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CLE14/CLE20 peptides may interact with CLAVATA2/CORYNE
receptor-like kinases to irreversibly inhibit cell division in the root
meristem of Arabidopsis
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Abstract Towards an understanding of the interacting

nature of the CLAVATA (CLV) complex, we predicted the

3D structures of CLV3/ESR-related (CLE) peptides and the

ectodomain of their potential receptor proteins/kinases, and

docking models of these molecules. The results show that

the ectodomain of CLV1 can form homodimers and that

the 12-/13-amino-acid CLV3 peptide fits into the binding

clefts of the CLV1 dimers. Our results also demonstrate

that the receptor domain of CORYNE (CRN), a recently

identified receptor-like kinase, binds tightly to the ecto-

domain of CLV2, and this likely leads to an increased

possibility for docking with CLV1. Furthermore, our

docking models reveal that two CRN-CLV2 ectodomain

heterodimers are able to form a tetramer receptor complex.

Peptides of CLV3, CLE14, CLE19, and CLE20 are also

able to bind a potential CLV2-CRN heterodimer or het-

erotetramer complex. Using a cell-division reporter line,

we found that synthetic 12-amino-acid CLE14 and CLE20

peptides inhibit, irreversibly, root growth by reducing cell

division rates in the root apical meristem, resulting in a

short-root phenotype. Intriguingly, we observed that

exogenous application of cytokinin can partially rescue the

short-root phenotype induced by over-expression of either

CLE14 or CLE20 in planta. However, cytokinin treatment

does not rescue the short-root phenotype caused by exog-

enous application of the synthetic CLE14/CLE20 peptides,

suggesting a requirement for a condition provided only in

living plants. These results therefore imply that the CLE14/

CLE20 peptides may act through the CLV2-CRN receptor

kinase, and that their availabilities and/or abundances may

be affected by cytokinin activity in planta.

Keywords CLE � 3D structures � Docking models �
Root apical meristem � Cytokinin

Abbreviations

ESR Embryo surrounding region

WUS WUSCHEL

CLV CLAVATA

CLE CLAVATA3/ESR-related

SAM Shoot apical meristem

OC Organizing center

CZ Central zone

PZ Peripheral zone

RAM Root apical meristem

QC Quiescent center

LRR Leucine-rich repeat

LRR-RK Leucine-rich repeat receptor kinase

Introduction

Local signaling to maintain stem cells in the Arabidopsis

shoot apical meristem (SAM) involves the CLAVATA-

WUSCHEL (CLV-WUS) signal transduction pathway.

WUS, a homeodomain transcription factor, acts non-cell

autonomously to promote stem cell fate (Laux et al. 1996).

WUS induces expression of CLAVATA3 (CLV3), which

encodes a small, extra-cellular signal ligand (Fletcher et al.

1999) that is present in stem cells of the central zone (CZ)

of the SAM. It is proposed that CLV3 is secreted from the

stem cells of the CZ and interacts with CLAVATA1
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(CLV1), a leucine-rich repeat (LRR) receptor kinase (Clark

et al. 1997), which may in turn form a heterodimer with

CLAVATA2 (CLV2) in the CZ, thereby restricting WUS

expression specifically to the organizing center (OC) of the

SAM (Schoof et al. 2000; Müller et al. 2006). In support of

this view, biochemical evidence for a direct in vitro bind-

ing of the CLV3 peptide and the ectodomain region of

CLV1 receptor kinase has been reported (Ogawa et al.

2008; Ohyama et al. 2009).

Loss-of-function CLV1, CLV2 or CLV3 mutations

result in expanded WUS expression, enlarged shoot and

floral meristems, and flowers with extra organs (Clark et al.

1997). Conversely, over-expression of CLV3 causes loss of

WUS expression and premature shoot and floral meristem

termination, thereby suggesting a relationship between the

CLV3 peptide and the CLV1/CLV2 receptors that limits

the size of the WUS expression domain and thus the size of

the meristem. The CLV3-WUS signaling pathway forms a

spatial, negative feedback loop that allows the SAM to

balance the stem cells in the CZ with the cells in the

peripheral zone (PZ), by controlling the transition rates of

the daughters of the stem cells in the CZ, into the cells in

the PZ (for a review, see Williams and Fletcher 2005). In

the Arabidopsis root apical meristem (RAM) the 4 cells

comprising the quiescent center (QC) are considered

equivalent to the OC, and the cells encircling and in direct

contact with the QC function as the stem cells. The size and

the number of stem cells in the RAM of Arabidopsis appear

generally constant (van den Berg et al. 1995; 1997). The

structure of the RAM and SAM remains constant, although

the size and the number of stem cells of the SAM varied

over changed conditions and developmental stages (Geier

et al. 2008; Brand et al. 2001; Weigel and Jürgens 2002).

These results suggest that continuous processes of cell

division and differentiation of daughter cells are well

regulated.

Evidence also points to the operation of CLV-WUS-like

pathways in the RAM of root tips. A WUS-related

homeobox gene, termed WOX5, has been identified in the

QC of the RAM in Arabidopsis. Functional equivalence

between WUS and WOX5 has been suggested based on the

fact that each can substitute reciprocally when ectopically

expressed in the other’s expression domain (the OC or QC)

(Sarkar et al. 2007). Loss-of-function of WOX5 causes

differentiation of distal stem cells (columella initials) in the

RAM. Conversely, gain-of-function of WOX5 blocks dif-

ferentiation of daughter cells of the distal stem cells, into

columella cells (Sarkar et al. 2007). Striking correspon-

dences between WUS and WOX5 in the SAM and RAM

imply that a CLV-like feedback loop may act to restrict

WOX5 and thus negatively regulate meristem activity in the

RAM. Using RT–PCR analysis, several CLE (CLV3/ESR-

related) genes have been found to express in the root

(Sharma et al. 2003). Over-expressing some CLE genes,

including CLV3, triggers premature termination of the

RAM (Strabala et al. 2006). Exogenous applications of a

synthetic 12-amino-acid peptide derived from some CLE

motifs have also been shown to cause a short-root pheno-

type (Ito et al. 2006). Furthermore, it has been recently

reported that CLE40, which expresses in the differentiating

daughters of distal root stem cells, restricts WOX5

expression and promotes differentiation of stem cells in the

RAM (Stahl et al. 2009). Taken together these results thus

suggest that a WUS-CLV-like pathway may function in the

RAM of Arabidopsis root tips.

Our previous results have shown that over-expression

of CLE14 or CLE20 in Arabidopsis triggers early ter-

mination of the RAM in a CLV1-independent and

CLV2-dependent manner (Meng et al. 2010a). Cockcroft

et al. (2000) suggested that cell division controlled

meristem activity and the overall growth rate in plants

(Cockcroft et al. 2000). One of the proposed functions of

the CLV-WUS signaling loop in the SAM is to limit cell

division rates of the stem cells in the CZ of the SAM.

