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Abstract 
 

CLE (CLAVATA3/ESR-like) Peptides: Roles in Cell Signaling and Stem cell 
Homeostasis in Arabidopsis 

 

By 

Ling Meng 

 

Doctor of Philosophy  

in 

In Agricultural and Environmental Chemistry 

 

University of California, Berkeley 

 

Professor Lewis J. Feldman, Chair 

 
 

 CLE (CLV3/ESR-like) genes share a putative N-terminal signal peptide and a conserved C-

terminal 14-amino-acid CLE motif, from which, recent studies suggest, a new family of 12-

amino-acid plant peptide hormones is derived.  Using computational approaches, for the first 

time, the 3D structures of 12-amino-acid CLV3 peptide and CLV1 and CLV2 receptors, and 

their interacting models were predicted in this study. The putative interacting partners for some 

CLE peptides were also inferred using statistic machine learning methods. The results from 

over-expression of some CLE genes suggest that CLE proteins function in a tissue-specific 

manner. This leads to the question of which region(s) of the CLE sequence determine its 

functional tissue specificities in planta. Using domain swapping and deletion my results suggest 

that the CLE motif likely determines much of the functional tissue-specificity of the proteins. 

However, the results also support a view that sequences outside the CLE motif contribute to 

CLE function, and show that the CLE signal peptides are required for the entrance of CLE 

proteins into the secretory pathway and for their functionalities in vivo. But what role, if any, 

does the variable domain play? Due to probable proteolytic separation, use of a gene-tag system 

such as GFP may only indicate the sub-cellular localizations of CLE proproteins. Nevertheless, 

the cleaved tags may indicate where the processing of CLE peptides takes place. Using GFP-

tagged and domain swapping, my results show that neither the CLE motif nor the CLE signal 

peptide controls the localization of the GFP signals of the CLE proteins. Rather, the results show 

that the variable region determines the localization, implying that the variable region influences 

where the CLE-GFP is processed. These results further imply that the CLE motif itself may 

determine its functional tissue-specificity by dictating the direct interaction of each CLE peptide 
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with its optimal receptor(s), whereas the receptor(s) may be available in a tissue-specific 

manner. On the other hand, the sequences outside the CLE motif may influence CLE function by 

affecting the processing of CLE peptides, resulting in a change in the availability of CLE 

peptides in specific tissues and/or cells. 

Subsequently, my studies on the CLE family focused on CLE14 and CLE20, because over-

expression of CLE14/CLE20 caused strong short-root phenotypes. Using CLE promoter and 

GFP translational fusions, CLE14 and CLE20 were found to be expressed in highly specific 

domains. Both CLE14 and CLE20 peptides inhibit irreversibly root growth by reducing cell 

division rates in the RAM. Intriguingly, it was found that exogenous application of cytokinin, 

but not auxin was able to partially rescue the short-root phenotype induced by over-expression of 

CLE14/CLE20 in planta, but there was no rescue by in vitro application of the synthesized CLE 

peptide, suggesting a requirement for a condition provided only by the living plants. The results 

imply that cytokinin may influence the CLE functions by affecting the processing of CLE 

peptides in vivo, resulting in a change in the availability and/or abundance of CLE peptides. 

Gain-of-function analysis provides important insights into understanding the function of 

different CLE sequence regions. However, the gain-of-function analysis cannot truly reveal the 

in vivo function of the CLE peptides, as the activity of a given CLE member depends on its 

availability, which is tightly restricted in a spatial and temporal manner. To explore the in vivo 

functional nature of CLE14 and CLE20, efforts were made to isolate loss-of-function mutants 

for CLE14/CLE20. Unfortunately, this effort by screening the T-DNA insertion lines, and using 

the RNAi silencing approach did not result in the identification of any loss-of-function mutants 

for CLE14 and CLE20. This result may be explained by the fact that CLE genes have a small 

coding region with a low expression level, and thus may be less likely to be the targets for T-

DNA insertion or for the RNAi silencing mechanism. 

To date, except for CLV1, CLV2, and the recently identified CORYNE receptor kinase, no 

other signal receptor has been associated with any other CLE peptide ligands. Furthermore, 

except for the signal perception mediated by CLV1-3 complex at the cell surface, other cellular 

components involved in CLAVATA-CLE signaling transduction pathways remain largely 

unknown. Thus identification of novel corresponding receptors for the distinct CLE peptide 

ligands, and/or other interacting partners or downstream components will significantly advance 

our understanding of CLE signal transduction and stem cell homeostasis in plants. To identify 

such components I screened for the suppressors of the short-root phenotype caused by over-

expressing CLE14/CLE20 using EMS mutagenesis and attempted to isolate the corresponding 

gene(s) using the Illumina sequencing approach. Seven such suppressor lines showing resistance 

to the application of the CLE peptides were isolated, and 35 candidate loci were obtained from 

Illumina sequencing of one suppressor (M-59). Further identification and confirmation of the 

mutation loci are underway.  

In addition, I identified in Arabidopsis a CLE-like putative peptide family, which 

shares an overall similar domain structure with the CLE family, e.g., a N-terminal 

putative signal peptide, a variable region in the middle, and a conserved 13-amino-acid 

C-terminal CLE-like motif. Exogenous application of a synthetic 12-/13-amino-acid 

peptide derived from the CLE-like motif of this family caused wavy roots. Similar 

phenotypes were observed when the full-length sequences of two CLE-like genes are 
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over-expressed individually in the Arabidopsis plants. The finding of a CLE-like family 

in Arabidopsis opens a new avenue for studies of cell signaling, root growth and 

development.  

Finally, I isolated a loss-of-function phenotype for a membrane-associated thioredoxin (Trx 

h9) characterized by dwarf plants with shortened root meristems and small yellowish leaves. Trx 

h9 was found to be able to move from cell to cell. Mutagenesis analysis demonstrated that 

glycine at position 2 (Gly
2
) was required for its membrane binding, possibly via myristoylation. 

Both Gly
2
 and a cysteine in position 4 (Cys

4
) were needed for the movement, the latter 

seemingly for protein structure and palmitoylation. These results extend the known boundaries 

of thioredoxin and suggest a role in cell-to-cell communication in plant growth and specifically 

in root meristem development.   

The results from this study provide new evidences and insights towards understanding the 

molecular basis of the cell signaling in plant meristem activity and development in Arabidopsis. 



 i 

Introduction: Towards a molecular understanding of plant meristems and plant   development  

 

Stem cells are undifferentiated cells with the capacity for self-renewal and the ability to 

give rise to fully differentiated cells. Cell fate is thought to be largely determined by the spatial 

positioning of cues (pattern formation) within a morphogenetic field during critical time periods 

– not by cell lineage via inherited cues (Scheres, 2001). Because plant cells are immobile and 

fixed in position, stem cells comprising the niche exhibit particular characteristics. Plant 

meristems define a region of cells where the cells have the capacity for divisions, thus 

continuously producing the plant body organs, including leaves, stem tissues, flowers, and roots. 

The primary plant stem cell niches reside in the shoot apical meristem (SAM) and the root apical 

meristem (RAM), which are formed during embryogenesis at the embryonic shoot and root tip. 

The stem cells produce daughter cells continuously by asymmetrical divisions: the daughter cells 

move away from the niche and either form a transit-amplifying cell population (TA cells) in 

which extra rounds of rapid cell division take place, such as the cells in the peripheral zone (PZ) 

in the shoot apical meristem and the proximal meristem (PM) in the root apical meristem, or 

differentiate immediately, e.g. columella cells in root tips (Scheres, 2007).  

Based on histological and anatomical analyses, the SAM can be subdivided into three 

distinct radial layers (L1, L2 and L3) and zones [peripheral (PZ), central (CZ) and rib (RZ)]. L1 

and L2 cells form the tunica, dividing exclusively in an anticlinal manner to maintain the tunica 

layer. L3 cells, constituting the corpus tissue, divide both anticlinally and periclinally. The L1 

layer gives rise to the epidermis, L2 to mesophyll cells that provide germ line cells that form 

gametes, and L3 cells which form the central tissues of the leaf and stem. Lateral organs 

originate from the PZ; stem tissue derives from the RZ. The CZ holds the stem cell pool that 

continuously replenishes itself and cells in the PZ and RZ (Kwiatkowska, 2008). In the SAM at 

least two cell types comprise the niche; “true” stem cells, that in Arabidopsis map to the central 

zone of the top most layers (L1, L2 and L3), and cells of the organizing center (OC), directly 

beneath the stem cells in the RZ. 

In the Arabidopsis 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 quiescent center 

function as the stem cells. The size and the number of stem cells in the SAM/RAM appear 

generally constant, suggesting that the continuous process of cell division and differentiation of 

daughter cells into organ primordia appears to be well-balanced. In both roots and shoots direct 

contact between these two cell populations suggest the possibility of local signals moving 

between the cells of the QC/OC and the stem cells. Indeed, this is now known to be the case. In 

roots, the stem cell identification largely depends on the QC, which positions the stem cell niche. 

Ablation of either the stem cells or the QC cells leads to profound changes in the undamaged 

contacting cells. If one or more QC cells are destroyed the adjacent stem cells cease dividing and 

differentiate, suggesting that a signal originating in the QC maintains the contacting initials as 

stem cells.  

 Intercellular communication is critical in controlling meristem organization and 

maintenance, as well as cell-fate specification (Williams et al., 2005). Genetic and molecular 

analyses of plant meristem development have led to identification of genes and factors critical to 

this process. 
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CLV-WUS signal transduction pathway regulating meristem activity 

Plant shoot development from the SAM depends on correct cell-fate determination and 

maintenance of a proper stem cell pool and specification of organ (leaf) founder cells from the 

PZ where lateral organs arise. Spatial specification of stem cells is thus critical to proper shoot 

meristem activity and development. Local signaling to maintain stem cells in the SAM in 

Arabidopsis involves the CLAVATA-WUSCHEL (CLV-WUS) signal transduction pathway. 

WUS, a homeodomain transcription factor, acts non-cell autonomously to promote stem cell fate. 

WUS is first expressed at the 16-cell stage in subepidermal cells of the SAM but ultimately 

becomes limited to a few central cells of the RZ in the OC (Mayer et al., 1998). In wus mutants, 

shoot meristem development stops after the first few leaves, resulting in bushy plants (Laux et 

al., 1996). Ectopic WUS expression in roots induces shoot meristems and organs, such as leaves 

(Gallois et al., 2004). Thus, WUS is sufficient for establishing stem cell niches with shoot 

meristem identity and can maintain stem cells in the CZ of the SAM. Moreover, WUS induces 

expression of CLAVATA3 (CLV3), which encodes a small extra-cellular signal ligand (Fletcher, 

1999) that is present in stem cells of the CZ. CLV3 is secreted from the L1 and L2 toward 

interior stem cells of the CZ to directly interact with CLAVATA 1 (CLV1) (Ogawa et al., 2008), 

a leucine-rich repeat (LRR) receptor kinase (Clark et al., 1997) that forms a heterodimeric 

complex with CLAVATA 2 (CLV2) to suppress WUS expression. This feedback regulation 

allows the SAM to balance stem cells in the CZ with the cells in the PZ. Loss-of-function CLV1, 

CLV2 or CLV3 mutations result in expanded WUS expression, enlarged shoot and floral 

meristems, and flowers that contain extra organs (Clark et al., 1997). Conversely, over-

expression of CLV3 causes loss of WUS expression and premature shoot and floral meristem 

termination, showing that interaction between secreted CLV3 and the CLV1/CLV2 receptor 

complex limits the size of the WUS expression domain and thus the size of meristem. The 

CLV3/WUS signaling pathway forms a spatial, negative feedback loop that controls stem cell 

homeostasis in shoot and floral meristems [for review, see Williams et al., (2005)].  

