to restore
cell–cell communication with inner layers to coordinate the
growth of the entire plant. Additional experiments in which

BRI1 expression is restricted to specific radial layers shows
that signaling in the outer layer has themost significant effect
on regulating root meristem size and QC identity (Hacham
et al. 2011). These data suggest that signaling mechanisms
taking place in the outer layers drive plant growth, although
there is also evidence for “inside-out” signaling (Gallagher
et al. 2004; Cui et al. 2007; Yadav et al. 2008).

Here, we report that signaling mediated by TOAD2 and
RPK1 controls RAM activity. rpk1 mutants display an incom-
pletely penetrant S phenotype that is enhanced when an
additional toad2 allele is mutated. The short roots display
misoriented cell divisions in the RAM that primarily affect
cells of the LR cap (LRC), epidermis, cortex, and QC, and
cause a decrease in the number of columella cell (CC) tiers.
toad2 mutants are insensitive to the root growth arrest in-
duced by exogenous application of CLE17 and CLE19 pep-
tides. This implies that TOAD2 might function as a receptor
for these or similar CLE peptides, alone or in a complex with
CLV2 and CRN or other components. Transcript and protein
levels of RPK1 are reduced upon CLE treatment and the pro-
tein reduction requires the presence of functional TOAD2
protein. Finally, the incompletely penetrant phenotype of
rpk1 and the observed CLE responses suggest that additional
unknown components of this regulation play an important
role.

Materials and Methods

Plant material

The Arabidopsis seeds used in this study were wild-type
Columbia-0 (Col-0) toad2-1/+, rpk1-1, rpk1-5 (Nodine
et al. 2007), toad2-3/+ [a new loss-of-function insertion
mutant in the fourth LRR, generated by the Wisconsin Arabi-
dopsis Knockout Facility (Sussman et al. 2000), backcrossed
five times into Col-0), rpk1-1 toad2-1/+, rpk1-5 toad2-3/+,
crn-1, and clv2-8 (Durbak and Tax 2011). The seeds were
surface-sterilized with a solution of 70% ethanol and 0.1%
Triton X-100 for 20 min, washed three times in 95% ethanol,
air dried, and plated at a distance of�4mm on 1% (w/v) agar
plates containing 0.53Murashige and Skoog (MS) media and
0.05% 2-(N-Morpholino) ethane sulfonic acid (MES), pH 5.8.
After stratification at 4� in the dark for 3 days, the seeds were
grown vertically at 22� under a 16 hr light/8 hr dark cycle in a
Conviron growth chamber. Seedlings used for CLE peptide
assay were transferred to media containing different peptides
5 days after germination (DAG). Data were collected from
at least three independent experiments in which different
media and seed batches were used. Strains are available upon
request.

Root growth inhibition assay

The root length was measured from the base of the hypo-
cotyl to the tip of the primary root at the time of transfer,
and then every 24 hr for the next 5 days. CLE peptides
(Mimotopes, http://www.mimotopes.com/) with a purity
of .70% were dissolved in 50 ml DMSO and then diluted
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to a final concentration of 2 mM using sterile sodium phos-
phate buffer (50 mM, pH 6.0). Peptides were added to the
cooled sterilized media to a final concentration of 10 mM.
Control plates were prepared by adding the same volume
of DMSO/phosphate buffer that did not contain any CLE
peptide. Plates were scanned and root lengths were mea-
sured on the captured images using ImageJ software.

Generation of transcriptional and translational fusions

To generate transcriptional fusions, the genomic regions upstream
of the RPK1 (2913 bp) and TOAD2 (1314 bp) coding sequences
were amplified using primers RPK1pF/RPK1pR and TOAD2pF/
TOAD2pR, respectively (a list of primers used to generate tran-
scriptional and translational fusions canbe found inTable 1), and
TOPOTAcloned into theGATEWAYentryvectorpCR8(Invitrogen,
Carlsbad, CA). DNA sequences immediately upstream of
CLE19 (2283 bp) and CLE17 (523 bp) start codons were ampli-
fied with primers CLE19pF/CLE19pR and CLE17pF/CLE17pR,
respectively, and cloned into the pCR8 vector. The entry clones
above were used in the Gateway LR reaction (Invitrogen) to in-
sert the corresponding regulatory sequences into the Gateway-
adapted T-DNA binary vector pFYTAG (GenBank Accession
DQ370421, donated by C. Zhang and D.W. Galbraith). The
resulting expression vectors carrying the promoter sequences
driving the expression of enhanced yellowfluorescence protein
(YFP) fusedwith the coding region of a histone 2A gene (HTA6;
At5g59870) (Zhang et al. 2005) were used for Agrobacteium-
mediated transformation of Col-0 Arabidopsis using the floral
dipmethod (CloughandBent 1998). Seeds (T1)wereharvested,
germinated on soil, and selected using 50 mg/liter BASTA
(1:1000 dilution of Finale, FarnamComp, Phoenix, AZ). At least
five independently transformed lineswereanalyzed for thepres-
ence of transgenes using PCR genotyping and microscopy to
visualize the YFP signal. The RPK1p::GFP-NLS and TOAD2::
GFP-NLS translational fusions used in this studywere previously
described by Nodine et al. (2007).

Microscopy

For confocal images, fresh roots were counterstained with
10 mg/ml propidium iodide (PI) (Sigma [Sigma Chemical],
St Louis, MO) for 1–2 min, rinsed, and mounted in water on
microscope slides. GFP and YFP fluorescence was imaged by
confocal microscopy using a Zeiss 510 Meta confocal micro-
scope (Zeiss [Carl Zeiss], Thornwood, NY), equipped with
103 Plan Neofluar, 0.3 NA, 203 Plan Apo, 0.8 NA; 403 Plan
Neofluar, 1.3 NA; and 633 Plan Apo, 1.4 NA objective lenses
and a laser line with excitation at 488 nm. Images were cap-
tured using filter sets of BP505-530 for GFP and YFP, and
LP560 for PI, and the AxioVision image processing software
and Adobe Photoshop Elements 9.0 (Adobe Systems, San
Jose, CA) for image processing. Staining of whole seedlings
using a modified pseudo-Schiff PI (mPS-PI) procedure was
carried out as described by Truernit et al. (2008), with the
exception that seedlings were mounted in chloralhydrate so-
lution. Wild-type and mutant seedlings containing QC184::
GUS (Beta-Glucuronidase) and QC25::GUS markers were

stainedwith X-Gluc (5-bromo-4-chloro-3-indolyl glucuronide)
for 2–6 hr at 37�, mounted in 6:1 chloralhydrate: Lugol’s
solution, and imaged using a Zeiss Axioplan microscope.
Root lengths were measured using ImageJ software. Mea-
surement of fluorescence intensity of GFP signals was done
using the basic measuring tools feature of ImageJ software
(Hartig 2013).