Reddy et al. (2004) and Reddy and Meyerowitz (2005)

reported that CLV3 signaling in the SAM regulates cell

fate specification and inhibits the cell division in the

SAM (Reddy et al. 2004; Reddy and Meyerowitz 2005).

However, there is thus far no detailed study describing

the temporal distribution of cell division in the RAM of

the roots showing a short-root phenotype induced by

over-expression of the CLE genes.

Another approach for understanding the functional

nature of the CLV-CLE pathway involves an appreciation

of protein structure. A common structural element of

many plant cell-surface receptors is the extra-cellular

LRR domain that is generally thought to mediate ligand

perception and to perform ligand binding (Kobe and

Kajava 2001). Although biochemical evidence for a direct

in vitro binding of the CLV3 peptide ligand with the

CLV1 receptor has been reported (Ogawa et al. 2008;

Ohyama et al. 2009), there is no information about the

molecular location(s) at which interaction between CLV1

and CLV3 actually occurs. Moreover, the current results

regarding the CLV3 peptide are controversial. The mature

CLV3 peptide was first reported as a 12-amino-acid do-

decapeptide, in which two of three proline residues were

modified to hydroxyproline (Kondo et al. 2006). How-

ever, more recently it was reported that the mature CLV3

peptide was actually a 13-amino-acid arabinosylated

glycopeptide (Ohyama et al. 2009). Additionally, it was

shown that post-translational arabinosylation of CLV3 is

critical both for its biological activity in the SAM and for

high-affinity binding to CLV1 (Ohyama et al. 2009). By

using firefly luciferase complementation imaging (LCI),

and co-immunoprecipitation assays in both Arabidopsis

1062 Planta (2010) 232:1061–1074

123



mesophyll protoplasts and Nicotiana benthamiana leaves,

Zhu et al. (2010) demonstrated that CLV2 did not interact

with CLV1. Instead, it was shown that CLV2 directly

interacts with CRN [a receptor-like protein kinase, also

known as SOL2, isolated as a suppressor of root-specific

over-expression of CLE19 (Müller et al. 2008; Miwa et al.

2008)] in the absence of CLV3, whereas CLV1 could

interact with the CLV2–CRN heterodimer (Zhu et al.

2010). However, to date there is no structural evidence,

including 3D, available on the interaction properties for

any CLE peptides or CLV/CLV-like receptors, thus lim-

iting our understanding of the functional nature of the

CLV-CLE pathways in plants.

To determine the interaction properties of the CLV

complex we undertook computational approaches in order

to predict 3D structures and interaction models of the

12-/13-amino-acid CLV3 peptides, and the extra-cellular

LRR domains of its receptors, CLV1 and CLV2. Over-

expression of CLE14, CLE19, or CLE20 has been show to

cause strong, short-root phenotypes in Arabidopsis, in a

CLV1-independent, but CLV2-dependent manner (Meng

et al. 2010a; Fiers et al. 2005). Therefore, 3D structures of

the 12-amino-acid CLE14, CLE19, and CLE20 and their

potential interaction models with CLV2 and CRN were

also predicted.

Finally, using a GFP translational-fusion reporter system

to explore the functional nature of the CLE14 and CLE20

pathway(s), we report that CLE 14 and CLE20 express in

specific cells of the root. Using a synthetic 12-amino-acid

peptide derived from either CLE14 or CLE20 motifs, and a

cell-division marker line, BJ3 (Colon-Carmona et al.

1999), we subsequently demonstrate that both CLE14 and

CLE20 peptides inhibit, irreversibly, root growth by

reducing cell division rates in the RAM. Finally, we show

that exogenous application of cytokinin is able to partially

rescue the short-root phenotype induced by over-expres-

sion of CLE14/CLE20 in planta. However, cytokinin

treatment does not rescue the short-root phenotype caused

by exogenous application of the synthetic 12-amino-acid

CLE14/CLE20 peptides. Our results provide new evidence

and insights towards understanding the molecular basis of

the CLE peptide-signaling pathway in the regulation of

both plant meristem activity and in Arabidopsis

development.

Materials and methods

Three-dimensional structure and dock modeling

Signal peptide cleavage sites and transmembrane domains

were predicted using SignalP-HMM (Nielsen and Krogh

1998) and TMHMM (Krogh et al. 2001), respectively. The

three-dimensional protein structures and docking models

were predicted as described by Meng et al. (2010b).

Briefly, the 3D structure of the 12/13-amino-acid CLV3,

the 12-amino-acid CLE peptides, and the 29-amino-acid

extra-cellular receptor domain of the CRN receptor-like

kinase, were predicted using the ab initio method imple-

mented in the I-TASSER algorithm, while the 3D structure

models of the extra-cellular LRR region of CLV1 and

CLV2 were inferred using the homology threading

simulation of the I-TASSER algorithm (http://zhang.

bioinformatics.ku.edu/I-TASSER/) (Zhang 2008). Super-

imposition analysis of the 3D models of CLV1/CLV2 and

its templates was done using 3-dimensional structural

superposition (3D-SS) (http://cluster.physics.iisc.ernet.in/

3dss/severalinput.html) (Russell et al. 1992). Conserved

amino acids at the protein surface were determined using

ConSurf (Landau et al. 2005) (http://consurf.tau.ac.il/

overview.html). The docking modeling of the CLV com-

plex was conducted using PatchDock and FireDock

(Schneidman-Duhovny et al. 2005; Mashiach et al. 2008).

Generating the CLE14 and CLE20 promoter GFP

translational-fusion constructs

The expression patterns of CLE14 and CLE20 were ana-

lyzed by translational fusion of GFP to the full-length CLE

gene driven by its promoter in the construct pCLE14::

CLE14-GFP, or pCLE20::CLE20-GFP. For CLE14, a

2,490-bp fragment immediately upstream from the stop

codon (TGA) of the CLE14 coding sequence was amplified

by PCR from the genomic DNA of the wild-type Arabid-

opsis Col plants using the primers: SacpCLE14 5F: C GAG

CTC AAT AAT AAC ATC ATT GAT CTC; BamCLE14

3R: GC GGA TCC CG TTT GTT GTG AAG CGG GTT

AGG AC. The cloning sites, SacI and BamHI, were added

at the 50 end of the 50 forward and 30 reverse primers,

respectively. The PCR fragment was cloned into pEZS-NL

and fused to GFP at the C-terminus at the SacI and BamHI

sites. Similarly, for CLE20, a 2,276-bp fragment immedi-

ately upstream of the stop codon (TGA) of the CLE20

coding region was amplified by PCR from the genomic

DNA of Arabidopsis using the primers: pCLE20-5F: AAC

ATG CGA AGA AGC TCG AGA; BamCLE20 3R: GC

GGA TCC CG TCG TTT GTT GTG CAA AGG to GFP.