More than 40 CLV3/ESR (Embryo Surrounding Region)-related (CLE) proteins have 

been identified in plants and plant-parasitic nematodes. The CLE family encodes small, putative 

signal ligands with a conserved 14-amino acid motif at the C-terminus and a signal peptide at the 

N-terminus, while the sequence between the two ends is highly variable (Cock et al., 2001). A 

predominant ectopic expression phenotype for some CLE genes is premature SAM/RAM 

termination (Strabala et al., 2006). Of note, a 12-amino-acid modified peptide derived from the 

CLE motif was observed in transgenic Arabidopsis callus over-expressing CLV3 (Kondo et al., 

2006). Moreover, a modified 12-amino-acid TDIF (tracheary element differentiation inhibitory 

factor) peptide identical to the CLE motifs of Arabidopsis CLE41 and CLE44 could be extracted 

from cultured Zinnia (Zinnia elegans) mesophyll cells, and when reapplied to the culture 

medium inhibited mesophyll cell differentiation (Ito et al. 2006). TDIF was found to be 

synthesized in the phloem and secreted into its neighboring cells, and capable of promoting 

proliferation of procambial cells while suppressing xylem differentiation (Ito et al., 2008). 

Exogenous application of synthetic 12-amino-acid peptides derived from the CLE motifs of 

many Arabidopsis CLE genes also caused either root meristem consumption or suppressed 

Zinnia mesophyll cell differentiation (Ito et al. 2006). Taken together, these results suggest that 
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CLEs act as a 12-amino-acid peptide signal hormone ligand and regulate meristem activity in 

plants. 

WUS-related homeobox, termed WOX genes have been identified in Arabidopsis. Of 

these genes, WOX5 is shown to express exclusively in the QC in Arabidopsis roots, and is 

required for the specification of the QC and for RAM activity (Sakar et al, 2007). Several CLE 

genes have also been shown to express in the root (Sharma et al, 2003). Moreover, a phenotype 

of pre-mature termination of the root meristem has been reported for several CLE genes, when 

ectopically expressed (Strabala et al, 2006). These results therefore suggest that a CLV-WUS-

like signaling feedback loop may operate in root tips to regulate the homeostasis of stem cells 

and root meristem development in Arabidopsis. 

Besides the WUS-CLV pathways, other genes are involved in plant meristem 

development and maintenance. STM, distantly related to WUS, is the first KNOX gene shown to 

have recessive loss-of-function phenotypes in Arabidopsis (Long et al., 1996). STM expression, 

required to maintain all shoot meristems, is restricted to the SAM, starting in the embryo in a 

single apical cell at the late globular stage (Long et al., 1998). Loss-of-function mutations of 

STM result in premature termination of the SAM (Long et al., 1996). STM, together with the 

CLV-WUS signaling feedback loop acts to maintain SAM activity by preventing meristematic 

cells from developing organ (leaf) specific cell fates (Byrne et al., 2002). Moreover, CUP-

SHAPED COTYLEDON1 (CUC1) and CUC2 are also essential for the SAM establishment and 

in forming boundaries between meristems and adjacent organs. Both CUC1 and CUC2, which 

are expressed in a strip of cells at the apex of the globular-stage embryo, are involved in 

embryonic meristem formation and cotyledon separation (Aida et al., 1997; Takada et al., 2001). 

Seedlings of the cuc1/cuc2 double mutant lack an embryonic shoot meristem, and the two 

cotyledons are fused along both edges to form a cup-shaped structure (Aida et al., 1997). CUC1 

and CUC2, thought to function upstream of STM, regulate SAM formation through 

transcriptional activation of STM [for review, see Fletcher et al. (2000)].  

In roots the specification of stem cell niches have also been found to depend largely on 

two sets of genes, SHORTROOT (SHR) and SCARECROW (SCR), and on PLETHORA1 

(PLT1) and PLETHORA2 (PLT2).  SHR and SCR, two members GRAS family of putative 

transcription factors, play important roles in the QC activity and in root radial patterning in 

Arabidopsis (Di Laurenzio et al., 1996; Helariutta et al., 2000; Wysocka-Diller et al., 2000; 

Sabatini et al., 2003). The SHR gene is transcribed exclusively in the provascular tissue of the 

root tips and in which SHR protein mainly localizes in cytoplasm. SHR has been found to able to 

move outward from the provascular tissue into the adjacent endodermis layer including the QC 

cells, and in which SHR translocated into nucleus to promote SCR expression in these cells 

(Helariutta et al., 2000; Nakajima et al., 2001). SCR was first identified by its role in controlling 

root radial patterning (Di Laurenzio et al. 1996; Wysocka-Diller et al., 2000). Subsequently, SCR 

was found to act in a cell-autonomous manner and to be required for distal activity of the QC, 

which in turn promotes stem cell fate of the contacting cells (Sabatini et al., 2003). As SHR and 

SCR specify the identity of the endodermis and are required for QC activity in the roots, they are 

necessary, but not sufficient to define the specific position of the stem cell niche. 

Aida et al. (2004) subsequently identified the PLETHORA1 (PLT1) and PLETHORA2 

(PLT2) genes, which are essential for the QC specification and stem cell activity. PLT1 and 
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PLT2 encode two AP2 class putative transcription factors and express in the basal region of 

embryos that gives rise to hypocotyl, root, and root stem cells as early as at the octant stage. 

During embryo development PLT1 expression becomes restricted to the distal part of the 

embryonic root, including the QC and the adjacent stem cells. PLT2 shows a similar expression 

pattern, but also shows a more expanded expression domain laterally to ground tissue cells, 

compared to that shown by PLT1. PLT1 and PLT2 function redundantly and are required for 

distal cell division and patterning in root tips. Ectopic expression of PLT genes induces ectopic 

stem cell niches and homeotic transformation of embryonic apical region to root and hypocotyl 

identities. Thus, the PLT genes play key roles in specification of the QC and are sufficient for 

establishment of the stem cell niche during embryonic development, and act parallel with the 

radial expressed SCR and SHR to specify the stem cell niche and radical patterning in root tips in 

Arabidopsis (Aida et al., 2004). 

 

Phytohormones regulating meristem development 

In addition to genetic factors, phytohormones, e.g., auxin and cytokinin (CK) play major 

roles in controlling plant development. During in vitro culture an excess of CK over auxin 

promotes shoot formation in callus, while auxin excess induces root formation (Skoog et al., 

1957). Evidence suggests that differentially distributed hormone activities across the meristem 

seem to be linked to basic aspects of meristem activity and development (Veit, 2009).  

CKs play crucial roles in plant development, i.e., promoting cell division, shoot meristem 

initiation, root and vasculature patterning, chloroplast biogenesis and photo-morphogenesis. 

Besides inducing shoot meristems from callus during in vitro culture, high levels of CK relative 

to auxin in the shoot apex are required for SAM function. This was first noted in the Arabidopsis 

amp1 (altered meristem program1) mutants, which have higher than normal CK levels, an 

enlarged SAM, and increased cell proliferation and cyclin cycD3 expression (Helliwell et al., 

2001). Another clue about the role of CK in shoot meristem development is the rice gene, Lonely 

Guy (LOG), which encodes a novel CK-activating enzyme, the final step in bioactive CK 

synthesis; loss-of-function LOG causes premature termination of the shoot meristem. LOG is 

expressed specifically in the shoot apex, suggesting specific activation of CKs as a mechanism to 

regulate SAM function (Kurakawa et al., 2007). Other studies suggest that decreasing CK by 

over-expressing CK oxidases reduces meristem size and sometimes causes meristem termination 

(Werner et al., 2003).  

The CK response involves multiple steps involving two-component circuitry through a 

histidine and aspartate phosphorelay-signaling pathway. Two-component AHKs (Arabidopsis 

histidine protein kinases) contain a variable CK sensor and a conserved histidine kinase domain 

that acts as a CK receptor. AHPs (Arabidopsis histidine phosphortransfer proteins) act as 

signaling shuttles between CK receptors and downstream nuclear responses and are translocated 

to the nucleus upon phosphorylation by an activated AHK, thus relaying the phosphate to ARRs 

(Arabidopsis response regulators), which regulate a transcriptional network that controls plant 

responses (Kakimoto, 2003). ARRs are classified based on structure and CK-inducible 

expression patterns into two subtypes, A and B (Imamura et al., 1999). Upon activation, nuclear 

B-types function as transcriptional factors, activating target gene transcription, including A type 
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ARRs (Hwang et al., 2001). Conversely, CK-inducible A-types repress CK signaling, and thus 

may act as negative regulators of CK response in a negative-feedback loop.  

A direct link was identified between WUS and CK signaling that induces stem cell 

identity. WUS directly represses expression of several CK-inducible type A ARRs, which act in 

a negative feedback loop of CK signaling in the SAM (Leibfried et al., 2005). ARR7 expression 

is limited specifically to the PZ and WUS and was shown to bind upstream of the ARR7 

transcription start site. Ectopic activation of ARR7 causes a wus loss-of-function phenotype. A 

mutant arr7 allele causes formation of aberrant SAMs; a loss-of-function mutation in a maize 

ARR homolog resulted in enlarged meristems. 

Auxin, being central to many aspects of plant development, is produced primarily in 

young leaves and primordia and is transported to sites where it functions. Auxin controls plant 

development through gradients and maxima established by auxin efflux carriers, i.e., the PIN 

(PINFORMED) family that drives polar auxin transport that maximizes in leaf primordia on the 

flank of the SAM, thus aiding lateral organ formation (Gälweiler et al., 1998). Loss-of-function 

mutations of PIN1, or chemical treatment with an auxin transport inhibitor that causes loss of 

auxin gradients and maxima, blocks lateral organ formation (Benkova et al., 2003; Scanlon, 

2003). The block can be overcome by exogenous auxin, which restores leaf formation at the 

application site (Reinhardt et al., 2000; Reinhardt et al., 2003). The SAMs have a gradient of 

auxin concentration with high levels at the PZ, decreasing toward the CZ. Differential auxin 

distribution is regulated by the influence of CK on cell-to-cell polar auxin transport by altering 

expression of several PIN proteins (Pernisov´a et al., 2009) 

The auxin maximum in root tips is associated with the QC and stem cell specification. 

During embryogenesis an auxin maximum is formed and maintained in the distal region of the 

embryos (Sabatini et al., 1999). Disruption of the auxin maximum results in root patterning 

defects and loss in the maintenance of the root meristem, whereas exogenous applications of 

auxin induces ectopic QC and stem cell niche formation (Sabatini et al., 1999; Friml et al., 

2002). As auxin efflux carriers, PIN proteins have been shown play a central role in auxin 

distribution and cell division in roots. The PLETHORA (PLT) genes are up-regulated in response 

to auxin accumulation and are dependent on auxin response transcription factors (Aida, 2004). A 

joint action of the five PIN proteins was been found in the control of root patterning and 

meristem activity by restricting the auxin maximum and the expression domains of the PLT 

genes. In turn, PLT proteins are required for PIN gene expressions and consequently for the 

stabilization of the auxin maximum in the distal region of root tips (Blilou et al., 2005).  