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

Root growth defects of rpk1 mutants are dominantly
enhanced by toad2 mutations

To investigate the role of RPK1 and TOAD2 in the regulation
of primary root growth in Arabidopsis, wild-type (Col-0 eco-
type) plants and rpk1-1, rpk1-5, toad2-1, toad2-3, rpk1-1
toad2-1/+, and rpk1-5 toad2-3/+mutants were germinated
and grown onMS plates, and their root growthwasmeasured
every 24 hr for 6 DAG. Homozygous rpk1 toad2 double mu-
tants cannot be recovered due to their embryo-lethal pheno-
type (Nodine et al. 2007), and toad2-1 and toad2-3 are
typically maintained as heterozygous lines due to their steril-
ity. The plants hetero- and homozygous for the toad2 alleles
were identified using PCR, and the root growth measure-
ments were collected separately for individual plants of each
genotype. While roots of toad2/+ and toad2 seedlings grow
similarly to wild-type (Supplemental Material, Figure S1A),
rpk1 mutants exhibit an incompletely penetrant root growth
arrest leading to variable root length by 6 DAG on normal
growthmedia (Figure S1A). In this study, 13% of rpk1-1 (and
16% of rpk1-5) roots do not measure$ 15% of the length of
wild-type roots by 6 DAG (S), while 4% of rpk1-1 and 5% of
rpk1-5 elongate to between 15 and 70% of the wild-type root
length (M, medium root length). An increase (Fischer’s
exact test, P, 0.05) in the frequency of S and M phenotypes
is observed in the rpk1 toad2/+ seedlings independently of
the allelic combinations analyzed (22% of rpk1-1 toad2-1/+
roots are S and 22% are M-type, while 24% of rpk1-5 toad2-
3/+ roots are S and 22% are M-type) (Figure 1, A and B). A
fraction of rpk1 and rpk1 toad2/+, and all toad2, seedlings
elongate their roots similar to wild-type (Figure 1 and Figure
S1) and constitute the L (long root length) class.

Root morphology is altered in the short roots of rpk1
and rpk1 toad2/+ mutants

In the RAM, the radially organized layers of the epidermis,
cortex, endodermis, and the central stele (Figure 1B) are
maintained by precisely oriented cell divisions of their corre-
sponding initials located in the stem cell niche. To determine
specific phenotypic defects in the RAM in the M and S phe-
notypic classes, we analyzed the patterning of different cell
types in rpk1 and rpk1 toad2/+mutants. In the S phenotypic
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class, and to a lesser extent in the M class, we observed that
all plants display abnormally oriented cell division planes, a
lack of organization of cells in distinguishable files, and irreg-
ular size of cells within files, indicating a loss of patterning
in the mutants (arrows, Figure 1B). At 5 DAG, at least one
cortical endodermal initial (CEI) was visible in a midsection
(rarely present as an undivided daughter, asterisks in Figure
1B) in 12 out of 16 wild-type, 8 out of 18 L rpk1-1, and 6 out
of 12 toad2-1 plants. In themutants of the S phenotypic class,
up to 3–4 cortical daughter cells are occasionally present
(3 out of 18 rpk1-1 and 2 out of 10 rpk1-1 toad2-1/+mutant
roots) (asterisks in Figure 1B), forming a single-cell file distal
to the cell that first undergoes the periclinal division that
generates the two separate cortical layers (the cortex and
endodermis).

The lack of typical organization and an easily discernable
QC in the stem cell niche does not allow for clear cell type
identification and quantification based on positioning. One
exception is the markedly reduced number of the CC tiers
containing starch-accumulating cells associated with the S
andMphenotypes. At 5DAG, the observed average number of
CC tiers was 3.256 0.4 in wild-type plants, and 3.256 0.5 in
toad2-1 and 2.36 0.4 in rpk1-1 toad2/+mutants (Figure 1B,
compare S, M, and L). This phenotype correlates with an
increased asymmetry of the root tip, as all short roots display
an overproliferation of cells in the RAM, mostly in the radial
dimension, affecting the epidermis, cortex, the LRC cells, and
cells in the stem cell niche (Figure 1B, black arrows). In
addition to aberrant cell division planes, the LRC and CC
appear rounded in shape compared to wild-type and also lack
the distinct organization of clearly defined cell tiers found in
wild-type.

Marker analysis indicates that specification of cell types
and organization of longitudinal cell files is disrupted in
rpk1-1 toad2/+ mutant roots

Todetermine thenatureof rootdefects and the identityof cells
affected in the abnormal patterning of theRAM, the activity of
several molecular markers expressing GFP or GUS was ana-
lyzed in rpk1-1 toad2/+ double-mutant (L, M, and S) roots
and compared to wild-type. The DR5rev::GFP construct com-
prises a synthetic auxin-responsive promoter (DR5) fused to
the GFP reporter gene. The expression of DR5-driven re-
porters is therefore induced by the plant hormone auxin
and has been previously used to indicate the auxin maxima

Figure 1 Root growth defects of rpk1, toad2, and rpk1 toad2/+mutants.
(A) Distribution of root phenotypic classes of single and double mutants
[rpk1, n = 130; toad2, rpk1 toad2/+, and wild-type (WT), n = 45]. S =
short roots # 15% of WT root length; M = medium roots, between
15 and 70% of WT root length; and L = long roots, average within WT
range, 6 2 SD. Both rpk1 and rpk1 toad2/+ genotypes, independent of
the alleles tested, show a significantly increased frequency of S-type roots
compared to WT (Fisher’s exact test, P , 0.05). (B) Morphological defects

of RAM (root apical meristem) of roots in the S and M phenotypic classes:
representative pictures of longitudinal optical sections of 5 DAG (days
after germination) roots stained using a modified pseudo-Schiff propi-
dium iodide (mPS-PI) method). Asterisks indicate the position of cortical
endodermal initial (CEI) cells and their daughters. Black arrows indicate
regions of abnormal cell division. Red arrowheads mark specific cell files:
stele (St), endodermis (En), cortex (Co), and epidermis (E), and red arrows
indicate cell types: quiescent center (QC), columella stem cells (CSC),
columella cells (CC), and lateral root cap cells (LRC). Bar, 20 mm; n . 10
for each genotype.
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in Arabidopsis (Friml et al. 2003). The basipetal transport of
auxin from the CCs through the LRC cells toward the epider-
mis creates a gradient of the growth hormone that stimulates
cell growth at lower concentrations (Swarup et al. 2005).
Here, we analyzed whether the root apical auxin maxima
was altered in rpk1-1 toad2/+ mutants by comparing
DR5rev::GFP expression in the root apex of wild-type and
mutant seedlings. The M and S phenotypic classes of rpk1-1
toad2/+ mutants (n = 12) express the DR5rev::GFP marker
in the QC and columella stem cells (CSC) similar to wild-type
(n= 15), but a clear expression gradient cannot be detected;
often, CCs in the lowest tier contain the highest GFP signal
(Figure 2, A–C). This aberrant distribution is more severely
disrupted in the S phenotypic class than in the M class (n =
6 for each). This might indicate a defect in auxin transport
through themisshapen CCs that lack clearly delineated apical
and basal membranes, which affect the distribution of auxin
and auxin carrier proteins (Swarup et al. 2005).

To further analyze the root growth defects of mutant
seedlings, we evaluated the localization of the auxin carrier
protein, PIN1. In wild-type, PIN1 localizes mainly to the basal
membrane of the vascular cells, but weak PIN1 signals can be
also detected in the endodermis and the cortex (Blilou et al.