The cloning site BamHI was added at the 50 end of the 30

reverse primer. The PCR fragment was cloned into pEZS-

NL and fused to GFP at the C-terminus at the SacI and

BamHI site. Subsequently, a SacI and NotI fragment con-

taining the cloned CLE promoter and the full-length coding

sequence of the CLE gene, GFP, and the OCS 30 terminator

was removed from the recombinant pEZS-CL plasmid and

inserted into the binary vector pART27 for the stable

transformation assay.
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Plant transformation

The cloned CLE genes in the binary vector pART27 were

introduced into Agrobacterium tumefaciens strain GV3101

using the freeze–thaw method (Höfgen and Willmitzer

1988). Transgenic plants were generated via the floral-dip

method (Clough and Bent 1998).

Plant material and growth condition

Arabidopsis seeds were sterilized with 50% bleach (3%

sodium hypochlorite) (CLOROX, Oakland, CA, USA) for

5–10 min, rinsed with sterilized ddH2O three times, fol-

lowed by a cold-treatment at 4�C for 3 days. The T0 seeds

from the floral-dip transformation of the wild-type Col-0

plants were screened for the transgenic events on Petri dish

plates containing: 1/2 MS, B5 vitamins, 1.5% sucrose,

50 lg L-1 of kanamycin, and 0.8% agarose, pH 5.7–5.8.

Fifteen-day-old kanamycin-resistant seedlings were trans-

ferred to soil and grown in a greenhouse under a 16 h light,

8 h dark cycle at 23�C.

The cell-division marker line BJ3 in the Arabidopsis

Columbia ecotype (Col-0), which contains a pcy-

clinB1::cyclinB1-GFP construct, was provided by Dr. Peter

Doerner (University of Edinburgh, UK). The construct

represents a GFP translational fusion to an Arabidopsis

mitotic cyclinB1 gene expressed under its own promoter.

CyclinB1 is expressed in cells in the G2–M transition and

can be used as a marker for cells entering or undergoing

division (Colon-Carmona et al. 1999). Sterilized and cold-

treated seeds, as described above were then sown and

grown in Petri plates (radius 10 mm) containing control

medium (1/2 MS ? B5 vitamins ? 1.5% sucrose ? 0.8%

agarose), or a treatment medium, i.e., the control medium

plus 0.1 or 0.5 lM of a synthetic 12-amino-acid peptide

derived from the CLE14 or CLE20 motif. The plates were

incubated vertically in a growth chamber under 23 ± 1�C

and a 16-h light cycle.

Analysis of root growth and cell division

in the BJ3 seedlings

Root growth of the BJ3 seedlings was monitored by mea-

suring the root length in mm, and by counting the numbers

of cells undergoing cell division by examining GFP signals

in the cells of the RAM using a fluorescence microscope.

Examination of GFP signals by fluorescence

and confocal microscopy

Homozygous transgenic T3 plants which stably express the

pCLE14::CLE14-GFP or the pCLE20::CLE20-GFP cas-

sette were examined for GFP signals at different

developmental stages using a Leica DM LB fluorescence

microscope (Meyer Instruments, Inc., Houston, TX, USA),

or a ZEISS LSM 510 confocal microscope (Carl Zeiss

MicroImaging, Inc., Thornwood, NY, USA), with excita-

tion (nm)/emission (nm) light at 488/510. The same

method was used to observe the GFP signals in the RAM of

root tips of the BJ3 seedlings.

Histochemical GUS assays

GUS staining assays of the reporter marker lines were

performed as described (Jefferson et al. 1987). The 7-day-

old seedlings were incubated in the GUS staining buffer at

37�C for 2–6 h and subsequently fixed in 70% ethanol.

Images were captured using a Leica DM LB compound

microscope (Meyer Instruments, Inc.).

Results

Three-dimensional structures of the CLV components

and interaction models of CLV complex

Using ab initio modeling in the I-TASSER algorithm, the

3D structural models of the CLV3 and CLE peptides, and

the 29-amino-acid extra-cellular domain of CRN receptor-

like kinase were obtained. The extra-cellular domain of the

CLV1 or CLV2 receptor-like protein/kinase has also been

predicted using homology threading simulation imple-

mented in the I-TASSER algorithm. All of the structural

models of the CLV components are statistically reliable

with a score function (C score and TM score) significantly

above the cutoff threshold (Table 1). C score, which is in

the range [-5, 2], is a confidence score for estimating the

quality of the predicted models by I-TASSER. A C score of

a higher value indicates a model with a high confidence.

TM score and RMSD measure how close the model is to

the native structure, and both are estimated based on the

C score. A TM score is in the range (0, 1]. A TM value

[0.5 implies that the model is of correct topology. The

score function cutoff is a C score of -1.5 and a TM score

of 0.5. The false-positive and false-negative rates are 0.05

and 0.09, respectively, for a model with the score function

at the cutoff (Zhang and Skolnick 2004).

The 3D structure models show that the 12-amino-acid

CLV3 peptide shares a roughly similar arch-shaped

molecular structure with the CLE1, CLE2, and CLE6

peptides (Fig. 1a–d). CLE1 to CLE7 proteins, which

belong to cluster group 2 (Oelkers et al. 2008), have been

shown to cause a premature termination of the SAM when

over-expressed in Arabidopsis (Strabala et al. 2006; Meng

et al. 2010a). CLE1 and CLE6 can also provide a nearly

full rescue in the SAM of clv3 mutant phenotypes (Ni and
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Clark 2006; Meng et al. 2010a). On the other hand, the

13-amino-acid CLV3 peptide has a much more curved

molecular structure than that of the 12-amino-acid CLV3

peptide (compare Fig. 1e to a), and resembles those from

the 12-amino-acid CLE14, CLE19, and CLE20 peptides

(Fig. 1e–h). CLV3, CLE14, CLE19, and CLE20 have been

found to trigger a short-root phenotype when over-

expressed or when applied exogenously in the culture

media in Arabidopsis (Fiers et al. 2005; Meng et al. 2010a).

Analysis of the conserved residues at the molecular sur-

faces, using Consurf (http://consurf.tau.ac.il; Landau et al.

2005), reveals that the residues in the C-terminus of the

CLE peptides are generally more conserved than those in

the N-terminus, while the middle region of the CLE pep-

tides located at the bottom of the peptide molecules is also

relatively conserved, suggesting that the middle and

C-terminal regions of CLE peptides may be important in

performing receptor selection and binding of these peptide

ligands (Fig. 1a–h, conservation of residues from variable

to conserved are denoted by the color code from green to

dark red).

On the other hand, both the CLV1 and CLV2 have a

horseshoe-shaped molecular structure with an interior,

parallel beta sheet and an exterior array of helices. One

face of the beta sheet and one side of the helix array are

exposed to solvents and are therefore dominated by

hydrophilic residues. The region between the helices and

sheets is the protein’s hydrophobic core and is sterically

tightly packed with leucine residues (Fig. 1i, r). Moreover,

the 3D models show that there is a deep cleft and two small

clefts at the middle and the N-terminal regions, respec-

tively, of the ectodomain of CLV1 molecule (Fig. 1i, yel-

low arrows), whereas the CLV2 has two clefts located at

the regions near both the C- and N-terminus of CLV2

(Fig. 1r, yellow arrows). These clefts in the extra-cellular

domain of CLV1/CLV2 may facilitate its peptide binding.