In contrast to its function in the SAM, in roots CK was reported act as a negative 

regulator for the cell division. Decreasing CK levels by over-expressing CK oxidases leads to a 

long-root phenotype (Werner et al., 2003). CKs have been shown control the rate of cell 

differentiation in the root meristem via a two-component receptor-signaling pathway (Dello Ioio 

et al., 2007). ARR1, a B-type ARR and CK-response transcriptional factor, has been found to 

activate SHY2/IAA3 (SHY2) gene expression. SHY2 is an auxin response factor and a repressor 

of the auxin response signaling pathway. SHY2 represses the PIN gene expressions. CK 

accumulation in root tips may therefore lead to auxin redistribution and disrupting auxin 

maximum in the distal region of the root meristem, and thus promotes cell differentiation. 

Conversely, auxin induces the SHY2 degradation, thus promoting PIN gene expressions and 



 vi

auxin polar transportation and accumulation. These results suggest that SHY2 plays key roles in 

balancing the rates of cell differentiation and division as a result, in response to a combining of 

the effects between CK and auxin (Dello Ioio et al. 2008). 

 

Regulation of cell cycle during plant development 

The mitotic cell division cycle consists of four sequential phases, Gap phase 1 (G1), 

DNA synthetic phase (S), Gap phase 2 (G2) and mitosis (M). G1 intercedes between M and entry 

into the next S phase; G2 separates S from M phases. Cells in G2 contain double the genetic 

material compared to cells in G1. The gaps are regulatory points for cell division cycle controls 

that respond to variable internal developmental and external environmental factors (Dewitte et 

al., 2003). An alternative cell cycle that occurs in some plant cells, the endocycle (DNA 

replication without mitosis), involves repeated S and G phases without subsequent mitosis, 

resulting in endopolyploidy. For example, Arabidopsis trichomes have 32C DNA content versus 

2C for diploid cells (Melaragno et al., 1993). Cell division has been suggested to be a principal 

determinant of meristem activity and overall growth rate; modulation of plant cell growth rate is 

mainly achieved through regulation of G1-to-S phase transition (Cockcroft et al., 2000). 

As with all eukaryotes, the cell division cycle in plants is directly controlled by Ser/Thr 

kinases, i.e., cyclin-dependent kinase (CDK) complexes, which contain a catalytic CDK subunit, 

a regulatory cyclin subunit – either activating or inhibiting – and scaffolding proteins. Cell status 

is controlled by overall levels of CDK activity. The activity of the catalytic CDK subunit, which 

depends on binding of regulatory proteins or cyclins, is responsible for recognizing and 

phosphorylating a target motif present in substrate proteins; regulatory cyclins can discriminate 

between distinct protein substrates. Different CDK-cyclin complexes phosphorylate numerous 

substrates at the G1-to-S and G2-to-M transitions, triggering DNA replication and mitosis, 

respectively, to regulate the cell division cycle (Dewitte et al., 2003; Menges et al., 2005; Shaul, 

1996). 

To maintain normal organization and activity of a meristem during plant development 

cell division must be tightly controlled by machinery that regulates the cell cycle, and is linked 

directly to meristem activity. Upstream signaling components of the cell cycle are less well 

characterized but appear to involve exogenous signals like phytohormones (particularly, CK and 

auxin), sugars and stress. Cell cycle regulation involves transcriptional activation of D type 

cyclin genes. CK activates cell division through induction of CycD3 at the G1-to-S transition 

(Riou-Khamlichi et al., 1999). CycD3, elevated in a mutant with high CK levels, was rapidly 

induced by CK application in both cell cultures and whole plants. Constitutive expression of 

CycD3 in transgenic plants leads to induction and maintenance of cell division without 

exogenous CK addition. Auxin is also thought to promote cell cycle activity by triggering 

degradation of inhibitory proteins that induce expression of genes involved in G1-to- S and G2-

to-M transitions (Blilou et al., 2002; Hartig et al., 2006). In plants, Myb proteins control G2-to-

M transition by activating or repressing transcription of several G2-to-M phase-specific genes. 

MYB3R1 and MYB3R4 play partially redundant roles in positively regulating cell division. 

Double mutants of myb3r1/myb3r4 often fail to complete cell division, which correlates with 

transcript reduction from several G2-to-M phase-specific genes (Haga et al., 2007). A Myb-
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related cell-division-cycle transcription factor, AtCDC5, may be essential for G2-to-M transition, 

and may regulate SAM activity by controlling expression from STM and WUS (Lin et al., 2007). 

 

 Redox signaling regulates plant meristem activity and development 

Redox status and signaling pathways are involved in many aspects of plant growth and 

development and in stress responses. Cellular redox levels are believed to be regulated by the 

NADPH-dependent thioredoxin system (NTS), and by NADPH-dependent 

glutathione/glutaredoxin system (NGS). Thioredoxins (TRXs) and glutaredoxins (GRXs) are 

small, ubiquitous proteins catalyzing thiol-disulfide interchange of the target proteins, and thus 

likely regulate the redox environment of the cell (Arnér and Holmgren, 2000; Buchanan and 

Balmer, 2005; Rouhier et al., 2008; Montrichard et al., 2009). TRX and GRX are in turn reduced 

by NADPH-dependent thioredoxin reductase or glutathione, respectively (Holmgren, 1989). 

Evidence has suggested that redox status is a key regulator in plant meristem activity and 

development. rml1 (rootmeristemless 1), a mutant, contains low level of glutathione 

(approximately 5% of the wild type) that results from the partial inactivation of the first enzyme 

in glutathione biosynthesis. This mutant also lacks meristem activity in roots after germination 

(Vernoux, et al., 2000), whereas loss-of-function NTR in the double mutant ntra/ntrb, a mutant 

inactivated in both mitochondrial and cytosolic thioredoxin reductases, leads only to a subtle 

phenotype (Reichheld et al., 2007; Marty et al., 2009). However, the triple mutant of 

ntra/ntrb/rml1 shows that meristem activities in both root and shoot are dramatically reduced 

(Reichheld et al., 2007), suggesting important and overlapping functions of NGS and NTS 

systems in controlling plant meristem development (Reichheld et al., 2007). In addition, ROXY1 

and ROXY2, two closely CC-type glutaredoxin paralogs, were recently found to function in 

flower development (Xing et al., 2005; Xing and Zachgo, 2008; Li et al., 2009). The roxy1 single 

mutant shows abnormal petal development, while roxy1roxy2 double mutant exhibits 

abnormalities in both petal and anther developments. Moreover, a double trx1 trx2 mutant in 

yeast has been found to possess a low growth rate with a long S phase due to an insufficient 

dNTP synthesis in this mutant (Muller, 1991; Koc et al., 2006). 

 

 In summary, plant meristem development and maintenance involve a large number of 

genes and phytohormones that orchestrate a complicated and well-regulated process. Genetic and 
molecular analyses have led to the identification certain aspects of the molecular mechanisms 
involved. Several key regulatory genes were identified, e.g., WUSCHEL (WUS) (Laux et al., 

1996, Mayer et al., 1998), and CLAVATA 1-3 (CLV1-3) (Fletcher, 1999), SHOOT 

MERISTEMLESS (STM) (Long et al., 1996), and PLETHORA (PLT) (Aida, 2004), etc. in 

Arabidopsis. These studies also reveal that complex molecular interactions occur among these 

factors, and include phytohormones, signaling molecules, transcriptional factors, and cell cycle 

genes, and also regulation of cellular redox status during plant meristem development (Riou-

Khamlichi et al., 1999). Continued study is required to identify additional molecules and 

molecular events and pathways that involve and contribute to these processes.  

In view of molecular and genetic basis of plant meristem activity and development, 

discussed above, and to explore the roles CLE genes play in CLV-WUS-like signaling 

transduction pathways and homeostasis of stem cells, a computational analysis of CLE genes in 
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plants was first conducted. In an aim to understand how different regions of CLE sequence 

influence the CLE peptides functions, gain-of-function analysis, coupled with domain deletion 

and swapping and GFP-tagging of CLE genes were performed. In order to reveal the functional 

nature of CLE peptides I conducted an (unsuccessful) effort directed at isolating loss-of-function 

mutants of CLE 14 and CLE20. This work involved screening T-DNA insertion lines and using 

double-strand RNAi silencing approaches in Arabidopsis. To identify new genetic factors, which 

may be involved in the CLE signaling pathway, a screening for functional suppressors of CLE14 

and CLE20 was performed using EMS mutagenesis and Illumina sequencing approaches. 

Furthermore, a CLE-like putative signaling peptide family of ten members, characterized by a 

gain-of-function phenotype of wavy roots, was identified from Arabidopsis in this study. Finally, 

I identified a loss-of-function phenotype for a membrane-associated thioredoxin (Trx h9) 

characterized by dwarf plants with shortened root meristems and small yellowish leaves.  

The results from this study provide new evidences and insights towards understanding the 

molecular basis of the CLE signal peptide-signaling pathway in plant meristem activity 

and development in Arabidopsis. The finding of a CLE-like family opens a new avenue 

for studies of cell signaling, root growth and development. Furthermore, the results from 

Trx h9 extend the known boundaries of thioredoxin and suggest a role of thioredox in cell 

signaling and plant growth and root meristem development. 
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Chapter 1. Computational analysis of CLE family in plants 

 

Abstract  

 

Previously CLE genes have been identified from many plants, e.g. 32, 44 and one 
from Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), and moss (Physcomitrella 
patens), respectively. In this study, a homology search has retrieved all 32 Arabidopsis 
CLE genes, and 49 CLE genes with 54 distinct CLE motif from rice and six CLE genes 
from moss. To explore the functional relationship among CLE peptides a cluster analysis 
of these CLE peptides based on the sequence similarity of 12-amino-acid CLE peptides 
was subsequently conducted. To provide information towards an understanding of the 

interacting nature of CLV complex 3D structures for 12-amino-acid CLV3 peptide and 
CLV1 and CLV2 receptors, their interaction models were predicted using I-TASSER and 

a two-step procedure of PatchDock and FireDock services, respectively. Finally, the 
putative interacting partners for some CLE peptides in Arabidopsis were predicted using 
statistic machine learning approaches. These results provide starting-point for designing 
experiments directed at a functional analysis of CLE peptide family in Arabidopsis. 