2005). PIN1p::PIN1-GFP expression in the wild-type was de-
tected in the plasma membrane of vascular, endodermal, and
cortex cells (Figure 2, D and D’). In contrast, rpk1-1 toad2/+
mutants show mainly cytoplasmic localization of the PIN1
protein in the vasculature, and very weak expression in the
endodermis and cortex (Figure 2, E–F’). This distribution
could affect the maintenance of instructive auxin gradients
that are required for proper root growth. We did not detect
an outward expansion of the expression pattern of these
markers, as seen in the Toadstool phenotypic class of em-
bryos (Nodine et al. 2007), indicating that patterning and
cell fate specification occurred normally in the embryos that
survived past the globular stage and that patterning is largely
maintained postembryonically. The defects that we can de-
tect in the short roots are subtler, affecting subcellular func-
tions, rather than broad cell layer specification.

To analyze the identity of cell types in the RAM, the
expression of the SCRp::GFP-NLS and WOX5p::GFP-NLS
markers was compared in wild-type and rpk1-1 toad2/+
roots. The SCARECROW (SCR) transcription factor of the
GRAS family is specifically expressed in the CEIs, the QC,
and the endodermal cells. The nuclear-localized GFP driven
by the SCR promoter was similar in wild-type and mutant

Figure 2 Marker expression analysis indicates abnormal morphology and patterning of root cells in rpk1 toad2/+ mutants. Representative confocal
images of DR5rev::GFP (A–C), PIN1p::PIN1-GFP (D–F and D9–F9), SCRp::GFP-NLS (G–I), and WOX5p::GFP-NLS (J–L) expression, and QC25::GUS and
QC184::GUS localization (M) in wild-type (WT) and rpk1-1 toad2/+ roots. (D9–F9) represent a close-up view of the GFP channel in the region marked by
boxes in (D–F), the white arrowheads indicate the localization of PIN1 at the plasma membrane in the cortex (Co) and endodermis (En). Mutant roots of
the short and medium root length phenotypic classes are indicated. Seven-day-old seedling roots were imaged in (A–F) and (J–M), and 5-day-old roots
were used in (G–I). White arrowheads in (G–I) indicate endodermal cells lacking a green fluorescent signal. The red counterstain is propidium iodide (PI)
and the green is GFP fluorescence (A–L). Roots in M are stained with X-Gluc for GUS activity (blue) and with Lugol’s solution for starch granules (brown).
Arrows in M mark the position of the QC. Bar, 20 mm.
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roots (n = 47), indicating that the respective cell types are
present in the mutant plants (Figure 2, G–I). In the S class of
rpk1-1 toad2/+ mutants (n = 20), GFP expression is not
detected in all expected cells and it is also not detected in a
linear file of cells (arrowheads, Figure 2, H and I), indicating
that the patterning and specification of some endodermal
cells is aberrant in the double mutants.

The WUS-RELATED HOMEOBOX 5 (WOX5) homeodo-
main transcription factor acts downstream of SCR, functions
in the QC to maintain columella stem cell signaling (Sarkar
et al. 2007), and is often used as a marker for QC cell identity.
In the wild-type roots, WOX5p::GFP-NLS is expressed in the
QC cells and occasionally in one or a few vascular initials,
with an average of 4.9 6 0.9 (n = 18) cells expressing the
GFP in their nuclei. In contrast,WOX5p::GFP-NLS expression
in the rpk1-1 toad2/+mutants is often detected inmore cells,
located mainly in the QC and in the cells above the putative
QC cells (7.4 6 1.4, n = 29, Student’s t-test P , 0.001)
(Figure 2, J–L). This indicates that some aspects of QC cell
fate are maintained in the cells generated through cell divi-
sions of the QC and displaced proximally in the region of
vascular initials. To further characterize the specification of
cells in the stem cell niche, we analyzed the expression of the
QC-specific markers QC184::GUS and QC25::GUS. These
markers are expressed only in the QC cells of wild-type plants
(arrows in Figure 2M, and (Sabatini et al. 2003). In the rpk1-1
toad2/+ roots, GUS activity is detected not only in the QC
but also in the initials surrounding the QC, including in the

vascular initials and in the CCs, indicating that select subsets of
transcriptional programs are altered in the initials surrounding
the QC in the double mutants (Figure 2M and Figure S2).

RPK1 and TOAD2 have partially overlapping expression
domains in Arabidopsis roots

RPK1 and TOAD2 were previously reported to function
redundantly in the early stages of Arabidopsis embryogene-
sis, where their partially overlapping expressionwas detected
using GFP translational fusions (Nodine et al. 2007). Because
we detected defects in root growth in rpk1 mutants and
an increased frequency of defective roots in the rpk1,
toad2/+mutant seedlings, we tested the expression of these
genes postembryonically by analyzing RPK1p::YFP-NLS and
TOAD2p::YFP-NLS transcriptional fusions, and RPK1p::RPK1-
GFP and TOAD2p::TOAD2-GFP translational fusions, in wild-
type plants from 2 to 7 DAG. While fluorescent signals from
transcriptional and translational fusions of both RLKs were
detected throughout the roots, a more intense signal was
detected in the RAM (Figure 3). RPK1 shows strong expres-
sion in the endodermis, cortex, and stele as well as in the QC
and initial cells of the RAM (Figure 3, A–D). Reduced expres-
sion is also detected outside of the RAM and is not observed
in the root vasculature or in the mature root cap cells. TOAD2
has a similar expression pattern as RPK1 in the root tip, with
the exception of mature LRC cells where TOAD2 is expressed
more strongly (Figure 3, E–H). Beyond the RAM, TOAD2 is
also strongly expressed in stele cells throughout the entire
root. Both fusion proteins appear to be plasma membrane-
localized based on their fluorescent signal overlapping with
the PI staining outlining the cells. While transcriptional and
translational fusions have largely overlapping expression do-
mains, we observed that the transcriptional fusion expression is
detected at lower levels in the inner cell layers compared to the

Figure 3 RPK1 and TOAD2 are expressed in partially overlapping do-
mains in the root apical meristem. Representative confocal images of
RPK1p::RPK1-GFP (A and B); RPK1p::YFP-NLS (C and D); TOAD2p::
TOAD2-GFP (E and F); and TOAD2p::YFP-NLS (G and H). Images represent
median optical sections (B, F, D, and H) and surface views (A, C, E, and G)
of 7-day-old root tips counterstained with propidium iodide. Bar, 20 mm.