The docking modeling demonstrates that the extra-cel-

lular receptor domain of CLV1 is able to form a homodi-

mer (Fig. 1k), and that the CLV1 homodimers dock with

both 12- and 13-amino-acid CLV3 peptides (Fig. 1l). At a

finer level of resolution, the docking models reveal that the

12-amino-acid CLV3 peptide fits into the binding clefts of

CLV1, spanning from the convex to concave sides

(Fig. 1m, o, black arrows), while the 13-amino-acid CLV3

peptide inserts into the deep cleft of the CLV1 from the

convex side of the molecule (Fig. 1n, o, blue arrows).

Moreover, the docking models show that the ectodomain of

one CLV1 molecule can dock with multiple CLV3 peptides

(Fig. 1p). On the other hand, the 29-amino-acid ectodo-

main of CRN has a helix-loop-helix 3D structure and is

able to form homodimers (Fig. 1q). The docking models

also demonstrate that the ectodomain region of the CRN

binds tightly to the C-terminus of the extra-cellular

receptor region of CLV2 (Fig. 1r), and that two of each

CLV2 and CRN ectodomains can interact to form a tetra-

mer receptor complex (Fig. 1t), which can dock with 12- or

13-amino-acid CLV3 peptide (Fig. 1u). Additionally, by

binding to CLV2 the ectodomain of CRN appears to

facilitate the interaction of CLV2 and CLV1 (Fig. 1v).

Finally, the docking models suggest potential interactions

between the 12-amino-acid CLE14/CLE19/CLE20 pep-

tides and the CLV2-CRN heterodimer or heterotetramer

complex (Fig. 1w–y). The synthetic CLE1 to CLE7 pep-

tides do not affect root growth when used at a low con-

centration (Ito et al. 2006; Kinoshita et al. 2007), but at a

high concentration, e.g., C10 lM, these CLE peptides are

Table 1 Parameters of 3D structural models defined by the CLV-pathway components

Genes (locus) Domain Range (full size)a Sizea C score TM score RMSD

CLV3 (At2g27250) CLE motif 70–82 (96) 13 -1.04 0.58 ± 0.14 2.1 ± 1.7

CLV3 (At2g27250) CLE motif 70–81 (96) 12 -1.04 0.58 ± 1.4 2.1 ± 1.6

CLE1 (At1g73165) CLE motif 63–74 (74) 12 -0.77 0.62 ± 0.14 1.5 ± 1.4

CLE2 (At4g18510) CLE motif 64–75 (75) 12 -1.11 0.58 ± 1.4 2.1 ± 1.7

CLE6 (At2g31082) CLE motif 69–80 (80) 12 -0.99 0.59 ± 0.14 1.9 ± 1.5

CLE14 (At1g63245) CLE motif 68–79 (80) 12 -1.09 0.58 ± 0.14 2.0 ± 1.6

CLE19 (At3g24225) CLE motif 62–73 (74) 12 -0.87 0.60 ± 0.14 1.7 ± 1.4

CLE20 (At1g05065) CLE motif 70–81 (83) 12 -0.92 0.60 ± 0.14 1.7 ± 1.5

CLV1 (At1g75820) Ectodomain 25–640 (980)b 616 0.24 0.75 ± 0.11 7.2 ± 4.2

CLV2 (At1g65380) Ectodomain 26–684 (720)b 659 -0.03 0.71 ± 0.12 8.0 ± 4.4

CRN (At5g13290) Ectodomain 33–61 (401)b 29 -0.83 0.61 ± 0.14 3.2 ± 2.2

a Size is indicated as a total number of amino acids
b Signal peptide cleavage site and transmembrane domain were predicted using SignalP-HMM (Nielsen and Krogh 1998) and TMHMM (Krogh

et al. 2001), respectively
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able to inhibit root growth (Whitford et al. 2008). There-

fore, this suggests that the CLE1-to-CLE7 peptides may

also be able to bind to the receptor(s) in the root, e.g.,

CLV2, although they are not the optimal ligands for the

root receptor(s). The average global binding free energies

from the ten best solutions of the docking models, how-

ever, suggest that the CLV2-CRN hetero-receptor does not

favor a binding with the CLE1/CLE2/CLE6. The orders of

the average global binding free energies for an interaction

between the CLV2-CRN hetero-receptor, and with differ-

ent CLE peptides are: CLV3-13 aa (-33.889) \ CLE19

(-25.531) \ CLV3-12 aa (-24.08)\ CLE14 (-12.413) \
CLE20 (-11.204) \ CLE2 (-7.145) \ CLE1 (3.77) \
CLE6 (15.863). Additionally, the 12-amino-acid CLE14/

CLE19/CLE20 peptides appear able to bind tightly to the

CLV2-CRN heterotetramer complex (Fig. 1w–y).

CLE14 and CLE20 express in specific cells of roots

Using promoter and GFP translational fusion reporter

constructs we show that CLE14 and CLE20 express in

specific cells of the root. CLE14 expresses specifically in

the epidermis of roots, including the root cap and root hairs

(Fig. 2a–c), On the other hand, CLE20 expression is found

initially at the sites of lateral root initiation (Fig. 2d),

extending into the protoxylem of the vascular tissues of the

mature primary roots (Fig. 2e–g), and into the meristem

region of the young lateral roots (Fig. 2h).

CLE14 and CLE20 peptides irreversibly inhibit root

growth by reducing cell division rates in the RAM

The cell division marker line BJ3 harbors a translational

fusion of GFP to the cyclinB1 gene driven by the cyclinB1

promoter (pCyclinB1::CyclinB1-GFP) construct in Ara-

bidopsis Columbia ecotype Col-0 (personal communica-

tion). The GFP fusion gene is expressed upon entry into

G2, which allows one to visually monitor the progression

of the cell cycle in root meristems (Colon-Carmona et al.

1999).

Root growth and mitotic activities in the RAM of the

BJ3 seedlings, as assessed by the root length (Fig. 3a–b)

and the number of cells undergoing cell division (Fig. 3c–

d), respectively, were analyzed at different ages in roots

treated with the CLE14/CLE20 peptide. Cells undergoing

cell division were identified by observing GFP signals

using a fluorescence microscope (Fig. 3d). Data were col-

lected over 5 days of observation and measurement of BJ3

seedlings grown in the control or plus peptide-treatment

media, beginning at day 2 and ending at day 7 after

planting (indicated as ‘‘DPG’’: day post germination,

Fig. 3a–d). The results show that exogenous application of

0.5 lM of either the synthetic 12-amino-acid CLE14 or

CLE20 motif peptide inhibits root growth as characterized

by a strong reduction in the root lengths of the BJ3 seed-

lings (Fig. 3a–b). Moreover, the numbers of cells under-

going cell division in the RAM of the BJ3 seedlings also

dramatically decreased in comparison to seedlings grown

on control medium (Fig. 3c–d).