  

Introduction 

 

CLE refers to CLV3/ ESR-related protein family (ESRs are Embryo Surrounding 

Region proteins from maize, which were the first identified homologs to CLV3). Many 

CLE genes have been identified from plants and plant-parasitic nematodes (Cook and 

McCormick, 2001; Wang, et al., 2003). To date 32
 
CLE genes has been reported in 

Arabidopsis (Oelkers et al, 2008), which can be grouped into three distinct functional 

groups: CLE1 to CLE7; CLE8 to CLE40, and CLE45; and CLE41 to CLE42, and CLE44 

(Strabala, et al., 2006, Ito et al, 2006). Over-expression of the first group of CLE genes 

i.e., CLE1 to CLE7 caused early termination of the shoot apical meristems (SAM), but 

not the root apical meristem (RAM). Exogenous application of a synthetic 12-amino-acid 

peptide from the CLE motif of the second CLE group i.e., CLE8 to CLE40, and CLE45 

induced termination of the RAM (Ito, et al, 2006). Conversely, the third group of CLE 

peptides i.e., CLE41 to CLE42, and CLE44 suppressed Zinnia (Zinnia elegans) 

mesophyll cell differentiation into tracheary element (Ito et al., 2006). These results 

suggest that CLE peptides may participate in various signal transduction pathways related 

to the distinct aspects of meristem activity in plants. Although CLE genes have been 

identified from many plants, including 44 from rice (Oryza sativa) and one from moss 

(Physcomitrella patens) (Oelkers et al., 2008), it may not be meaningful for a 

phylogenetic inference of this family since CLE genes share homology only in the 14-

amino-acid CLE motif, which may not contain enough information to support deducing a 

reliable evolutionary relationship of CLE genes (Floyd and Bowman, 2007). 

A common structural element of many plant cell-surface receptors is the extra-

cellular leucine-rich repeat (LRR) domain that is generally thought to mediate ligand 

perception (Kobe and Kajava, 2001). CLV3 is believed to act as a 12-amino-acid peptide 
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ligand which interacts with the heterodimeric receptor of CLV1 and CLV2, to regulate 

stem cell fates in Arabidopsis. Although biochemical evidence for the interaction of 

CLV3 peptide and CLV1 has been demonstrated (Ogawa, 2008), there is thus far no 

evidence for the interaction of CLV1 and CLV2, or CLV3 and CLV1 and CLV2. 

Furthermore, except for CLV1, CLV2, and the recently identified CORYNE receptor 

kinase (Müller et al. 2008) (designated SOL2 by Miwa et al., [2008]), the potential 

interacting partners, including the signal receptor kinases/proteins for each of CLE 

peptide signal transduction pathways, remain largely unknown. To discover the 

functional relationship among CLE signaling peptides, and cognizant of the limitations in 

the sequence homology of CLE family, a cluster analysis of the CLE peptides based on 

the sequence similarity of the 12-amino-acid CLE peptides in Arabidopsis, rice, and moss 

was performed. Subsequently, to provide information to assist in an understanding of the 

interacting nature of CLV1-3 complex, the 3D structures for CLV3 peptide, CLV1 and 

CLV2 receptors, as well as the interaction models of CLV1 and CLV2, CLV3, were 

predicted using I-TASSER (Zhang, 2008) and PatchDock and FireDock services, 

respectively. Finally an inference of putative interacting partners for several CLE 

peptides in Arabidopsis was conducted using statistic machine learning approaches. 

These results from this study provide a starting point for designing experiments directed 

at a functional analysis of CLE peptide family in Arabidopsis. 

 

 

Results and Discussion 

 

Identification and clustering analysis of CLE genes in the plants of interest 

Moss is early land plant and thus is the basal lineage of land plants, which have 

diverged before the acquisition of a well-developed vasculature. Moss stands in an 

important phylogenetic position for illuminating the evolutionary development of 

“higher” plants, including those that are model organisms, such as Arabidopsis and rice. 

32, 44 and one CLE genes have been reported from Arabidopsis, rice, and moss, 

respectively by using PSI-BLAST and HMMer (Oelkers et al., 2008). Due to a small size 

of the conserved region (14-amino-acid CLE motif) and overall sequence varieties, many 

CLE genes cannot be identified by automotive BLAST approaches. More refined 

homology-searching programs and parameters are therefore necessary to identify CLE 

genes. By using PSI-BLAST, high E-value cutoff (10 and 100 for first and second 

iteration, respectively), combined with a careful manual examination of the returning hits, 

I was able to retrieve all of the 32 reported Arabidopsis CLE genes. However, no new 

CLE members were identified from Arabidopsis in this study, which suggest that the 

Arabidopsis plant may only contain 32 CLE genes. Using the searching strategy and 

method discussed above I identified five new CLE members each from rice and moss, 

resulting in a total number of 49 and six of CLE genes from rice and moss, respectively. 

Of the 49 CLE genes from rice, three contain multiple CLE motifs resulting in a total of 

54 distinct rice CLE motifs: four derived from OSJ_017486 (a, b, c, d), two from 

OSJ017447 (a, b), and two from gi55168075 (a, b). 
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Subsequently, the full-length, 14-amino-acid CLE motif, or 12-amino-acid mature 

peptide sequences of the Arabidopsis CLE proteins were used for the clustering analysis. 

The resulting neighbor-joining (NJ) clustering groups by using MEGA software appear to 

be in agreement with their functional specificity. For example, CLE1 to CLE7, which 

cause the premature termination of the SAM, but not the RAM, when expressed 

ectopically (Strabala, et al, 2006), form one cluster group at 47%, 83%, and 94% of the  

bootstrap tests (1000 repeats), while CLE41, CLE42, and CLE44 that suppressed 

tracheary element differentiation were grouped together at 61%, 85%, and 92% of the 

bootstrap tests (1000 repeats) when the CLE full-length (Fig. 1A) 14-amino-acid motif 

(data not shown) or 12-amino-acid peptide sequences (Fig. 1B) were used, respectively. 

The SCI-PHY algorithm also clustered the Arabidopsis CLE peptides into groups related 

to their functional specificity when the 14-/12-amino-acid CLE motif/peptide sequences 

were used (Fig. 2B), although many Arabidopsis CLE members remained unclustered 

when the full-length sequences were used (Fig. 2A), and there was no subfamily detected 

by SCI-PHY when the full-length, 14-amino-acid motif, or 12-amino-acid peptide 

sequences of CLE sequences were used (data not shown). These results imply that a 

phylogenetic inference of CLE genes may be challenging due to high sequence variations 

among CLE members; however, the primary sequences of the 12-amino-acid CLE 

peptides appear to hold the information related to its functional specificities. A clustering 

analysis of all the CLE proteins from Arabidopsis, rice and moss was thus conducted by 

applying MEGA (Fig. 1C) and SCI-PHY software (Fig. 3) to the 12-amino-acid peptide 

sequences of these CLE members. The functional specificities of some rice and moss 

CLE peptides could be inferred from the clustering results. For example, two Rice CLE 

peptides, Os010339400 and Os02089300, which were grouped with the Arabidopsis 

CLE41, CLE42 and CLE44, may function in regulating the vascular development by 

suppressing tracheary element differentiation in rice, while several rice CLE peptides, 

which were clustered with the Arabidopsis CLE1 to CLE7, may function in regulating the 

SAM activity in rice (Fig.1C).  

 

The heterodimeric receptor of CLV1 and CLV2 may interact with two CLV3 peptides 

 C-score is a confidence score for estimating the quality of predicted models by I-
TASSER. It is calculated based on the significance of template alignments and the 
convergence parameters of the structure assembly simulations. C-scores range between [-
5, 2], where a C-score of higher value signifies a model with a higher confidence. TM-

score and RMSD measure how close the model is to the native structure, and both are 

estimated based on the C-score. TM-score values measure the similarity of topologies 
between two protein structures and range between [0, 1]. A TM-score value > 0.5 implies 
that the model is of correct topology. The score function cutoff is C-score -1.5, and TM-
score 0.5. The false-positive and false-negative rates are 0.05 and 0.09 for a model with 
the score function at the cutoff, respectively (Zhang and Skolnick, 2004).  

By using ab initio modeling in the I-TASSER algorithm a 3D model with a C-
score: -1.04; TM-score: 0.58  0.14; or RMSD: 2.0  1.6 Angstroms for the 12-amino-
acid CLV3 peptide was obtained (Fig.4A). Similarly, by using homology threading 
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simulation in the I-TASSER algorithm a model with a C-score: -0.04; TM-score: 0.71  
0.14; or RMSD: 8.0  4.4 Angstroms for the 640-amino-acid LRR region of CLV1 
(Fig.4B), and one with C-score: -0.68; TM-score: 0.63  0.14; RMSD: 9.6  4.6 
Angstroms for the 684-amino-acid LRR receptor region of CLV2 (Fig.4C) were resulted, 
respectively. Based on the score function the 3D models of the CLV1-3 are statistically 
reliable.  

The docking models of CLV1-3 show that curved CLV3 peptide (Fig.4A) fits 
perfectly into the binding gulf that is formed by the N-terminal region of the CLV1 extra-
cellular LRR domain (Fig.4B), while the CLV2 seems to provide a scaffold support for 
the interacting of CLV3 peptide ligand and the CLV1 receptor kinase (Fig.4D). 
Moreover, the docking model in Fig.4D shows that two CLV3 peptides can fit into the 
binding region of the CLV1, and this likely lead to a more stable interacting complex 

than that with only one CLV3 peptide molecule (compare the model in Fig.4C with that 

in Fig.4D) 

 

The results predict a strong functional relationship between the potential partners and 

the CLE peptides.  

It is of utmost importance for protein-protein interaction (PPI) inference using 

machine learning to select well-defined training data and learner algorithms. My results 

show that the majority of the learners are well defined, and have resulted in a high 

prediction accuracy and low CV risk [mean square error (MSE) < 0.1] in this study. 

Except for the polymars, these learners correctly identified all the negatives in the test 

dataset, and resulted in a zero FDR (False Discovery Rate), and a value of 1.0 for 

specificity. polymars algorithm appeared to be overly-sensitive not only in the 

identification of all the positives, but also as shown by the identification of one false 

positive in the test dataset. The sensitivities of all these estimators are above 90%, 

assuming that all the new experimentally-discovered PPIs in the test dataset are true 

positives (Table 1).   

Using the selected learning estimators and the prediction strategy herein 

developed, the potential interacting partners for CLE2 (Table 2), CLE6 (Table 3), CLE9 

(Table 4), CLE17 (Table 5), CLE27 (Table 6), and CLE41 (Table 7) were inferred. The 

results reveal a strong functional relationship between the potential partners and the CLE 

peptides. CLE peptides have been suggested to function as 12-amino-acid signal peptides, 

involved in cell-to cell signaling transduction, by binding to the leucine-rich repeat kinase 

receptors. Active CLE peptides are derived from the 14-amino-acid CLE motifs of CLE 

proproteins by proteolytic processing. Of the potential partners for CLE members, the 

leucine-rich repeat kinases (CLV1, CLV1-like proteins, BAM1 and BAM3) are 

overrepresented. Other potential partners include ATSBT [Subtilisin-like proteases 

(subtilases), which are serine proteases characterized by a catalytic triad of three amino 

acids, namely aspartate, histidine, and serine], oligopeptide transport proteins, and some 

protein kinases.  

The functional relationship between the potential interacting partners and CLE 

peptides may be demonstrated by CLE9 (Table 4). CLE9 is expressed specifically in the 
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stomatal developmental lineage including meristemoid cells, guard mother cells and 

young guard cells throughout the aerial portions of the plant.  Analyzing for the potential 

interacting partners of CLE9 uncovered several interesting stomatal-specific proteins, 

such as the TOO MANY MOUTHS (TMM) and SDD1 (Table 4). TMM is a putative 

LRR receptor-like protein, homologous to CLV2 that is involved in regulating the 

spacing of stomata formation within the leaf (Nadeau and Sack, 2002). The ligand(s) for 

the TMM receptor is currently unknown, but my analysis suggests that it is possible that 

TMM may interact with a CLV1-like LRR receptor kinase and form a heterodimer 

receptor for CLE9 peptide, resembling the situation occurring for the CLV3, CLV1 and 

CLV2 signaling complex. SDD1, is a serine protease located at the external face of 

plasma membrane and is involved in proteolysis, regulation of cell proliferation, and 

stomatal complex morphogenesis. Loss-of-function mutations of SDD1 causes increased 

stomatal density and defects in stomatal development. SDD1 may function as the 

protease for the proteolytic processing of CLE9 to release the active 12-amino-acid 

peptide ligand from the120 amino acid proprotein.  