Figure 4 CLE17 and CLE19 are expressed in the root apical meristem.
Representative confocal pictures of roots counterstained with propidium
iodide (red) expressing CLE17p::YFP-NLS (A–C) and CLE19p::YFP-NLS
(D–F) (green) in 3-day-old root tips of wild-type Arabidopsis. Optical cross
sections (A) and (D) show the region marked by arrowheads in (B and E),
respectively. Images represent root tips in median sections (C and F), and
surface views of the root tip (B) and of the differentiation zone (E and F).
Bar, 20 mm.
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LRC and the RAM epidermis. We hypothesize that this could
be due to the nature of the YFP marker protein and its sta-
bility in the cell.

toad2 mutants are insensitive to in vitro treatment with
CLE peptide

Recent functional studies of plant meristems indicate that
small peptides from the CLE family play an important role in
signaling through receptor kinases in the RAM, the SAM, and
in vascular meristem development [reviewed in Betsuyaku
et al. (2011a)]. In Arabidopsis, at least 18 of the 32 CLE genes
are transcribed in specific or overlapping regions of the root
(Jun et al. 2010). Wild-type roots overexpressing CLE genes
or treated with exogenous CLE peptides (CLV3, CLE19, and
CLE40) are shorter and have a reduced number of meriste-
matic cells compared to untreated roots (Fiers et al. 2005). To
verify the presence of root-expressed CLE genes, we gener-
ated transcriptional fusions with YFP and a nuclear localiza-
tion signal for two genes, CLE17p::YFP-NLS and CLE19p::
YFP-NLS, transformed them inwild-type plants, and analyzed

their expression in four independent T3 generation lines (Fig-
ure 4). CLE17 is expressed in the RAM, the LRC cells, and in
the epidermis (Figure 4, A–C), and CLE19 has a more re-
stricted expression domain in the LRC cells (Figure 4, D–F).
In the elongation and differentiation zone, both CLE genes
are expressed mainly in the epidermal and cortical cells (Fig-
ure 4, B and E). The RAM expression of CLE17 and CLE19
therefore partially overlaps with the outer layer expression
domains of RPK1 and TOAD2.

Due to phenotypic similarities between rpk1 toad2/+mu-
tant roots and the CLE treated wild-type roots, we tested the
effect of CLE17 and CLE19 peptides on plants lacking func-
tional copies of RPK1 and TOAD2. Previously, the receptor-
like protein CLV2 (Guo et al. 2010) and the receptor-like
cytoplasmic kinase CRN (Miwa et al. 2008) were shown to
be required for transmission of the CLE signals; therefore, in
this study, we used plants carrying the mutant crn-1 and
clv2-8 alleles as positive controls. In preliminary experiments,
the root growth inhibitory effect of different amounts of pep-
tide (0.5, 1.0, and 10.0 mM) was tested on wild-type plants.

Figure 5 Root growth sensitivity after treatment with CLE peptides. (A) Root phenotypes of rpk1, toad2, and rpk1 toad2/+ mutants, and wild-type
(WT), crn-1, and clv2-8 control plants shown after 5 days of treatment with exogenous CLE peptides. Progeny of toad2/+ plants and rpk1 toad2/+
heterozygote parents were used in the assays. Plants marked with white asterisks were genotyped as rpk1 mutants only, and with yellow asterisks were
WT or heterozygous for toad2. Bar, 2 mm. (B) Distribution of root lengths 5 days after transfer to CLE treatment plates. Values represent average of root
length measurements in three independent experiments. Error bars represent SD (* P , 0.001; n = 8 for toad2/+; n . 16 for all other genotypes,
Student’s t-test, C.I. 95%). Significant changes with CLE treatment for each genotype relative to the untreated plants are marked with *. No significant
differences are observed between WT and the other untreated genotypes (long phenotypic class). (C) Alignment of Arabidopsis CLV3 amino acid
sequence with sequences of CLE peptides used in this study and the synthetic peptides (box) used for the root assay. Completely conserved amino acids
are shaded in black; partially conserved or highly similar amino acids (groups of strongly similar properties scoring .0.5 in the Gonnet PAM 250 matrix
ClustalW) are shaded in gray; and the conserved CLE motif is framed.
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While the plants responded to all treatments, the 10 mM pep-
tide concentration triggered the fastest response within
2–3 days after seedling transfer, which was similar to previous
reports (Fiers et al. 2005) and was therefore the concentration
selected for the root growth assays described below.

We generated the peptides corresponding to the 12-amino
acid conserved CLE motif of two type A CLE peptides (CLE17
and CLE19), one type B CLE peptide (CLE41), and an addi-
tional peptide (CLE19-MOD) derived from the CLE19 se-
quence, in which all proline residues were replaced by
alanine, to render the peptide nonfunctional (Song et al.
2012) (Figure 5C). Progeny of wild-type, crn-1, clv2-8,
rpk1-1, rpk1-5, toad2-1/+, toad2-3/+, rpk1-1 toad2-1/+,

and rpk1-5 toad2-3/+ plants were grown for 3 days on
MS plates and then transferred and monitored for root
growth on control or CLE peptide-containing MS media
(Figure 5A). Wild-type seedlings, as well as toad2-1/+,
toad2-3/+, rpk1-5, and rpk1-1 seedlings, showed sensitiv-
ity to CLE19 and CLE17 peptide treatment, their root
growth ceased within 2–3 days after transfer to test plates
(Figure 5, A and B), and significant differences in their root
length were observed when compared to untreated plants.
In contrast, the root lengths of homozygous toad2-1, toad2-3,
crn-1, and clv2-8 seedlings grown on CLE17 and CLE19 pep-
tide-containing MS media were not significantly different
from those of plants grown on control plates after the 5-day

Figure 6 Root apical meristem (RAM) changes in roots treated with CLE peptides. (A) Longitudinal median optical sections of CLE-treated roots stained
using a modified pseudo-Schiff propidium iodide (mPS-PI) method. Brackets indicate the size of the RAM of roots grown in the presence of CLE17 for
5 days. Enlarged image of boxed area shows cortical cells (outlined in red) and dividing cells (marked by arrowheads). Bar, 20 mm. (B) Confocal image
showing the organization of RAM cells with the stem cell niche area outlined by a dashed red line. (C–G) The effect of CLE17 treatment on root
morphology (Student’s t- test, C.I. 95%). RAM length of seedlings grown on CLE17 plates for 5 days (* P, 0.001, n. 12) (C); the number of cells in the
stem cell niche (D) (** P , 0.001 and * 0.005 , P , 0.05); and the surface area occupied by the stem cell niche (E) (* P , 0.001) in roots treated with
CLE17 peptide. The average number of epidermal and cortical cells in RAM files (F) and the frequency of cell divisions occurring in the cortical file (G)
measured in median optical sections of CLE17-treated and mPS-PI-fixed samples (* P , 0.001).
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treatment period, demonstrating insensitivity to CLE peptide
treatment (Figure 5, A and B). In addition, all plant geno-
types tested on CLE41, CLE19-MOD, and the no peptide
control plates did not show altered root growth phenotypes
when compared to wild-type seedlings, indicating that
CLE41 and CLE19-MOD have no effect on root length.

CLE17 treatment causes an S phenotype by negatively
regulating the frequency of cell divisions in the
proximal meristem

To analyze the mechanisms leading to the cessation of root
growth in response to CLE treatment, progeny of heterozygous
toad2-1/+ and toad2-3/+ and homozygous rpk1-5, rpk1-1,
crn-1, and clv2-8 mutant seedlings, and control wild-type
seedlings, were grown on plates containing added peptides,
fixed and stained using a mPS-PI method, and visualized
using confocal microscopy. The root growth and cell numbers
of different RAM domains were quantified in these genotypic
backgrounds and compared to wild-type when grown in the
presence of 10.0mMCLE17, CLE19, CLE41, and CLE19-MOD
peptides, and on control plates.