Additionally, part of our efforts to understand CLE

peptide functions in roots involved a detailed analysis of

the mitotic activities in the RAM of the 7-day-old BJ3

seedlings after varying days of peptide treatment, followed

by recovery on control (no peptide-containing) media. To

Fig. 1 Three-dimensional structural models of the CLE peptides and

the ectodomains of CLV1/CLV2/CRN and the interaction models of these

molecules. a–h 3D models of the CLE peptide ligands. a 12-amino-acid

CLV3 (CLV3 12aa). 12-amino-acid CLE1 (b), CLE2 (c), and CLE6

(d). e 13-amino-acid CLV3 (CLV3 13aa). 12-amino-acid CLE14 (f),
CLE19 (g), and CLE20 (h). i The 3D model of the 616-amino-acid

extra-cellular LRR domain of CLV1 displayed in cartoon mode.

j Superimposition of the 3D model of CLV1 (white) and the top three

templates of CLV1: yellow (PDB ID code: 1ziwA), red (PDB ID

code: 1o6sA), and green (PDB ID code: 1ogqA) using 3D-SS

(http://cluster.physics.iisc.ernet.in/3dss/severalinput.html) (Russell

et al. 1992). k The docking model for the homodimer of the 616-

amino-acid extra-cellular LRR domain of CLV1. l The docking model

showing the interaction between the homodimer of the 616-amino-

acid extra-cellular LRR domain of CLV1 and the CLV3 peptides

displayed in stick-and-ball mode. m–p The docking models of the

CLV1 with the CLV3 peptides. m One 12-amino-acid CLV3 peptide

(CLV3 12aa) binds to the deep binding cleft of CLV1 spanning from

the concave to the convex sides. n One 13-amino-acid CLV3 peptide

(CLV3 13aa) inserts into the deep binding cleft of CLV1 from the

convex side of the CLV1 molecule. o One 12-amino-acid CLV3

peptide binds to and one 13-amino-acid CLV3 peptide insert into the

deep binding cleft of CLV1, respectively. p Multiple 12-/13-amino-

acid CLV3 peptides bind to the clefts of CLV1. q 3D model for the

homodimer of the 29-amino-acid ectodomain of CRN receptor-like

kinase displayed in cartoon mode and coated with solvent surface (1.4

Angstrom probe, rendered as discrete dots). r 3D structure of the

659-amino-acid ectodomain of CLV2 and its docking model with the

29-amino-acid ectodomain of CRN receptor-like kinase. s Superim-

position of 3D model of CLV2 (yellow) and the top three templates of

CLV2: white (PDB ID code: 2z64), red (PDB ID code: 1ziwA), and

green (PDB ID code: 1ogqA) using 3-dimensional structural super-

position (3D-SS). t Tetramer model of CLV2 (two) and CRN (two)

interacting complex in their ectodomain regions. u The docking

models of the CLV2 with CRN and the CLV3. v The docking models

of the CLV2 with the CRN and CLV1. w–y The docking models of

the CLV2 with CRN and the CLE14 (w)/CLE19 (x)/CLE20 (y) pep-

tides. Conservation of residues from variable to conserved was ana-

lyzed using Consurf (http://consurf.tau.ac.il/overview.html) (Landau

et al. 2005), and are denoted by the color code from green to dark red
(a–h, i, m–p, r). The yellow arrows point to the binding clefts of the

CLV1 (i) and also point to the binding clefts of the CLV2 (r); The

black arrows point to the 12-amino-acid CLV3 peptide (CLV3 12aa)

(l–p, u), and also point to 12-amino-acid CLE14/CLE19/CLE20

(w–y); the blue arrows point to the 13-amino-acid CLV3 peptide

(CLV3 13aa) (l–p, u); the white arrows point to the 29-amino-acid

ectodomain of CRN kinase (r, t–y). All atoms are shown as 100% of

the van der Waals when displayed in stick-and-ball mode (a–h, k–p,

t–y). All the atoms from N-terminus to C-terminus are shown color
coded from cold color [blue or green (k–l); blue (q, t–y)] to hot color

[green or red (k–l); red (q, t–y)]

c
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avoid potential carry-over effects, the lowest (0.1 lM) and

second lowest (0.5 lM) effective concentrations of CLE14

or CLE20 were used in this study. Peptide treatments were

begun 0.0, 1.5, 2.0, 2.5, and 3.0 days after sowing (DPG),

with treatments lasting between 0.0 (control) to 7.0 days,

followed by varying times of recovery on the control

medium (MS) to reach a total 7 days growth time. Root

length and number of the cells undergoing cell division in

the RAM of these 7-day-old seedlings were then analyzed

(Fig. 3e–n).

The results demonstrate that root growth (Fig. 3e–i) and

mitotic activity in the RAM (Fig. 3j–n), as indicated by

root length and the number of cells undergoing cell

division, respectively, generally cannot be restored after

removal of the CLE peptides. For example, root length and

the numbers of cells undergoing cell-division in the RAM

are significantly reduced in 7-day-old BJ3 seedlings which

have been treated with the CLE peptide only, for 1 day at

the age of either 2.0, 2.5, or 3.0 DPG followed by a

recovery in the control medium for 4.0, 3.5, and 3.0 days,

respectively, in comparison to controls (treatment time 0.0)

(Fig. 3g–i, l–n). The numbers of cells undergoing cell

division in the RAM of the BJ3 seedlings which are treated

for 2.0 days at the age of 2.5 and 3.0 DPG, followed by a

recovery of 2.5 and 2 days, respectively, are nearly the

same as those treated for 4.5 and 4.0 day without recovery
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(Fig. 3m, n), suggesting a permanent loss of cell division

capability in the RAM of these plants. Our results from this

study thus show a progressive loss of cell division capa-

bility with prolonged peptide treatment time and, in gen-

eral, the losses are permanent. BJ3 seedlings at different

ages also appear to be differentially sensitive to the CLE

peptide treatments. Seedlings at ages between 2.0 and 3.0

DPG are sensitive to the CLE treatment (Fig. 3e–n). [Note

that the number of the cells undergoing cell division in the

RAM of the seedlings grown in the control (MS) medium

increases rapidly at an age between 2 and 3.5 DPG

(Fig. 3b, in red).]

CLE14 and CLE20 peptides irreversibly inhibit cell

division, but do not change QC identity in the RAM

Over-expression of CLE14 or CLE20 in Arabidopsis has

been found to trigger early consumption of the RAM

(Meng et al. 2010a). Additionally, over-expression of

CLE14 and CLE20 in Arabidopsis wild-type Col plants

resulted in a significantly earlier differentiation of root

hairs and in vascular tissue extending into the region

adjacent (proximal) to the QC, resulting in extremely short

roots (Fig. 4a–c).

Three QC marker lines were used to evaluate QC

identity in roots treated with the CLE peptides: QC25, an

enhancer trap reporter for QC identity (Sabatini et al.

2003); WOX5, a WUS-related homeobox gene which

expresses exclusively in the QC (Sarkar et al. 2007); and

DR5, a highly active synthetic auxin response element

(AuxRE) that expresses in response to auxin, with maximal

expression at the distal region of the QC (Ulmasov et al.