However, the putative interacting partners for many CLE members, such as 

CLE14 and CLE 20, could not now be inferred by using this approach due to the issue of 

missing data. Some important data, such as the X1, the co-expression data from 

microarray experiments, are not available, which may be a consequence of the fact that 

CLE genes generally have a low expression level. The prediction power of this approach 

will continuously increase with the accumulation of available post-genomic data.   

 

Figures 
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Figure 1. Consensus neighbor-joining (NJ) clustering trees of the CLE family at a 
bootstrap test cutoff of 30%. Percentages of replicate clustering trees in the bootstrap 
tests of 1000 replicates are indicated next to the branches. The clustering tree is 
constructed when the full-length (A) or 12-amino-acid peptide sequences (B) of 
Arabidopsis CLE members was used. (C) A clustering tree of all the CLE peptides from 
Arabidopsis, rice, and moss is constructed using 12-amino-acid CLE peptide sequences. 
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Figure 2. SCI-PHY classification analyses of the Arabidopsis CLE proteins using the full-

length (A) or 12-amino-acid peptide sequence (B) of the CLE members. 
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Figure 3. The SCI-PHY classification tree of the CLE peptides from Arabidopsis, rice, 

and moss using the 12-amino-acid CLE peptide sequences. 
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Figure 4. 3D structure and the interacting models of CLV1, CLV2, and CLV3 viewed 

using Jmol software. 3D structure models of 12-amino-acid CLV3 peptide (A) and the 

640-amino-acid extra-cellular LRR domain of CLV1 (B) and 684-amino-acid extra-

cellular LRR domain of CLV2 (C) using I-TASSER simulation, respectively. The docking 

models, which show that one (D) or two CLV3 peptides (E) bind to the heterodimeric 

receptor of CLV1 and CLV2, were obtained by using a two-step procedure of PatchDock 

and FireDock services. The arrows in (D) and (E) point to the CLV3 ligand. All atoms 

from the N-terminus to C-terminus were shown in colors from blue (cold) to red (hot) as 

20% of van der Waals were coupled with 100% of van der Waals with solvent surface (1.4 

Angstrom probe) in dots in (A), (D) to (E), or in 100% of van der Waals in (B) to (C). 

 

Tables 

 

Table 1 The cross-validation risks and prediction accuracy of the learner algorithms. 
 

Learner Mean (CV*) SD (CV) FDR** Sensitivity Specificity 

gam 0.07042391 0.00022978 0 0.9 1 

gbm 0.07021938 0.00028086 0 0.9625 1 
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glmnet 0.07291695 0.00028739 0 0.9125 1 

knn 0.07567589 0.00050349 0.3284 0.5625 0.725 

nnet 0.07984918 0.00875337 0 0.9375 1 

Polymars 0.09478454 0.00853648 0.0123 1 0.9875 

RandomForest 0.07433637 0.00043837 0 0.9625 1 

bayesglm 0.07327184 0.00029586 0 0.9125 1 

DSA 0.06996094 0.00061945 0 0.925 1 

step 0.07305748 0.00036787 0 0.925 1 

step.interaction 0.07377497 0.00053048 0 0.9125 1 

stepAIC 0.07342862 0.00058491 0 0.925 1 

SVM 0.71078581 0.00051076 1 0 0 

SuperLearner 0.07002924 0.00040231 0 0.95 1 

*: CV was measured as mean square error (MSE), 10 repeats 
**: False Discovery Rate 

 

Table 2. List of the proteins putatively interacting with CLE2 identified using the well-
defined learning estimators. 
 

Gene Locus Gene Annotation 

At1g08590 
Similar to CLV1-like leucine rich repeat transmembrane receptor-like protein 

kinase 

At1g62980 Alpha-expansin 18, cell wall loosening, during multidimensional cell growth 

At1g73280 
Serine carboxypeptidase-like 3, serine-type carboxypeptidase activity, 

proteolysis 

At2g01880 
Purole acid phosphatase7 (PAP7), protein serine/threonine phosphatase activity, 

acid phosphatase activity 

At2g28960 Leucine-rich repeat protein kinase, putative;  

At2g28970 Leucine-rich repeat protein kinase 

At2g31085 CLE6, putative signaling ligands 

At3g21340 Leucine-rich repeat protein kinase 

At3g22570 
Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, lipid 

binding 

At3g29780 Rapid Alkalinization Factor, cell-cell signaling, signal transducer activity  

At3g45700 
Proton-dependent oligopeptide transport (POT) protein;oligopeptide transport; 

membrane 

At3g45710 
Proton-dependent oligopeptide transport (POT) protein;oligopeptide transport; 

membrane 

At3g46400 Leucine-rich repeat protein kinase, putative;  
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At4g12510 
Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, lipid 

binding 

At4g12520 
Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, lipid 

binding 

At4g25250 Invertase/pectin methylesterase inhibitor family protein,enzyme inhibitor activity 

At4g28650 Leucine-rich repeat transmembrane protein kinase 

At5g19800 Hydroxyproline-rich glycoprotein family protein 

At5g24100 Leucine-rich repeat transmembrane protein kinase 

At5g46890 
Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, lipid 

binding 

At5g46900 
Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein, lipid 

binding 

At5g59090 ATSBT4.12, serine-type endopeptidase, proteolysis 

At5g59260 Lectin protein kinase,  

At5g62340 
Invertase/pectin methylesterase inhibitor,pectinesterase activity, pectinesterase 

inhibitor activity 

At1g08590 
Similar to CLV1-like leucine rich repeat transmembrane receptor-like protein 

kinase 

 

Table 3. List of the proteins putatively interacting with CLE6 identified using the well 
defined learning estimators. 

 

Gene Locus Gene Annotation 

At1g52050 Jacalin lectin family protein 

At1g62280 
SLAH1 (SLAC1 HOMOLOGUE 1)a protein with ten predicted transmembrane 

helices.nvolved in ion homeostasis in guard cells 

At1g73780 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 

At2g18800 XTH21 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 21) 

At2g27370 Integral membrane family protein 

At2g32620 ATCSLB02, similar to cellulose synthase 

AT2G41370 
BOP2, cytoplasmic and nuclear-localized NPR1 like protein with BTB/POZ 

domain and ankyrin repeats 

At3g02850 SKOR, a member of Shaker family potassium ion (K+) channe 

At3g21340 Leucine-rich repeat protein kinase 

At3g21340 Leucine-rich repeat protein kinase 

At3g45700 Proton-dependent oligopeptide transport (POT) family protein 

At3g46400 Leucine-rich repeat protein kinase, putative 

At3g57130 
BOP1, cytoplasmic and nuclear-localized NPR1 like protein with BTB/POZ 

domain and ankyrin repeats 

At4g18510 CLE2 

At4g22460 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 

At4g28650 Leucine-rich repeat transmembrane protein kinase, putative 

At4g29180 Leucine-rich repeat protein kinase 

At5g10130 Pollen Ole e 1 allergen and extensin family protein 

At5g15290 Integral membrane family protein 
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At5g24100 Leucine-rich repeat transmembrane protein kinase, putative 

At5g54370 Late embryogenesis abundant protein-related / LEA protein-related 

At5g57090 EIR1 (ETHYLENE INSENSITIVE ROOT 1), an auxin efflux carrier  

At5g59090 ATSBT4.12 

At5g60530 Late embryogenesis abundant protein-related / LEA protein-related 

 

Table 4. List of the proteins putatively interacting with CLE9 identified using the well-
defined learning estimators. 

 

Gene Locus Gene Annotation 

At1g03440 Leucine-rich repeat family protein 

At1g04110 
SDD1 (STOMATAL DENSITY AND DISTRIBUTION); serine-type 

endopeptidase 

At1g11340 S-locus lectin protein kinase 

At1g22690 Gibberellin-responsive protein 

At1g33811 GDSL-motif lipase/hydrolase family protein 

At1g53060 Legume lectin protein, carbohydrate binding, sugar binding 

At1g62400 Guard cell, kinase activity kinase/ protein serine/threonine/tyrosine kinase 

At1g80080 TMM (TOO MANY MOUTHS); protein binding / receptor 

At2g20875 
EPF1 (EPIDERMAL PATTERNING FACTOR 1), a secretory peptide EPF1 

involved in Stomatal development. 

At3g15570 Phototropic-responsive NPH3 family protein 

At3g46370 Leucine-rich repeat protein kinase 

At4g26540 Kinase 

At5g18430 GDSL-motif lipase/hydrolase family protein 

 

Table 5. List of the proteins putatively interacting with CLE17 identified using the 
well-defined learning estimators. 

 

Gene Locus Gene Annotation 

At4g30610 BRS1 (BRI1 SUPPRESSOR 1); serine-type carboxypeptidase 

At3g49670 BAM2 (BARELY ANY MERISTEM 2); ATP binding / protein kinase, CLV1-like 

At3g02110 Scpl25 (serine carboxypeptidase-like 25); serine-type carboxypeptidase 

At1g04520 PDLP2 (PLASMODESMATA-LOCATED PROTEIN 2) 

At3g56370 Leucine-rich repeat transmembrane protein kinase 

At5g16000 NIK1 (NSP-INTERACTING KINASE 1); kinase 

At1g10850 ATP binding / protein binding / protein kinase/ protein serine/threonine kinase 

At5g67070 RALFL34 (ralf-like 34); signal transducer 

At5g06940 Leucine-rich repeat family protein 

At5g51560 leucine-rich repeat family protein 

At3g08680 Leucine-rich repeat family protein 

At1g68400 Leucine-rich repeat transmembrane protein kinase 
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At1g68400 Leucine-rich repeat transmembrane protein kinas 

At1g49580 Calcium-dependent protein kinase, putative / CDPK 

At5g61130 
PDCB1 (PLASMODESMATA CALLOSE-BINDING PROTEIN 1); callose 

binding / polysaccharide binding 

At5g10020 Leucine-rich repeat transmembrane protein kinase 

At5g65700 BAM1 (BARELY ANY MERISTEM 1); ATP binding / kinase, CLV1-like 

 

Table 6. List of the proteins putatively interacting with CLE27 identified using the 

well-defined learning estimators. 