We found that the roots of rpk1-5, rpk1-1, and wild-type
seedlings respond to CLE17 and CLE19 treatment through a
reduction of the overall length of their RAM, and no effect
was observed on roots grown in the presence of CLE41 or
CLE19-MOD, or on control plates (Figure 6, A and C). The
size of the RAM is not decreased in the clv2-8, crn-1, or toad2
homozygous mutants after 5 days of treatment; therefore,
toad2-1 and toad2-3 mutants, similar to crn-1 and clv2-8
mutants, are insensitive to the exogenously applied CLE
peptide effect of reducing root meristem growth (Figure 6,
A and C).

To furtheranalyze thecauseof the short rootmeristems,we
quantified the number of cells in longitudinal epidermal and
cortex cellfiles. The average numbers of epidermal and cortex
cells observed inmidlongitudinal optical sectionsofwild-type,
rpk1-1, and rpk1-5 roots treated with CLE 17 peptide were
found to be significantly less that the number of cells in
crn-1, clv2-8, toad2-1, or toad2-3 roots (Figure 6F). Similar
results were observed in CLE19-treated roots of toad2-1 and
wild-type seedlings (Table S1). In the mPS-PI-stained roots,
recently dividing cells are marked by a very thin cell wall
having formed between the two daughter cells that have
not yet elongated, therefore making them appear to be half
the length of nondividing cells. This series of anticlinal (per-
pendicular to the long axis of the root) cell divisions in the
distal meristem generates more cells and increases the root
length; these are sometimes called transit-amplifying cell di-
visions. Upon analysis of dividing cells in longitudinal files,
we found that the short roots of rpk1-5, rpk1-1, andwild-type
seedlings present a decreased frequency of transit-amplifying
cell divisions along the epidermal and cortical cell files after
treatment with CLE17 peptide (Figure 6, A, F, and G), result-
ing in fewer cells comprising the RAM portion of these files.
This effect is not observed in the long roots of toad2-1,
toad2-3, crn-1, and clv2-8 seedlings upon CLE17 treatment,

and the frequency of cell divisions is similar to that of un-
treated controls (Figure 6, A, F, and G).

To understand the effect of CLE peptide treatment on the
stem cell niche, we measured the surface area occupied by
the QC cells and the stem cells surrounding the QC, including
the CEI daughters in midlongitudinal optical sections (Figure
6B). We found an increased number of cells comprising the
stem cell niche and an increased surface area occupied by this
region in all genotypes tested, regardless of the overall root
length (Figure 6, D and E). When individual cell types within
the stem cell niche were analyzed, the numbers of vascular
initials and CSCs were not found to be significantly different
between treated and nontreated roots (Figure 7, A and B),
but increased numbers of CEIs and their daughters were de-
tected in all roots. These results suggest that one effect of CLE
treatment is a delay in the CEI divisions into the two separate
types of cortex stem cells (endodermal and cortex stem cells),
as well as a delay in the occurrence of periclinal divisions of
their daughters, generating the separated initial cells in the
respective files (Figure 7B). At 8–9 DAG, themajority of wild-
type roots have already divided their CEI into endodermal
and cortex stem cells. In all genotypes tested, we detected
that,50% of the roots still have one or two CEIs in a medial
optical section (n. 12). After CLE17 treatment, the number
of CEIs detected, as well as their daughters that do not un-
dergo a periclinal (parallel to the long axis) division, often
forming a single cortical file of cells extending from the CEI, is
increased. For instance, 60% of wild-type, 100% of crn-1,
80% clv2-8, 90% of rpk1, and 100% of toad2 (n . 12) roots
have one or two visible CEIs, and 30% of wild-type, 70% of
crn-1, 80% of clv2-8, 40% of rpk1, and 60% of toad2 roots
have at least one undivided daughter, but the number of non-
separated CEI daughters varies from 1 to 8.

Table 1 List of primers used to generate transcriptional and
translational fusions and their 39–59sequence

Primer
name

Primer
sequence (59–39)

RPK1pF ACCCGAGTTTTCTTTGTGTTGCTA
RPK1pR CTTCTTTTTCTTCACAAGAG
TOAD2/
RPK2pF

GATCCCTCTTCTTATGTGTAAATTG

TOAD2/
RPK2pR

CTTCGTAACTTATCCCCAAAAATG

CLE19pF CTCGAGGTAGTGTTTCAGGGATTGGA
CLE19pR CTCGAGTTGTCTATTTTTGGTCAAAT
CLE17pF GCCTCTATTTGTAGAAGAATGAGTGAGA
CLE17pR CATCTCACAAAACCTTGTTCCGGA
RPK1cF CTCGAGATGAAACTTCTGGGTTTGGT
RPK1cR CTCGAGCAATCTAGAAGGCTGGATTC
TOAD2/
RPK2cF

ACTAGTCAGATCTACCATACACGACGGAGGTTGTAGCTGCT

TOAD2/
RPK2cR

ACTAGTATGACTTCTTTGCCTTCTTCAG

SCR F AAGGGATAGAGGAAGAGGACT
SCR R GGAGATTGAAGGGTTGTTGG
PNHGWF TATTGTTGCGAACAGAATTG
PNHGWR TTTTTGTTGTTTGGATTTTC
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An increased number of presumptive QC cells is also de-
tected, associated with increased cell divisions noted in the
cells at the position of the QC (P, 0.05 between treated and
nontreated controls). However, no statistically significant dif-
ferences were found between different genotypes (Figure
7B). In conclusion, the increased frequency of QC cell divi-
sion and the increase in the stem cell niche size, observed
after CLE17 treatment, indicates a common mechanism by
which CLE peptides act to control root development.

RPK1 is downregulated in CLE-treated roots and this
process requires the presence of functional TOAD2

All toad2 roots respond to CLE treatment similarly, by con-
tinuous growth on the CLE plates (n = 142), while the rpk1
mutants, similarly to wild-type, cease their root growth; very
rarely, we observed rpk1mutant roots that elongated on CLE
plates (4 out of 224). To unravel the potential genetic inter-
actions between RPK1 and TOAD2 in root development and
the regulation of the CLE-mediated signaling pathway in
RAM growth, we analyzed the transcriptional and transla-
tional regulation of these receptor kinases upon CLE treat-
ment. The expression of the RPK1p::YFP-NLS and TOAD2p::
YFP-NLS transcriptional fusions was analyzed in wild-type
plants treated with CLE17 and CLE19 peptides (Figure 8, A
and D). The expression of RPK1p::YFP-NLS is significantly
reduced in the CLE17-treated plants. We measured the YFP
signal intensities in treated and untreated roots using ImageJ
software, and found that in 80% of treated plants (n = 30)
the YFP signal intensity is reduced to the background level,
and in 20% of the plants the signal is reduced between 6- and

10-fold compared to untreated plants (Figure 8A). Interest-
ingly, the reduction in fluorescence intensity is specific to the
main RAM, and the fluorescence intensity is not changed in
the LRs of treated plants compared to untreated controls
(Figure 8A). In contrast, Image J analysis indicates that the
fluorescence generated by TOAD2p::YFP-NLS activation is
only partially reduced (two- to fourfold) in the roots treated
with the CLE17 peptide (n = 24), while the signal from the
fluorescence in the emerged LRs is not significantly different
compared to control plants (Figure 8D, compare the range of
change in the primary root to the LR).