1997). The results, however, show that the CLE peptide

treatment does not eliminate the identity of the QC, as is

evident by the expected expression patterns in the QC for

each of these QC markers (Fig. 4d–l).

The short-root phenotype triggered by CLE14

and CLE20 peptide treatments is not rescued

by exogenous application of IAA or 6-BA

Indole-3-acetic acid (IAA), the most common plant auxin,

and the cytokinin, 6-BA, were employed to study the

combined effects of plant hormones and CLE peptides on

root growth and mitotic activity in the RAM. The results

show that the short-root phenotype (Fig. 5a, c) and the loss

of the mitotic activity in the RAM (Fig. 5b), persist in all

the seedlings treated with the CLE peptides plus auxin or

cytokinin at various concentrations. The short-root phe-

notype induced by the CLE14 and CLE20 peptide treat-

ments cannot be overcome by exogenous applications of

IAA or 6-BA (Fig. 5).

Cytokinin 6-BA can partially rescue the short-root

phenotypes caused by over-expression of CLE14

or CLE20 in Arabidopsis plants

Although the cytokinin 6-BA does not rescue the short-root

phenotype induced by the exogenous application of CLE

peptides, 6-BA partially releases the short-root phenotype

Fig. 2 CLE14 (a–c) and CLE20 (d–h) express in specific cells of roots

in Arabidopsis plants analyzed by translational fusion of GFP to the

CLE gene, driven by the CLE promoter. CLE14 expresses in the root

epidermal and cap cells (a, b), or in root hairs in mature regions of the

root (c) of a 7-day-old transgenic seedling. d GFP signals from the

lateral root initiation sites of 7-day-old transgenic pCLE20::CLE20-

GFP seedlings. e GFP signals from the protoxylem of the vascular

tissues of the mature primary roots of a 10-day-old transgenic seedling.

f, g Cross-sections of a primary root of 10-day-old transgenic

pCLE20::CLE20-GFP seedlings. h A young lateral root of 10-day-

old transgenic pCLE20::CLE20-GFP seedlings. b, e, f, h Viewed only

for GFP. g Differential interference contrast (DIC) bright field image.

a, c, d Overlay of DIC and GFP images. Arrows point to epidermis (b),
a root hair (c), a lateral root initiation site (d), protoxylem of the

vascular tissues of the mature roots (e–g), and the RAM in a young

lateral root (h). Bar = 1 mm (h). Bar = 50 lm for all others

1068 Planta (2010) 232:1061–1074

123



caused by over-expression of CLE14 or CLE20 in planta

(Fig. 6). Twenty-day-old seedlings that over-express

CLE14 or CLE20 have a much longer root when grown in a

medium containing 0.1 or 0.5 lM of 6-BA compared to

controls on medium lacking 6-BA (Fig. 6a, b). On the other

hand, plants over-expressing CLE14 and CLE20 also

appear to be less sensitive to the 6-BA. Whereas treatments

of 6-BA restore root growth in plants over-expressing

CLE14 or CLE20, treatments of 0.1 or 0.5 lM of 6-BA

significantly inhibits root growth in plants over-expressing

CLE1 (Fig. 6c), and in wild-type Arabidopsis plants

(Fig. 6d). [Note that over-expression of CLE1 does not

affect root growth (Fig. 6c, top panel with no 6-BA) (Meng

et al. 2010a).] These results will be considered subse-

quently in regard to the view that cytokinin is believed to

promote cell differentiation in the RAM, thus suppressing

root growth, leading to a short-root phenotype (Dello Ioio

et al. 2007).

Discussion

The potential binding clefts of CLV1 dock

with both the 12- and 13-amino-acid CLV3 peptides

The molecular nature of the mature CLV3 peptide is con-

troversial. By in situ matrix-assisted laser desorption/ioni-

zation time-of-flight mass spectrometry (MALDI-TOF MS)

analyses, the endogenous, mature CLV3 peptide was first

reported as a 12-amino-acid dodecapeptide, in which two of

Fig. 3 Exogenous application of the CLE14 or CLE20 peptide

irreversibly inhibits root growth by reducing cell division rates in

the RAM, as analyzed using the cell division marker line BJ3. Root

length (a) or the numbers of the cells undergoing cell division (c) in

2- to 7-day-old BJ3 seedlings grown in the control medium (MS in

red), or in the MS medium containing 0.5 lM CLE14 (in blue) or the

CLE20 peptide (in green) (indicated as DPG, day post germination,

i.e., days after sown in medium). b 7-day-old seedlings grown in the

control medium (MS) or in the MS medium containing 0.5 lM of the

CLE14 or the CLE20 peptide. d Root tips of 7-day-old BJ3 seedlings

showing the cells undergoing cell division, which is visualized by the

GFP signals from the pCyclinB1::CyclinB1-GFP construct in the BJ3

marker line. Root length (e–i) and the number of the cells undergoing

cell division (j–n) in the 7-day-old BJ3 seedlings, which have been

treated with the CLE peptide for a period between 0.0 and 7.0 days at

the age of 0.0 (e, j), 1.5 (f, k), 2.0 (g, l), 2.5 (h, m), or 3.0 DPG (i,
n) followed by a recovery in the control medium for a period of time to

reach a total 7 days growth time. Bar = 5 mm (b). Bar = 50 lm (d)
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three proline residues were modified to hydroxyproline

(RTVPhSGPhDPLHH) (Kondo et al. 2006). However, using

Nano-LC-MS and Nano-LC-MS/MS analysis of the

apoplastic CLV3 peptide which accumulated in the med-

ium, Ohyama et al. (2009) recently showed that the mature

CLV3 peptide was in fact a 13-amino-acid arabinosylated

glycopeptide. An additional histidine position at the C-ter-

minal, immediately outside CLE motif (H13), is included in

the 13-amino-acid CLV3 peptide, and Hyp7 (hydroxypro-

line at position 7) is post-translationally modified with lin-

ear b-1,2-linked tri-arabinoside to result in the peptide,

RTVPSGPh-tri-L-arabinoseDPLHHH. A direct in vitro inter-

action of the 12-/13-amino-acid CLV3 peptide and CLV1

has been reported (Ogawa et al. 2008; Ohyama et al. 2009),

and the 13-amino-acid arabinosylated CLV3 peptide has

been reported to have a higher binding affinity to CLV1

compared to the 12-amino-acid CLV3 peptide (Ohyama

et al. 2009). The 12-amino-acid CLE2 and CLE9 peptides

have also been found able to interact with CLV1 (Ogawa

et al. 2008; Ohyama et al. 2009). However, to date there is

no information available on the molecular structures and on

the interaction site(s) at which the binding of CLV1 and

CLV3 actually occurs.