 

Gene Locus Gene Annotation 

At2g42800 
AtRLP29 (Receptor Like Protein 29), protein binding; LOCATED IN: anchored to 

membrane, plant-type cell wall 

At4g29030 Glycine-rich protein, 

At5g06940 Leucine-rich repeat family protein 

At5g07180 
ERL2 (ERECTA-LIKE 2), together with ER and ERL1 governs the initial decision 

of protodermal cells 

At5g13290 
CRN (CORYNE), Ser/Thr kinase activity and membrane localization that is 

involved in the CLV3 signaling, SOL2 

At4g38210 ATEXPA20 (ARABIDOPSIS THALIANA EXPANSIN A20) 

At3g02210 
COBL1 (COBRA-LIKE PROTEIN 1 PRECURSOR) COBRA-LIKE PROTEIN 1 

PRECURSOR, anchored to membrane 

At5g62230 
ERL1 (ERECTA-LIKE 1) receptor-like kinase that, together with ER and ERL2 

governs the initial decision of protodermal cells 

At3g56100 MRLK (MERISTEMATIC RECEPTOR-LIKE KINASE), hosphorylates AGL24 

At1g55200 Protein kinase family protein 

At5g43020 Leucine-rich repeat transmembrane protein kinase 

At1g60630 Leucine-rich repeat family protein 

At4g03010 Leucine-rich repeat family protein 

At5g67200 Leucine-rich repeat transmembrane protein kinase 

At1g75640 Leucine-rich repeat family protein / protein kinase family protein 

At3g57830 Leucine-rich repeat transmembrane protein kinase 

 
Table 7. List of the proteins putatively interacting with CLE41 identified using the 
well-defined learning estimators. 
 

Gene Locus Gene Annotation 

At1g11130 Receptor-like kinase extracellular domain of six leucine-rich  

At1g18650 
PDCB3 (PLASMODESMATA CALLOSE-BINDING PROTEIN 3) in the 

Plasmodesmata and is predicted to bind callose 

At1g67720 Leucine-rich repeat family protein 

At2g13820 Protease inhibitor/seed storage/lipid transfer protein (LTP)  

At2g19780 Leucine-rich repeat family protein / extensin family protein 

At2g20850 SRF1 (strubbelig receptor kinase 1) 
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At2g23950 Leucine-rich repeat family protein / protein kinase  

At2g28950 ATEXPA6 (ARABIDOPSIS THALIANA EXPANSIN A6) 

At2g33330 
PDLP3 (PLASMODESMATA-LOCATED PROTEIN 3), involve in N-terminal 

protein myristoylation 

At2g34680 
AIR9, auxin-treated root culture. Sequence does not show homology to any 

known Proteins and is predicted to be extracellular 

At2g36570 Leucine-rich repeat transmembrane protein kinase 

At3g08680 Leucine-rich repeat transmembrane protein kinase 

At3g56370 Leucine-rich repeat transmembrane protein kinase 

At4g08685 SAH, Pollen Ole e 1 allergen and extensin 7 

At4g13195 CLE44 

At4g20430 Subtilase family protein 

At4g22130 SRF8 (STRUBBELIG-RECEPTOR FAMILY 8) 

At4g30020 Subtilase family protein 

At4g31820 ENP (ENHANCER OF PINOID) 

At5g01890 Leucine-rich repeat transmembrane protein kinase 

At5g05160 Leucine-rich repeat transmembrane protein kinase 

At5g14210 Leucine-rich repeat transmembrane protein kinase 

At5g46700 TORNADO 2, transmembrane protein of the tetraspanin (TET) protein 

At5g51350 Leucine-rich repeat transmembrane protein kinase 

At5g51560 Leucine-rich repeat transmembrane protein kinase 

At5g58300 Leucine-rich repeat transmembrane kinase 

At5g61130 PLASMODESMATA CALLOSE-BINDING PROTEIN 1 

At5g61480 Leucine-rich repeat transmembrane protein kinase 

At5g62710 Leucine-rich repeat transmembrane protein kinase 

At5g65700 BAM1, CLAVATA1-like receptor kinase-like protein 

 
 

Materials and Methods 

 

Identifying CLE genes from Arabidopsis, rice, and moss 

PSI-BLAST (Position-Specific Iterated BLAST), a tool offered through NCBI 

for identifying weak, but biological relevant sequence similarities, was used to identify 

the CLE genes from the plants of interest. The 14-amino-acid CLE motif sequence of 

the Arabidopsis CLV3 was used as the query for two iterations of PSI-BLAST against 

the non-redundant protein sequence (nr) database for Arabidopsis (Arabidopsis 

thaliana) or rice [Oryza sativa (japonica cultivar-group)] database in NCBI 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) or for BLASTp against Physcomitrella patens 

subsp patens v1.1 database (Physcomitrella patens ssp patens, ecotype Gransden 2004) 

(http://genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html), respectively. BLOSUM 62 

was used as the score substitution matrix, in which scores for each position are derived 

from observations of the frequencies of substitutions in blocks of local alignments in 

related proteins. The alignment in BLOSUM 62 matrix, from which scores were 
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derived, was created using sequences sharing no more than 62% identity. Sequences 

more identical than 62% are represented by a single sequence in the alignment; in order 

to avoid overweighting closely related family members 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The E-value cutoff for the first and second 

iteration of PSI-BLAST and for the BLASTp was 10 and 100, and 50, respectively. 

The retrieved sequences were subsequently examined manually for the characteristics 

of the CLE family e.g., the conserved C-terminal motif, protein length (60-120 aa) and 

N-terminal putative signal peptides.  
 

Multiple sequence alignment (MSA) and cluster analysis using MUSCLE and Mega4 
and SCI-PY, respectively 

MUSCLE is a computer program for creating multiple alignments of protein 

sequences (http://www.ebi.ac.uk/Tools/muscle/). Elements of the algorithm include 

fast distance estimation using k-mer counting, progressive alignment using a new 

profile function the log-expectation score, and refinementusing tree-dependent 

restricted partitioning  (Edgar, 2004). The resulting MSAs of CLE proteins, by using 

MUSCLE, were subsequently subjected to MEGA4 and to SCI-PHY software for 

clustering analysis (http://phylogenomics.berkeley.edu/SCI-PHY/). MEGA software is 

a clustering tool for DNA and protein sequence analyses from an evolutionary 

perspective (Tamura et al., 2007), while SCI-PHY (Subfamily Classification In 

Phylogenomics) is a algorithm for subfamily identification by constructing subfamily 

hidden Markov model (HMM). Studies show SCI-PHY subfamilies correspond closely 

to both experimental-determined subtypes and to evolutionarily conserved clades in 

phylogenetic trees (Brown, Krishnamurthy, and Sjölander, 2007). 

 

Prediction of 3D structures of CLV1-3 using I-TASSER 

(threading/assembly/refinement) 

The protein structure modeling algorithm, I-TASSER, is a combined approach 

of protein homology threading and ab initio modeling, based on Profile-Profile 

threading Alignment (PPA), the secondary-structure, the iterative implementation of 

the Threading ASSEmbly Refinement (TASSER), and the statistical significance of the 

PPA threading alignments and the structure convergence of the Monte Carlo 

simulations program. ab initio modeling is designed based on globally optimizing their 

potential energy function (Sitao et al, 2007). I-TASSER algorithm also exploits new 

force-field optimization and fragment identification and introduced a new confidence 

score (C-score) (Zhang, 2008). The 3D structure of the 12-amino-acid CLV3 peptide 

was predicted using the ab initio method implemented in 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 in I-TASSER algorithm 

(http://zhang.bioinformatics.ku.edu/I-TASSER/). The 3D structures were viewed using 

Jmol software. 
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The docking modeling of CLV1-3 complex using a two-step procedure of PatchDock and 

FireDock services 

A two-step procedure was applied to study the docking models of CLV1-3 

complex, which started with a rigid-body docking by the PatchDock web server 

(Schneidman-Duhovny et al., 2005), and the results were redirected for refinement and 

scoring by FireDock server (Mashiach, 2008). PatchDock is a geometry-based molecular 

docking algorithm. It is aimed at finding docking transformations that yield good 

molecular shape complementarily (Duhovny et al., 2002). The candidates subsequently 

were refined and scored by FireDock algorithm according to an energy function. FireDock 

algorithm is a flexible refinement and scoring of protein–protein docking solutions method, 

which simultaneously targets the problem of flexibility and scoring of solutions produced 

by fast rigid-body docking algorithms (Andrusier et al. 2007).  

 

Inferring the potential interacting partners for CLE signaling proteins using statistic 

machine learning approaches 

Predictors: Seven prediction variables, which describe genetic and biochemical aspects 

of protein pairs, were used as the predictors. They are: X1: co-expression measured by 

mutual rank (MR) or Pearson Correlation Coefficient (PCC); X2: co–localization; X3: 

coordinate-pathway; X4: co-evolution; X5: occurrence of the interlogs; X6: gene 

neighbor; X7: Structural interacting domains. 

 

Candidate machine learners: 13 candidate learning algorithms were employed and 

evaluated, they: Bayersglm; DSA (Deletion/Substitution/Addition (D/S/A): GAM 

(Generalized Additive Models); gbm (Generalized Boosted Regression Models); glmnet 

(Generalized Linear Models with Elastic Net as Penalty): K-nn (k-nearest neighbor); 

nnet (Neural Network); Polymars; RandomForest; StepPLR; SteForward; 

stepInteraction; StepAIC; SVMs (Support Vector Machines). 

 

SuperLearner: SuperLearner, a recently developed machine-learning algorithm aimed at 

building a Super model by integrating the weighted candidate learners, was employed 

to select the candidate learners based on cross validation (CV) risks. The CV constraint 

is aggressively implemented in the SuperLearner as a selector to address the over-fit 

issue, to fine-tune and to optimize each of the candidate learners, and to select the 

learners. SuperLearner also constructs a Super model by integrating the weighted 

candidate learners. 

 

Train dataset: The training dataset of a total 1310 samples used in this study are 

composed of 648 experimentally determined and manually curated protein interacting 

pairs (the gold positives), and 662 random protein pairs that are not known to 

physically interact (the gold negatives) from Arabidopsis.  

 

Test dataset: The performances of the candidate learners were examined using an 

independent test dataset, which is composed of 80 newly identified PPI pairs (the 
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positive, Yi = 1) that are not included in the training data, and which is also composed 

of 80 randomly protein pairs from Arabidopsis (the negative, Yi = 0). 

 The CV risk [mean square error (MSE)] cutoff was set at 0.1 for selection of the 

learners. Each of the selected learners was used and treated as a “vote” for an inference 

of potential interacting partner for a given CLE peptide. The final positive prediction 

result was defined as y  0.7, and voted as the positive by all the selected learners. 
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Chapter 2. The roles of different CLE domains in Arabidopsis CLE polypeptide activity and 

functional specificity 

 

Abstract 

 

The CLE (CLVATA3/ESR-related) family of plant polypeptide signaling molecules 

shares a conserved 14-amino acid (aa) motif, designated the CLE motif, which recent studies 

suggest is sufficient for CLE function in vitro. In this study we report that Arabidopsis CLE 

proteins can function in a tissue-specific manner and confirm some CLE factors can act through 

different receptors. Using domain swapping we show for the first time that the CLE motif likely 

determines much of the functional tissue-specificity of the proteins in planta. However, we also 

provide evidence in support of the new view that sequences outside the CLE motif (14 aa) 

contribute to CLE function and functional specificity in vivo. Additionally, we report that 

deletion of the putative signal peptide from different CLE proteins completely inactivates CLE 

function in vivo, whereas exchanging the CLE signal peptides with a conventional signal peptide 

from a rice glycine-rich cell wall protein also influences CLE function. We thus propose that the 

CLE motif itself determines its functional tissue-specificity by dictating the direct recognition 

and interaction of each CLE peptide with its optimal receptor(s), whereas the receptor(s) may be 

available in a tissue-specific manner. On the other hand, the sequences outside the CLE motif 

may influence CLE function by affecting the processing of CLE peptides, resulting in a change 

in the availability and/or abundance of CLE peptides in specific tissues and/or cells.  