Analysis of RPK1p::RPK1-GFP and TOAD2p::TOAD2-GFP
translational fusions in the wild-type plants treated with
CLE17 and CLE19 peptides indicates a similar pattern. The
signal from RPK1-GFP protein localized at the plasma mem-
brane in the CLE17-treated plants is greatly reduced in
the RAM, but not in the LR primordia (Figure 8, B and B´).
The mean fluorescence intensity measured with ImageJ in
the RPK1p::RPK1-GFP control was 32.52 6 4.82, while in
RPK1p::RPK1-GFP plants treated with CLE17 it was signifi-
cantly weaker at 16.72 6 3.71 (n = 16, P , 0.001). In con-
trast, the TOAD2-GFP signal is still detected in the plasma
membrane of RAM cells of treated plants (Figure 8E). The
expression of RPK1p::RPK1-GFP in toad2-1 plants is un-
changed upon CLE17 treatment (Figure 8, C and C´), sug-
gesting that transcription is still taking place. The mean
fluorescence intensity of RPK1p::RPK1-GFP in toad2-1 con-
trol plants (32.64 6 8.74) did not change significantly after
CLE17 treatment (mean 33.96 4.1, n= 8, P. 0.05). These
results indicate that CLE17-induced downregulation of RPK1

Figure 7 The root apical meristem
of roots treated with CLE peptides
contains supernumerary CEI (corti-
cal endodermal initial) and CEI
daughter cells. (A) Representative
pictures of longitudinal median op-
tical sections of CLE17-treated
roots stained using modified
pseudo-Schiff propidium iodide
(mPS-PI). Areas of CEI cells and
their undivided daughters are out-
lined in red. Bar, 20 mm. (B) The
number of vascular (vasc.) initials,
the columella stem cells (CSCs),
and quiescent center (QC) cells in
plants treated with CLE17 (no
significant differences, P . 0.05,
Student’s t-test, C.I. 95%).
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is not activated in the toad2-1 mutant background. Also,
RPK1-GFP is normally localized at the plasma membrane
and in numerous intracellular vesicles (Figure 8, C and C´),
and in CLE-treated roots we noted a residual fluorescent sig-
nal from internal vesicles, but not at the plasma membrane
(Figure 8, B and B´). We also analyzed the expression of
TOAD2p::TOAD2-GFP in rpk1-1 mutant plants and did not
detect a change in the fluorescence intensities of membrane-
localized TOAD2-GFP after CLE17 treatment (Figure 8F).

Transgenic homozygous plants expressing TOAD2p::
TOAD2-GFP display a unique slower root growth phenotype
over the period from 3 to 8 DAG compared towild-type plants
or plants expressing RPK1p::RPK1-GFP (Figure 9), indicating
that the presence of more TOAD2 gene copies has the effect
of slowing root growth, similar to exogenous CLE treatment.
When the TOAD2p::TOAD2-GFP-expressing plants are treat-
ed with CLE17 or CLE19, their root growth ceases at least
24 hr sooner than that of the control plants, and their overall
root length after 5 days of treatment is smaller compared to
wild-type plants (Figure 9B). However, homozygous rpk1-1
plants containing the TOAD2p::TOAD2-GFP do not elongate
differently than wild-type plants when grown on control,
CLE17, or CLE19 plates (Figure 9B), indicating that RPK1
functions as an important regulatory component of the
TOAD2-mediated response to both the endogenous and ex-
ogenously applied CLE peptides. Plants that express the
RPK1p::RPK1-GFP transgene have similar root growth in
the wild-type or toad2-1 mutant background, and their re-
sponse to CLE treatment is similar to that observed in wild-
type plants and toad2-1 mutants, respectively (Figure 9B).
Interestingly, although the root length of RPK1p::RPK1-GFP-
expressing plants is not significantly increased (at least until
8 DAG), the size and patterning of their distal meristem is

different from in control plants. Wild-type plants at this stage
have 4.5 6 0.5 CC tiers, while RPK1p::RPK1-GFP have 6.06
0.0 and toad2-1; RPK1p::RPK1-GFP have 6.76 0.6 columella
tiers. In addition, the cell alignment and the columella tiers
appear disorganized in the distal meristem (Figure 9A).

Transcription of SCR and WOX5 is maintained upon
CLE treatment

To test that downregulation of RPK1 gene expression after
CLE treatment is specific to theRPK1geneandnot the result of
more general transcriptional silencing occurring in the RAM,
we analyzed the expression of the molecular markers SCRp::
GFP, SCR::GFP-NLS, and WOX5::GFP-NLS after 5 days of
growth in the presence of the CLE17 peptide.

The GFP signal from SCRp::GFP accumulates in the cyto-
plasm of QC, CEI, and endodermal cells of untreated plants
(Figure 10). The expression is also detected in the endoder-
mal cells of all wild-type and toad2-1 plants at similar levels
as in the wild-type plants, but is often reduced in the QC and
CEIs of CLE-treated plants (arrowheads in Figure 10, top
panel), possibly indicating a downregulation of transcription.
In contrast, when using a nuclear-localized version of GFP
under the control of the same SCR promoter, we detected a
GFP signal from QC cells (Figure 10, middle panel), indicat-
ing that transcription from the SCR promoter occurs in the
QC, and leading to the conclusion that transcription from the
SCR promoter is maintained. The difference in signal de-
tected could be because the nuclear-localized version is con-
centrated in the nucleus, and the ER/cytoplasmic version of
GFP is unstable in the QC upon CLE treatment. This might
indicate that some intrinsic characteristics of QC cells are not
maintained upon CLE treatment.

WOX5 expression is also detected in the CLE17-treated
wild-type plants, albeit the pattern is different from in the

Figure 8 Regulation of RPK1 and
TOAD2 by exogenous CLE17
treatment. Representative con-
focal pictures of propidium io-
dide (PI)-counterstained roots
expressing RPK1p::YFP-NLS (A),
TOAD2p::YFP-NLS (D), RPK1p::
RPK1-GFP (B and C), or
TOAD2p::TOAD2-GFP (E and F);
wild-type (A, B, D, and E),
toad2-1 mutant (C), and rpk1-
1 mutant plants (F) express the
transgenes. Each panel contains
images of surface and median
views of the root apical meri-
stem, and an image of an
emerging lateral root from the
same plant (some of the lateral
roots are not size matched, ac-
counting for slight variation in
the number of cells expressing
the signal; selection was based
on the age of the primary root).

Close-up views of (B and C) are marked by white boxes and labeled (B9 and C9), respectively. Arrows indicate subcellular localization of GFP-
labeled protein in intracellular vesicular compartments.
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control plants. The number of cells expressing WOX5-GFP
increases in the treated plants (6.2 6 1.3) compared to the
untreated controls (4.56 1.2). Importantly, the cells express-
ing the WOX5 marker are localized above the putative QC
cells (arrows in Figure 10, lower panel) in 67% of the ana-
lyzed plants, and 33% of the plants showWOX5 expression in
both QC and vascular initial cells. These results indicate that
themechanisms restricting theWOX5-dependent QC cell fate
are disrupted in the CLE17 treated roots, leading to misex-
pression of these markers in a larger group of cells, resulting
from division of QC.