To further our understanding of the interacting nature of

the CLAVATA (CLV) complex, we predicted 3D struc-

tures and interaction models of the 12-/13-amino-acid

CLV3 peptides and the extra-cellular LRR domains of its

receptors, CLV1 and CLV2, using computational approa-

ches. Our results show that there is a single deep and two

small binding clefts in the regions near the middle and the

N-terminus of the ectodomain, respectively, of the CLV1

molecule (Fig. 1i, yellow arrows). These potential binding

clefts of the CLV1 protein appear able to dock with both of

the 12- and 13-amino-acid CLV3 peptides (Fig. 1l–o). Our

results also show that the ectodomain of one CLV1 mol-

ecule may dock with multiple CLV3 peptides (Fig. 1p).

CLV1 can self-interact forming a homodimer (Fig. 1k),

which can further dock with both 12- and 13-amino-acid

CLV3 peptides (Fig. 1l). This result is in an agreement

with that reported by Bleckmann et al. (2010) in which the

CLV1 is able to form homodimers independently of CLV3

(Bleckmann et al. 2010).

Based on our dock modeling results, and the biochem-

ical evidence from Kondo et al. (2006), Ogawa et al.

(2008), and Ohyama et al. (2009) for CLV1 and CLV3

molecules, we propose that the endogenous, mature CLV3

peptide may exist in planta as both a 12- and 13-amino-acid

peptide, and that both the 12- and 13-amino-acid CLV3

peptides may be able to interact with a specific binding

cleft in the ectodomain of CLV1. It is, however, worth

noting that the majority CLE members do not have an

additional residue outside the CLE motif. Their protein

sequences terminate at the last residue (H/N) of the

C-terminal CLE motif. Although some CLE members do

have a short extension at the C-terminus of the CLE motif,

as in CLV3, the immediately adjacent residue to the

Fig. 4 Over-expressing CLE14/CLE20 caused early cell differentiation

(a–c), whereas exogenous treatment of CLE14/CLE20 peptide does not

result in a loss of QC identity in the RAM of the 7-day-old Arabidopsis

seedlings (d–l). a Non-transgenic wild-type Col-0 seedling (WT).

b Transgenic seedling over-expressing CLE14 (CLE14-ox), and c,

over-expressing CLE20 (CLE20-ox). d–f Root tips of QC25 enhancer

trap line seedlings. g–i Root tips of seedlings harboring the pWOX5::GUS
construct. j–l Root tips of seedlings expressing the construct of

pDR5::GUS. d, g, and j Seedlings grown on control MS medium (MS).

e, h, and k Seedlings grown in MS medium containing 0.5 lM CLE14

peptide (MS ? CLE14). f, i, and l Seedlings grown on the MS medium

containing 0.5 lM CLE20 peptide (MS ? CLE20). Bar = 50 lm.

Arrows (b, c) point to a root hair (b) or the vascular tissue (c), respectively
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C-terminal CLE motif is highly variable. Therefore, it is

reasonable to believe that the endogenous, mature CLE

peptides are, in general, 12-amino-acid peptides.

Dock modeling suggests a physical interaction

among CLAVATA2, CORYNE,

and CLV3/CLE14/CLE20

Over-expression of CLE14, CLE19, or CLE20 has been

shown to cause strong short-root phenotypes in a CLV1-

independent, but CLV2-dependent manner in Arabidopsis

(Meng et al. 2010a; Fiers et al. 2005). It has also been

suggested that many of the extra-cellular domains derived

from the CLV1-like LRR-RKs may be able to interact with

a specific CLE peptide in vitro (Ogawa et al. 2008). In

addition, genetic and biochemical evidence has suggested

that the receptor-like kinase, CRN, may be involved in the

CLV signaling pathway and may interact with CLV2. CRN

was first isolated as a suppressor of the short-root phenotype

resulting from over-expression of CLE19 (Müller et al.

2008; Miwa et al. 2008). The crn/clv2 double mutant shows

a similar phenotype to that from each of the single mutants,

Fig. 5 The short-root

phenotype caused by treatments

with either the CLE14 or

CLE20 peptides in vitro cannot

be rescued by combined

application of various

concentrations of the

phytohormones, IAA or 6-BA.

Root lengths in mm (a), and the

numbers of the cells undergoing

cell division in the RAM (b) of

7-day-old BJ3 seedlings grown

in a control medium (MS), or on

medium containing 0.1/0.5 lM

of CLE14 or CLE20, plus a

specified concentration of IAA

or 6-BA. c Morphological

images of the 7-day-old BJ3

seedlings grown on a control

medium (MS), or on a medium

containing 0.5 lM of CLE14 or

CLE20, plus a specified

concentration of IAA or 6-BA.

The concentrations of IAA and

6-BA are in nanomoles (nM)

(a–c). Bar = 5 mm (c)

Fig. 6 Twenty-day-old seedlings over-expressing CLE14 [CLE14-ox

(a)], CLE20 [CLE20-ox (b)], CLE1 [CLE1-ox (c)], or the non-

transgenic wild-type Arabidopsis Col plants [WT Col (d)], grown on

media containing 0.0 lM (top panel), 0.1 lM (middle panel), or

0.5 lM (bottom panel) of 6-BA. Bar = 5 mm
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whereas the crn/clv1 double mutant has more severe phe-

notypes than that from either of the single mutants. These

results imply that CRN and CLV2 may act in the same

pathway, whereas the CRN and CLV1 might act in parallel

(Müller et al. 2008). Moreover, both sol2 and clv2 single

mutants show a similar resistance to 26 different synthetic

12-amino-acid CLE peptides, including CLE14 and CLE20

peptides in roots, thereby suggesting that CRN and CLV2

are required for the CLE peptide functions, and that CRN

may interact with CLV2 to regulate the RAM activity

(Miwa et al. 2008; Müller et al. 2008). Finally, using firefly

luciferase complementation imaging (LCI) and co-immu-

noprecipitation assays, Zhu et al. (2010) demonstrated that

CLV2 did not interact with CLV1, but directly interacted

with CRN in the absence of CLV3, whereas CLV1 could

interact with the heterodimer of CLV2 and CRN (Zhu et al.

2010). Bleckmann et al. (2010) have convincingly demon-

strated that CLV1 did not interact with CLV2, but interacted

with the CRN/CLV2 heteromer. Both CRN and CLV1

could form a homodimer, and their self-interactions are

CLV3 independent (Bleckmann et al. 2010). Bleckmann

et al. (2010) further proposed that CLV1 homodimers and

CLV2/CRN heterotetramers coexist at the plasma mem-

brane of the stem cells in the SAM.

In contrast to CLV2, which encodes a LRR receptor

protein lacking a functional kinase domain, CRN, a recep-

tor-like kinase, has only a 29-amino-acid ectodomain. It is

thus unlikely that either CLV2 or CRN, alone, can mediate

cellular signal transduction, but together they may form a

functional receptor kinase. Our docking models show that

the ectodomain of CRN binds tightly to the C-terminus of

the extra-cellular receptor region of CLV2 (Fig. 1r, white

arrows). Moreover, the binding of the ectodomain of CRN

with CLV2 appears to increase the possibility of interaction

between CLV2 and CLV1 (Fig. 1v, white arrows). The

ectodomain of CNR appears to fill the gap and support the

interaction between CLV1 and CLV2 (Fig. 1v). Further-

more, our results also show that the potential heterotetramer

complex of CLV2-CRN is able to dock with the 12- or

13-amino-acid CLV3 peptide (Fig. 1u), and also dock

with the 12-amino-acid CLE14/CLE19/CLE20 peptides

(Fig. 1w–y), suggesting a potential interaction between

CLV2 and CRN, and these CLE peptides.