 

Keywords: Arabidopsis, cell signaling, CLE, meristem, polypeptide, protein domain  
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Introduction 

 
Shoot and root meristems harbor the major stem cell niches of the primary plant body. 

Because plant cells are immobile and fixed in position, cells comprising the niche exhibit 

particular characteristics as a consequence of their position within the meristem. The Arabidopsis 

thaliana shoot apical meristem (SAM) niche consists of an organizing center (OC) that maps to 

the central, internal region and maintains the stem cell reservoir that lies directly above (Fletcher 

2002). In the Arabidopsis root apical meristem (RAM) the four cells comprising the quiescent 

center (QC) are considered equivalent to the organizing center, and the cells encircling and in 

direct contact with the QC function as stem cells (Clowes 1956; van den Berg et al. 1997). In 

both roots and shoots, direct contact between the cells of the organizing center and the stem cells 

suggests local signals may move between these two cell populations. Indeed, observations 

suggest that a signal originating in the root apical meristem QC maintains the contacting initials 

as stem cells (van den Berg et al. 1995; 1997), although the nature of this signal remains 

unknown. 

  Local signaling to maintain stem cells in the shoot apical meristem involves the 

CLAVATA-WUSCHEL (CLV-WUS) signal transduction pathway. WUS, a homeodomain 

transcription factor that is expressed in the OC, acts non-cell autonomously to promote stem cell 

fate. Loss-of-function mutations in WUS cause premature termination of the SAM, resulting in 

bushy plants (Laux et al. 1996; Mayer et al. 1998). A key function of WUS is to maintain the 

expression of CLAVATA3 (CLV3), which encodes a small extracellular signal ligand (Fletcher et 

al. 1999; Rojo et al. 2002) that is expressed in the stem cells at the apex of the SAM. CLV3 

directly interacts (Ogawa et al. 2008) with CLAVATA 1 (CLV1), a leucine-rich-repeat (LRR) 

receptor kinase (Jeong et al. 1999; Trotochaud et al., 1999) that can form a heterodimeric 

complex with the LRR-receptor protein CLAVATA 2 (CLV2) (Clark et al. 1993; Kayes and 

Clark 1998). CLV1 is expressed in the central, interior cells of the SAM, encompassing the OC 

(Clark et al., 1997), whereas CLV2 transcripts are detected in most plant tissues (Jeong et al. 

1999). Loss-of-function CLV1, CLV2 or CLV3 mutations result in expanded WUS expression, 

enlarged shoot and floral meristems, and flowers that contain extra organs (Clark et al. 1997; 

Kayes and Clark 1998). Conversely, over-expression of CLV3 causes loss of WUS expression 

and premature shoot and floral meristem termination, demonstrating that interaction between 

secreted CLV3 and the CLV1/CLV2 receptor complex in wild type plants limits the size of the 

WUS expression domain. Thus, the CLV3/WUS signaling pathway forms a spatial, negative 

feedback loop that controls stem cell accumulation in Arabidopsis shoot and floral meristems 

(Brand et al. 2000; Schoof et al. 2000). 

Since the cloning of CLV3 more than 40 CLV3/ESR-related (CLE) proteins have been 

identified from plants and plant-parasitic nematodes (Cock and McCormick 2001; Wang et al. 

2005; Strabala et al. 2006). CLE proteins form a family of putative ligands that have a predicted 

signal peptide at their N-terminal end and share a conserved 14-amino acid motif (CLE motif) at 

their C-terminal end, whereas the sequences outside the CLE motif are highly variable (Cock and 

McCormick 2001). Gain-of-function phenotypes have been reported for some CLE genes, 

showing as the major phenotypes premature termination of the SAM and/or RAM, similar to 

those observed from over-expression of CLV3 (Strabala et al. 2006; Casamitjana-Martínez et al. 
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2003). Interestingly, a recent study shows that the treatment with combined synthetic CLE6 and 

CLE41 peptides can induce the cell proliferation in the root vasculature (Whitford et al 2008). 

The Arabidopsis CLE genes are expressed in diverse tissues (Sharma et al. 2003; Fiers et al. 

2004; Hobe et al. 2003), and some are able to substitute for CLV3 when expressed in the CLV3 

expression domain (Ni and Clark 2006). But with the exception of CLV3 and CLE40 (Hobe et al. 

2003), no detectable loss-of-function phenotypes have yet been reported for any CLE genes. 

Domain-swapping and sequence deletion experiments have been used to identify the 

functional domains of CLV3 and other CLE proteins. Results have suggested that the CLE 

domain is the functional region of CLV3 (Fiers et al. 2006; Ni and Clark 2006) and that the 

signal peptide is essential for CLV3 function in planta (Rojo et al. 2002), whereas much of the 

variable sequence is dispensable (Fiers et al. 2006). Consistent with these data, Kondo et al. 

(2006) detected a 12-amino-acid dodeca-modified peptide derived from the CLV3 CLE motif in 

transgenic Arabidopsis callus over-expressing CLV3. Moreover, a modified 12-amino-acid 

tracheary element differentiation inhibitory factor (TDIF) peptide identical to the CLE motifs of 

Arabidopsis CLE41 and CLE44 could be extracted from cultured Zinnia (Zinnia elegans) 

mesophyll cells, and when reapplied to the culture medium inhibited mesophyll cell 

differentiation (Ito et al. 2006). TDIF was found to be synthesized in the phloem and secreted its 

neighboring cells, and capable of promoting proliferation of procambial cells while suppressing 

xylem differentiation (Ito et al., 2008). Exogenous application of synthetic 12-amino-acid 

peptides derived from the CLE motifs of many Arabidopsis CLE genes also caused either root 

meristem consumption or suppressed Zinnia mesophyll cell differentiation (Ito et al. 2006). 

When applied in vitro in culture media, synthetic 14-amino acid peptides corresponding to 

several different CLE motifs were also able to phenocopy their gain-of-function phenotypes, and 

in some cases rescue the clv3 loss-of-function phenotypes (Fiers et al. 2005; 2006). Taken 

together, these results suggest that the CLE motif is the functional CLE protein domain and it 

alone is sufficient for function in vitro (Fiers et al. 2006; Ni and Clark 2006; Ito et al. 2006). 

However, these studies raise additional questions about the relationship between CLE protein 

structure and function. For instance, if functionality rests largely on the CLE motif, how relevant 

is the signal peptide to CLE activity? What role, if any, does the variable domain play? In 

considering these issues it is important to keep in mind that although the CLE peptide motifs are 

functionally sufficient in in vitro systems, this is most likely because mature CLE peptides are 

directly applied and hence post-translational modifications and protein processing are therefore 

not required for CLE functionality. Thus the results from in vitro systems may not completely 

reflect the situation in vivo, and we cannot exclude the possibility that sequences outside the CLE 

motif contribute to CLE function. However, other than CLV3 (Fiers et al. 2006; Ni and Clark 

2006; Rojo et al. 2002) no in vivo data regarding the roles of the sequences outside the CLE 

motif exist(s) for any CLE family member. To obtain a more complete understanding of CLE 

protein function we have studied the roles of the different CLE domains in vivo, paying 

particular attention to the sequences outside the CLE motif that might be critical for protein 

targeting and processing. 

 

Results 
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To begin to investigate the contribution(s) of different CLE protein regions to CLE 

function and functional specificity in vivo we examined the role(s) of the 14-amino acid CLE 

motifs and signal peptides of various Arabidopsis CLE proteins. Based on clustering analyses of 

CLE motifs from different plant species (Oelkers et al. 2008), five Arabidopsis CLE genes from 

three distinct groups were chosen for study: CLE1, CLE6, CLE7, CLE14, CLE20. CLE1, CLE6 

and CLE7 belong to group 2, one of the two largest groups containing 18 members total, of 

which seven are from Arabidopsis (CLE1 to CLE7). CLE14 is from group 11 containing 16 

members total, of which only CLE14 is from Arabidopsis. CLE20 is from group 13 with 6 

members total, all from different species (Oelkers et al. 2008). Our first objective was to 

characterize the gain-of-function phenotypes conferred by ectopic over-expression of each of 

these five full-length CLE genes, and to determine the degree to which each could substitute for 

CLV3 in shoot and floral meristems. To do this we generated transgenic Arabidopsis plants 

separately over-expressing each CLE gene under the control of the cauliflower mosaic virus 35S 

promoter and analyzed their phenotypes. 

Transgenic plants over-expressing CLE1, CLE6, or CLE7 showed similar, wus-like 

phenotypes displaying premature SAM termination (Fig. 1B, D, E, P, Q) and reduced stamen and 

carpel number (Fig. 1G), compared to wild-type Col plants (Fig. 1A, F). These gain-of-function 

phenotypes mimic those generated by over-expression of CLV3 (Brand et al. 2000). Pin-formed 

inflorescence shoots were also observed from the transgenic plants over-expressing CLE1, 

CLE6, or CLE7 (Fig. 1P, Q). However, unlike 35S:CLV3 plants (Fiers et al., 2004), plants over-

expressing CLE1, CLE6, or CLE7 showed no effect on root growth (Table 1). In contrast, over-

expression of either CLE14 or CLE20 triggered early consumption and differentiation of the 

RAM (Fig. 1J), resulting in the formation of extremely short roots (Fig. 1H). In some transgenic 

lines over-expressing CLE14, but not CLE20, wus-like SAM termination phenotypes were 

observed at a low frequency (Table 1). Dwarfed plants with small siliques were also observed in 

some 35S:CLE14 and 35S:CLE20 transgenic lines (Fig. 1K). These results are consistent with 

previous reports (e.g., Strabala et al. 2006) and indicate that CLE genes can act in various 

developmental processes including shoot and root meristem maintenance and organ size 

regulation. 

To determine the degree to which the five CLE genes are able to replace CLV3 function 

we used clv3-2 null mutant plants characterized by enlarged shoot and floral meristems, and 

increased numbers of floral organs, especially carpels (Fig. 1L, S; Fig. 2; Supplemental Table 1 

online) (Clark et al. 1995). We separately transformed each of the five 35S:CLE constructs into 

the clv3-2 background and measured carpel number to determine the degree of phenotypic 

rescue. We found that CLE1, CLE6, and CLE7 provided significant rescue of the clv3-2 

phenotypes, causing a decrease in shoot and inflorescence meristem size (Fig. 1M) and in carpel 

number (Fig. 2; Supplemental Table 1). However, CLE14 only partially restored CLV3 function 

(Fig. 1N; Fig. 2; Supplemental Table 1), whereas CLE20 provided no rescue (Fig. 1O; Fig. 2; 

Supplemental Table 1). The results for CLE1, CLE6 and CLE14 are consistent with those 

reported by Ni and Clark (2006) who used the less severe clv3-1 allele for their rescue 

experiments. Additionally, dwarfed plants with small siliques were observed in some CLE14 or 

CLE20 transgenic plants in the clv3-2 background (Fig. 1N), similar to what was observed in the 
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wild-type Col background. Our results show that the five CLE proteins differ in their ability to 

replace CLV3 activity. 