Discussion

Using analysis of mutants, transgene expression, and exoge-
nous CLE treatment in Arabidopsis, we uncovered a role for
the RLKs RPK1 and TOAD2 in the control of root growth and
meristem patterning. Previously, TOAD2 was shown to func-
tion redundantly with RPK1 to maintain the protoderm cell
fate in Arabidopsis embryos (Nodine et al. 2007); the loss of
the regulatory role of the protoderm in the central domain of
embryos leads to more defects, including a failure to specify
cotyledon primordia (Nodine and Tax 2008). Genetic analy-
ses also revealed that TOAD2 has a role in tapetum specifi-
cation in the anther (Mizuno et al. 2007), and contributes to
shoot apical homeostasis by transmitting the CLV3 signal

(Kinoshita et al. 2010), possibly via its CRN-mediated inter-
action with CLV1 (Betsuyaku et al. 2011b). RPK1 was also
shown to integrate environmental signals and to control
abscisic acid (ABA)-dependent cell proliferation (Osakabe
et al. 2005, 2010; Lee et al. 2011). Here, we show that
RPK1 and TOAD2 have a role in the maintenance of root
growth by controlling cell proliferation in the RAM; the main
defects of mutant roots are arrested growth due to a short
meristem, and aberrant cell divisions that result in supernu-
merary and disorganized radial cell layers. The penetrance of
these rpk1 mutant phenotypes is enhanced in heterozy-
gous toad2mutants, indicating a dose-dependent requirement
for both genes in the pathway controlling root meristem
maintenance.

A precise balance between cell proliferation and cell dif-
ferentiation determines root meristem size. The formation
of auxin maxima in the RAM is an important signaling mech-
anism that controls cell division and differentiation, and
therefore instructsmorphogenesis and depends on the spatial
distribution of PIN proteins (Grieneisen et al. 2007; Hacham
et al. 2011). The interplay of different mechanisms that
control root meristem size is supported by examples of BR
signaling affecting the post-transcriptional regulation of PIN
protein localization; this implies that brassinosteroid
(BR)-mediated root meristem growth is controlled, to some
extent, by auxin reallocation (Hacham et al. 2012). Here, we

Figure 9 RPK1 overexpression in-
duces TOAD2-dependent changes in
root growth and distal meristem mor-
phology. (A) Confocal images of
8-day-old root tips of wild-type (WT)
and mutant rpk1-1 and toad2-1
expressing RPK1p::RPK1-GFP or
TOAD2p::TOAD-GFP. (B) Root lengths
of CLE17-treated and control plants
overexpressing RPK1 or TOAD2. Let-
ters indicate statistically significant dif-
ferences (P , 0.001, Student’s t-test,
n = 20 for each genotype) between
the labeled pairs (compare the bars
labeled “a” to each other; also the
bars labeled “b” to each other and
the bars labeled “c” to each other.).
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show that root proliferation defects of rpk1 toad2/+mutants
correlate with a disrupted auxin gradient in the root proximal
meristem, and with a reduction in the cellular distribution of
PIN1 protein. If cortical and endodermal cell specification
and function is disrupted in rpk1 toad2/+ mutants that are
defective in signaling, the abnormal distribution of PIN pro-
tein in these cells could, in turn, perturb the auxin flow and
therefore the cell division patterns and differentiation.

Another levelof control of rootgrowth is representedby the
patterning transcription factors. Mutations in SCR affect ra-
dial root patterning, cause an S phenotype (Scheres et al.
1995), and cause ectopic cell divisions of the QC, leading to
a disorganized QC and LRC (Wysocka-Diller et al. 2000). The
WOX5 transcription factor specifies some aspects of QC cell
fate that are under the control of the SCR gene; in scr mu-
tants, the expression of WOX5 is reduced or undetectable
(Sarkar et al. 2007). Due to changes in cell morphology in
rpk1 toad2/+ mutants, the QC cells are not easily distin-

guishable, and therefore we employed the analysis of specific
markers for the QC and the endodermis. The RPK1 TOAD2
pathway does not appear to function upstream of SCR, as
transcription of SCR was detected in the endodermal, CEI,
and QC cells of rpk1-1 toad2/+ mutants, albeit that they
were irregularly absent in some cells. It cannot be ruled out
that RPK1 and TOAD2 are redundantly required postem-
bryonically for SCR expression. In wild-type plants, the ex-
pression of the WOX5 marker is detected in the QC cells and
occasionally at a lower intensity in the vascular initials. In the
rpk1-1 toad2/+ plants, we did not detect ectopic WOX5 ex-
pression in cells other than the ones observed in wild-type
plants; the expression of WOX5 indicates an increased divi-
sion of QC cells, and the generation of small cells that reside
at the center of the stem cell niche and continue to express
the marker. A similar pattern was observed with the QC184
marker, which acts downstream of WOX5 (Sarkar et al.
2007), and QC25, indicating that cells around the presump-
tive QC still maintain some aspects of QC specification.

The role of the epidermis as a key regulator of inner cell
fates was explored in the process of BR-mediated root growth
(Hacham et al. 2011). Epidermis-restricted expression of
BRI1 was shown to be sufficient to promote root meristem
growth, providing evidence for signaling from the outer
layers to the inner meristem. Both RPK1 and TOAD2 protein
localize at the plasma membrane of epidermal cells, but are
also expressed in inner cells throughout the RAM. In previous
analysis of RPK1 and TOAD2 in embryos, we proposed that
both receptors function in the epidermis to initiate radial
patterning during embryogenesis (Nodine et al. 2007).

If these two receptor kinases function in signaling from the
epidermis, what are the ligands for RPK1 and TOAD2?How is
the signal transmitted from cell-to-cell? Does their activity
follow a ligand sequestration model (Stahl and Simon 2009)
or a ligand-induced trafficking and degradation of receptors
model (Nimchuk et al. 2011)? Previous reports of CLV3 signal
perception by TOAD2 prompted us to search for candidate
ligands among root-specific CLE genes that have an expres-
sion pattern similar to, or overlapping, that of the receptors.
CLE17 and CLE19, among others (Jun et al. 2010), are
expressed in the RAM, so we tested the effect of the exoge-
nously applied synthetic peptides corresponding to the CLE
motif of these two genes on mutant roots. As previously re-
ported (Fiers et al. 2005), treatment with type A CLE peptides
caused an S phenotype of wild-type plants. We found that
rpk1 as well as rpk1 toad2/+ mutants are also sensitive to
CLE treatment, whereas toad2mutants, similar to clv2-8 and
crn-1, are insensitive to CLE19 and CLE17 treatment. We
analyzed the effects of CLE treatment at a cell type-specific
level, in both sensitive and insensitive plants, and found a
common set of CLE-induced responses, as well as responses
specific to the insensitive plants only. As a general response
found in all genotypes, we observed an increase in the stem
cell niche size due to an increased number of cell divisions in
the QC, and an effect on the maintenance of CEI cells as well
as their daughters as stem cells. A specific response to CLE