Endogenous CLE14 and CLE20 may regulate cell

differentiation outside the meristem niche

CLE peptides have been shown to negatively regulate stem

cell fates in the SAM and/or RAM (Strabala et al. 2006;

Meng et al. 2010a). In contrast to CLV3 that expresses in

the stem cells of the SAM, CLE40 expresses in differen-

tiated cells and promotes differentiation of stem cells in the

RAM by restricting WOX5 expression (Stahl et al. 2009).

Using a GFP translational fusion reporter system we show

that CLE14 and CLE20 express specifically in differenti-

ating cells of roots. For example, CLE14 was found to

express in the epidermis of roots, including the root cap

and root hairs (Fig. 2a–c), whereas CLE20 expression is

found in the protoxylem of the mature primary roots

(Fig. 2e–g). Consistently, early differentiation of the root

hairs and vascular tissue has been observed in Arabidopsis

plants over-expressing CLE14 and CLE20, respectively

(Fig. 4b, c). These results imply that CLE14 and CLE20

may promote cell (e.g., epidermis and vascular tissue)

differentiation beyond the RAM in roots.

CLE14 and CLE20 peptides irreversibly inhibit root

growth by reducing cell division rates,

but do not change QC identity in the RAM

Our results demonstrate that the short-root phenotype

caused by CLE14/CLE20 peptide treatment is due to a

remarkable reduction in the cell division rate, but not to a

reduction in cell elongation in the RAM of Arabidopsis

roots (Fig. 3a–d). Fully differentiated plant cells generally

cannot divide or produce cells of a different type unless

they are caused to de-differentiate by specific, and strong

stimuli, e.g., by an induction with proper concentrations of

plant hormones (auxin and cytokinin). The identity and

activity of the QC are crucial for the RAM maintenance,

and the capability of a cell in the RAM to divide and to

differentiate appears to depend on its distance from the QC

(van den Berg et al. 1997; Sabatini et al. 2003). A failure in

maintenance of the RAM activities and root growth

therefore could be due to the loss of stem cell niche

specification, which may be caused by the loss of the

identities of, and/or activities in the QC (van den Berg et al.

1997; Sabatini et al. 2003), or only due to the temporal

suppression of cell division in the RAM. In the first case,

the loss of the RAM activity can be permanent, while, in

the second case the RAM activity may be restored upon

removal of the inhibition factors. It might be suggested that

mitotic activity of the RAM should be able to resume

following removal of the CLE peptides, assuming the

specification of the QC remains. However, our results

demonstrate that the growth and mitotic activity of the

RAM generally cannot be restored after removal of the

CLE peptides (Fig. 3e–n), suggesting a permanent loss of

cell division capability in the RAM of these plants.

A loss of stem cell niche specification may be a conse-

quence of a loss of either QC identity or a lack of the QC

activity (van den Berg et al. 1997; Sabatini et al. 2003). In

the first case, a loss of the expression of QC markers would

be expected. However, the results from using three QC

markers: QC25 (Sabatini et al. 2003), WOX5 (Sarkar et al.

2007), and DR5 (Ulmasov et al. 1997), show that CLE
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peptide treatment does not result in a loss of the QC identity

in these Arabidopsis marker lines (Fig. 4d–l). These results

would suggest that the permanent loss of meristem activity

in the RAM induced by the CLE peptide treatment is not

due to the loss of QC identity, but could be caused by lack of

some other QC-related activity in the RAM.

Cytokinin may influence CLE14/CLE20 functions

by affecting the processing of CLE peptides in vivo,

resulting in a change in the availability and/

or abundance of CLE14/CLE20 peptides in planta

Auxin participates in a range of developmental processes,

including cell-fate specification, cell division, cell expan-

sion, and initiation of root growth. Cytokinin is implicated in

the control of cell division in the SAM, but promotes cell

differentiation in the RAM (Meng et al. 2010c). Our results

reveal that the inhibitive effects of the mature CLE peptide

treatments on the roots are likely epistatic, or independent of

auxin or cytokinin. The short-root phenotype induced by the

exogenous application of the CLE14 or CLE20 peptide

cannot be overcome by IAA or 6-BA treatments (Fig. 5).

Although the cytokinin 6-BA does not rescue the root phe-

notype that is induced by exogenous application of CLE

peptides, 6-BA partially releases the short-root phenotype

caused by over-expression of CLE14 or CLE20 in planta

(Fig. 6). These results therefore suggest that this rescue by

cytokinin can only overcome the CLE14/CLE20 inhibitory

effects that occur endogenously in plants. The results thus

imply that cytokinin may influence CLE14/CLE20 func-

tions by affecting the processing of CLE peptides in vivo,

resulting in a change in the availability and/or abundance of

CLE14/CLE20 peptides. Moreover, because plants over-

expressing CLE14/CLE20 are resistant to 6-BA, with no

additional inhibition to root length, this suggests that in these

over-expressing lines that cytokinin is unable to promote

cell differentiation in the RAM. This contrasts with the

described short-root type phenotype reported for cytokinin-

treated roots (Dello Ioio et al. 2007), and with our results

showing that 0.1 or 0.5 lM of 6-BA significantly inhibits

root growth in the plants over-expressing CLE1 (Fig. 6c), or

in the wild-type Arabidopsis plants (Fig. 6d). [Note that

over-expression of CLE1 does not affect root growth

(Fig. 6c, top panel with no 6-BA; Meng et al. 2010a).] These

results thus reveal an antagonistic relationship between CLE

proteins and phytohormone cytokinin in vivo.

In summary, our 3D structure prediction and dock

modeling results demonstrate that the mature CLV3 pep-

tide may function as both 12- and 13-amino-acid peptides,

and that both CLV3 peptides could interact with the

homodimer of CLV1 or with the heterodimer/hetero-

tetramer CLV2-CRN complex. Our results also suggest

that 12-amino-acid CLE14/CLE20 peptides may function

through the potential heterodimer/heterotetramer CLV2-

CRN complex. Furthermore, we show that both CLE14 and

CLE20 peptides inhibit, irreversibly, root growth by

reducing cell division rates in the RAM, and we suggest

that CLE14/CLE20 peptides may promote cell differenti-

ation in roots outside of the RAM. The availabilities and/or

abundances of CLE14/CLE20 may be affected post-trans-

lationally through the regulation of the processing of CLE

peptides, and this may involve cytokinin activity in planta.

Our results provide new evidence and insights towards

understanding the molecular basis of the CLE peptide-

signaling pathway in plant meristem activity and, more

broadly, in Arabidopsis development.
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