Figure 10 Expression of SCR and WOX5 in CLE17-treated roots. Eight-
day-old roots treated (CLE17) or untreated (control) imaged 5 days after
transfer to treatment plates. SCRp::GFP (top panel, n = 12), SCRp::GFP-
NLS (middle panel, n = 20 for each condition), and WOX5p::YFP-NLS
(bottom panel, n = 18 treated and n = 12 untreated) expression (green)
in roots counterstained with propidium iodide. Arrows indicate the posi-
tion of the quiescent center. Bar, 20 mm.
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treatment was the reduced proliferative activity of cells in the
proximal meristem, resulting in fewer cells comprising the
longitudinal files. In conclusion, despite the increased fre-
quency of cell division of QC cells and the increased stem cell
niche size of CLE-treated plants, this mechanism is not suffi-
cient to overcome the reduction in the number of cells in the
proximal meristem that accounts for shorter roots. Roots of
toad2, clv2-8, and crn-1mutants are insensitive to the CLE17-
mediated reduction of transit-amplifying cell divisions and
present longer roots, indicating a common mechanism by
which CLE peptides act to control root growth. This implies
that TOAD2 might function as a CLE receptor in a multi-
protein receptor complex, containing CLV2 and CRN, which
perceives the that CLE signals, or the individual contribu-
tion of TOAD2, CLV2, and CRN to root growth, converges on
some unknown downstream general mechanism controlling
root cell division and growth.

As RPK1 does not appear to function directly in CLE per-
ception, we tested the regulation of both RPK1 and TOAD2 by
exogenous CLE treatment. A strong downregulation of RPK1
transcriptional activity, as well as RPK1-GFP protein accumu-
lation at the plasmamembrane, was observed 5 days after CLE
treatment. Normally, we observe RPK1-GFP localization in the
plasma membrane and also in structures that we believe are
part of the intracellular vesicular membrane system, but after
CLE treatment, the residual protein detected was localized
mostly to the inner membranes. A slight reduction in TOAD2
protein levelswasalsodetected,but inallplants theproteinwas
still present in theplasmamembraneafter treatment.However,
in the absence of TOAD2, the level of RPK1 in the plasma
membrane of treated plants remains unchanged. Our conclu-
sion is that TOAD2 mediates this response by triggering RPK1
turnover at the transcript and protein level. The shorter root
and increased sensitivity to CLE treatment of plants expressing
additional TOAD2 phenocopy the CLE treatment, providing
further support for a role for TOAD2 in perceiving the CLE
signal. A similar phenotype of shorter roots and increased
sensitivity to CLE peptideswas reported for plants overexpress-
ing TOAD2 under the control of the cauliflower mosaic virus
35S promoter (Kinoshita et al. 2010).

The response to CLE treatment by downregulating gene
expression is not a general response, as other genes (SCR,
WOX5) are still expressed at similar levels to untreatedplants.
The WOX5 misexpression in cells at the position of vascular
initials andabsence fromtheputativeQCcellsmight indicatea
proximal shift in QC activity. If QC cells lose their activity as a
result of CLE action, it is possible that new QC cells are
specified proximally from the presumptive QC. This observa-
tion also correlates with the increased cell division rates of
cells at the center of the stem cell niche.

Our findings suggest that RPK1 and TOAD2 function to
balance positive and negative regulation of root meristem
growth, and the gene dosage or the level of activation by
exogenous peptides disturbs root growth homeostasis. Our
model indicates that CLE peptides are perceived by TOAD2
(or a complex containing TOAD2) (Figure 11). Upon ligand

binding, a signaling cascade is initiated, resulting in the
downregulation of RPK1 transcription and protein internali-
zation. In the absence of RPK1, growth signals are no longer
transmitted, resulting in short roots, but this is not an all-or-
nothing process, as additional unidentified components also
play a similar, redundant role. In rpk1mutants, upon TOAD2
stimulation by exogenous CLE, the rpk1 pathway is already
interrupted and therefore short roots are observed (similar to
the phenotype of rpk1 mutants). Additional components of
the RPK1 pathway that might act in parallel and could ac-
count for the low penetrance of the S phenotype in rpk1
mutants might also be downregulated upon TOAD2-ligand
interaction (Figure 11).

Further molecular and biochemical studies are needed to
validate the potential binding of CLE peptides to the extra-
cellular domain of TOAD2 and the mechanisms leading to
either the sequestration of ligand molecules or the ligand–
receptor internalization model of action. Processes reminis-
cent of ligand-induced receptor endocytosis in animals have
been shown to occur in plants. For instance, LRR RLK
FLAGELLIN-SENSING 2 (FLS2), which functions in plant in-
nate immunity, has been shown to trigger an immune re-
sponse after ligand binding and internalization in endocytic
vesicles (Robatzek et al. 2006). Endocytosis of receptors and
signaling from internal membranes was also described for the
steroid receptor BRI1, where endocytic trafficking and signal-
ing appear to be constitutive, and does not change with
changes in ligand levels (Geldner et al. 2007). Contrary to
sequestration models, signaling in the CLV1 pathway was
also shown to be dependent on internalization of the recep-
tor, regardless of the expanded diffusion of the CLV3 ligand
(Nimchuk et al. 2011). In the case of ACR4, its internalization
is dependent on its functionality, suggesting this as a mecha-
nism of signaling regulation (Gifford et al. 2005). Is TOAD2
sequestering ligands that are expressed in the outer layers,
such that their movement toward the stem cell niche is
limited? Is TOAD2 binding CLE ligands and possibly being
internalized, alongside RPK1? Future molecular dissection of

Figure 11 Model for RPK1 and TOAD2 interactions in controlling root
growth. Diagram shows a proposed model of a regulatory network con-
trolling root meristem growth by TOAD2, RPK1, CLV2, CRN, and other
unknown components. Dotted double arrows indicate potential direct
interaction, solid double arrows indicate known interactions. Arrows sym-
bolize positive regulation and bars indicate negative regulation. Unknown
components could have both positive and negative regulatory roles.
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this pathway is necessary to reveal the details of RPK1/
TOAD2 interplay in CLE-mediated root growth.

Thus far, it appears that several RLKs and CLE ligands
function in sometimes overlapping processes mediating root
primary and secondary meristem growth. ACR4 and CLV1
regulate distal root meristemmaintenance (Stahl et al. 2013)
by responding to CLE40 signaling. LRR-RLK BARELY ANY
MERISTEM (BAM3) and its putative ligand, CLE45, control
the development of the protophloem, a secondary meristem
(Depuydt et al. 2013). The CLE41/44 signal perceived by
LRR-RLK PHLOEM INTERCALATED WITH XYLEM (PXY) in
the procambial cells inhibits their differentiation and pro-
motes their proliferation (Hirakawa et al. 2010). A more re-
cent report indicates that TOAD2 and BAM1 physically
interact and function with CLV2 in restricting the size of the
root meristem (Shimizu et al. 2015).

In our study, RPK1 and TOAD2 are also implicated in
controlling the balance between the proliferation and differ-
entiation of root cell types. CLE treatment affects only the
main root and not LR growth, even though TOAD2 and RPK1
are also expressed in the LRs; exploring the basis of the
differential regulation ofmain roots and LRsmight shed some
light on the CLE regulation of root growth.
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