 

The CLE motif is a key determinant of CLE protein functional tissue-specificity 

Next we determined which region(s) of the CLE protein control CLE functional tissue-

specificity, and whether sequences outside the CLE motif contribute to CLE function in vivo, by 

exchanging 14-amino acid CLE motifs between different CLE proteins (Fig. 3). We exchanged 

the motifs from either CLE1 or CLE7, which trigger shoot meristem termination but have no 

effect on roots, with motifs from CLE14 or CLE20, which primarily cause root meristem 

consumption (Table 1). The fused, chimeric 35S:CLE constructs were stably transformed into 

Col or clv3-2 plants and the phenotypes scored. We found that over-expression of chimeric 

CLE14-CLE1, CLE20-CLE1, CLE14-CLE7, or CLE20-CLE7 proteins, where the sequences 

outside of the CLE motif are derived from CLE14 or CLE20 and the 14-amino acid CLE motif is 

derived from CLE1 or CLE7 (Fig. 3), showed strong, early SAM termination but had little or no 

effect on root growth (Fig. 1P, R; Table 1). These effects are similar to those observed in plants 

over-expressing full-length CLE1 or CLE7 proteins (Table 1). Likewise, the chimeric CLE1-

CLE14, CLE7-CLE14, CLE1-CLE20, or CLE7-CLE20 proteins, where the sequences outside of 

the CLE motif are derived from CLE1 or CLE7, and the 14-amino acid CLE motif is derived 

from CLE14 or CLE20, mainly triggered early consumption of the RAM (Fig. 1R; Table 1), as 

observed for plants over-expressing full-length CLE14 or CLE20. These results indicate that the 

CLE motif plays a key role in determining CLE activity in different plant tissues. 

 

 Sequences outside the CLE motif can influence CLE function and specificity 

Our domain-swapping experiments suggest that sequences outside the CLE motif also 

contribute to CLE activity. The combination of the CLE7 CLE motif with the putative signal 

peptide and variable region derived from CLE14 or CLE20 significantly increased the frequency 

of SAM termination (88.9% and 97.6%; Table 1), compared to full-length CLE7 alone (56.7%). 

Similarly, the CLE14 motif was much more effective in inducing SAM termination when 

combined with upstream sequences derived from CLE1 (95.7%) or CLE7 (48.1%) than in its 

native sequence context (16.9%). The chimeric CLE1-CLE14 protein improved the ability of 

CLE14 to rescue the clv3-2 phenotype, while conversely, the chimeric CLE14-CLE1 protein 

reduced the ability of CLE1 to rescue clv3-2 (Fig. 2; Supplemental Table 1). Interestingly, 

swapping the CLE20 putative signal peptide and variable region with those of CLE1 or CLE7 in 

the constructs, CLE1-CLE20 and CLE7-CLE20, dramatically decreased the ability of the CLE20 

peptide to induce a root meristem termination phenotype (Table 1) in Col plants.  Yet, this 

swapping significantly enhanced the ability of the CLE20 peptide to replace CLV3 function in 

clv3-2 flowers (Fig. 1O, S; Fig. 2; Supplemental Table 1). 

We next examined CLE gene transcription levels in the transgenic T1 and T2 plants using 

real time quantitative RT-PCR (qRT-PCR). In all cases examined we found that the CLE genes 

from the 35S:CLE constructs were over-expressed in the transgenic plants at >100 fold higher 

levels than in wild-type plants or the non-transgenic clv3-2 background plants (Supplemental 

Table 2 and 3 online). Although the transgene expression levels varied from one construct to 

another, the level of over-expression did not necessarily correlate with the severity of the 
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phenotype (Fig. 4). For example, the chimeric 35S:CLE14-CLE1 construct was expressed at 

much lower levels than the 35S:CLE1 construct and yet caused 100% SAM termination (Table 1; 

Fig. 4; Supplemental Table 2). This suggests that variations in transgene expression levels may 

not be likely to cause the differences in phenotypic severity, and that CLE protein abundance 

might reach saturation even at a relatively low level of over-expression (Supplemental Table 2 

and 3).  Thus our data implies that sequences outside the CLE motif, including the putative 

signal peptide and the variable region, may contribute to CLE function and functional specificity. 

 

The CLE putative signal peptides are absolutely required for in vivo function 

Because results from in vitro experiments showed functionality of a truncated CLE19 

protein lacking only the signal peptide (Fiers et al. 2005), we investigated whether CLE signal 

peptides are required for CLE function in vivo. We addressed this question by deleting the 

putative signal sequences of CLE1, CLE6, CLE7, CLE14 and CLE20 and stably transforming 

these truncated CLE genes (CLE sp) into wild type or clv3-2 plants. We then analyzed their 

phenotypes to determine whether the truncated CLE proteins could give the same or similar 

phenotypes as the full-length CLE proteins. 

         We found that transgenic plants carrying the truncated CLE gene constructs (CLE sp) 

were indistinguishable from wild type or clv3-2 plants. Deletion of the signal sequence 

completely aborted the gain-of-function phenotypes for all five CLE genes tested (Table 1), and 

prevented rescue of the clv3-2 phenotypes (Fig. 2; Supplemental Table 1). qRT-PCR showed that 

the truncated CLE genes examined were highly expressed in transgenic Col plants (Supplemental 

Table 2 and 3). These results therefore suggest that deletion of the putative CLE peptide 

inactivates the CLE protein in vivo. Our results are consistent with the report that deleting the 

putative signal peptide of CLV3 or redirecting CLV3 to the vacuole inactivated CLV3 function 

in transgenic Arabidopsis plants (Rojo et al. 2002). Taken together our results indicate that the 

putative signal peptides are absolutely required for CLE protein function in vivo. 

 

Substituting the CLE putative signal peptides with an unrelated signal peptide altered CLE 

protein activity 

A conventional signal peptide is believed to function solely to direct the passage of 

proteins across the ER membrane, and following its cleavage, in the absence of secondary target 

information, the processed proteins are secreted into the extracellular space via a default pathway 

(Walter et al. 1984; von Heijne 1985; Denecke et al. 1990). All CLE proteins, including CLV3, 

have a putative signal or membrane anchor peptide at their N-terminus but lack any secondary 

target information (Cock and McCormick 2001). Thus the CLE proteins are predicted to be 

secreted into the plasma membrane and/or the extracellular space. To address the question of 

whether CLE signal peptides function in a manner equivalent to conventional signal peptides or 

whether they have additional roles, we substituted the CLE signal peptides with a conventional 

signal peptide and stably transformed the chimeric CLE constructs (SCLE sp) into wild-type 

Col or clv3-2 plants. With this approach we could determine whether these chimeric CLE 

proteins could induce the same or similar phenotypes as those of the full-length native CLE 

proteins. For this work we used the signal peptide of the rice (Oryza sativa L.) glycine-rich cell 

wall structural protein 2 precursor (Os10g0450900) as a conventional signal peptide, based on 
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the fact that the protein is secreted (Lei and Wu, 1991) and its 27-amino acid GRP signal peptide 

has been used as a conventional signal peptide in CAMBIA vectors to guide GUS reporter 

proteins into the plant secretory pathway (Jefferson et al. 1998). 

We found that the gain-of-function phenotypes of some CLE proteins were affected when 

their signal peptides were substituted with the rice GRP signal peptide (Table 1; Fig. 2; 

Supplemental Table 1). Substitution of the CLE14 signal peptide with the rice signal peptide 

produced stronger over-expression phenotypes than full length CLE14 containing its native 

signal peptide. Conversely, substitution of either the CLE6 or the CLE7 signal peptide attenuated 

most of their over-expression phenotypes as well as the ability of these proteins to substitute for 

CLV3 (Table 1; Fig. 1M, S; Fig. 2; Supplemental Table 1). Interestingly, substitution of the 

CLE20 signal peptide significantly enhanced the ability of CLE20 to rescue the clv3-2 carpel 

number phenotype (Fig. 1S; Fig. 2; Supplemental Table 1), yet at the same time reduced the 

RAM termination rate associated with ectopic expression of full-length CLE20 (Table 1). qRT-

PCR results showed that the chimeric CLE genes examined containing the rice signal sequence 

were highly expressed in the transgenic T1 and T2 plants (Fig. 4; Supplemental Table 2 and 3). 

Thus these results imply that not all of the CLE putative signal peptides function in a manner 

equivalent to a conventional signal peptide. 

 

Some CLE proteins can function through a CLV1-independent but CLV2-dependent pathway 

Evidence indicates that a signal transduction pathway consisting of a CLV3 ligand 

interacting with a heterodimer of the CLV1 receptor-like kinase and the CLV2 receptor-like 

protein negatively regulates stem cell accumulation in shoot and floral meristems. CLV1 is 

expressed exclusively in shoot and floral meristems (Clark et al. 1997) and yet the CLE genes are 

expressed in many different plant tissues (Sharma et al. 2003), suggesting that CLE genes 

expressed outside the SAM must function through CLV1-independent pathways. Thus we 

determined whether the five CLE proteins could act via receptors and pathways other than 

CLV1/CLV2 by over-expressing the five CLE genes in clv1-4 (a dominant-negative clv1 allele), 

clv1-6 (a loss-of-function clv1 allele) (Dievart et al., 2003), or clv2-3 loss-of-function plants. 

Since over-expression of these CLE genes triggered dramatic consumption of the stem cells in 

shoots and/or roots of wild-type plants, we expected that the typically enlarged shoot and 

inflorescence meristems of clv1 or clv2 plants would be diminished, and/or a short-root 

phenotype might occur, if the CLE genes function through other receptors and pathways that are 

independent of CLV1 and CLV2.  

First we examined the requirement for CLV1 and/or CLV2 in conditioning CLE over-

expression phenotypes in roots. We found that over-expression of CLE14 or CLE20 in clv1-4 or 

in clv1-6 plants resulted in severe short-root phenotypes (Fig. 5A, B), as in wild-type plants (Fig. 

1H-J). This suggests that CLE14 and CLE20 can activate a CLV1-independent pathway in roots. 

However, over-expression of CLE14 or CLE20 in clv2-3 plants did not suppress root growth 

(Fig. 5C, E), indicating that CLV2 is required for CLE14 and CLE20 activity in roots. Together 

with previous results that exogenous application of a synthetic 14-amino acid peptide derived 

from the CLE motif of either CLV3 or CLE19 triggered root meristem consumption in clv1 but 

not clv2 mutant backgrounds (Fiers, et al. 2005), our data indicate that CLE proteins can act in a 

CLV1-independent, but CLV2-dependent pathway to regulate Arabidopsis root growth. 
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Next we examined the requirement for CLV1 and/or CLV2 in conditioning CLE over-

expression phenotypes in shoot and floral meristems. Despite the fact that over-expression of 

CLE1, CLE6, or CLE7 triggered rapid SAM consumption in wild-type plants (Fig. 1B, D, E, G, 

Q), these CLE genes did not produce such phenotypes when constitutively expressed in clv1-4, 

clv1-6, or clv2-3 plants (data not shown). Thus the SAM termination phenotypes induced by 

ectopic expression of these three CLE genes require the activity of the CLV1 and CLV2 

receptors. We also measured carpel number per flower as an indicator of the extent of stem cell 

accumulation in the floral meristem, which Ni and Clark (2006) used to show that CLE22 acts 

though a receptor(s) other than CLV1 to rescue the clv3-1 carpel number phenotype. We found 

that carpel number per flower did not significantly decrease in CLE1, CLE6 or CLE7 transgenic 

plants compared to non-transgenic clv1-4, clv1-6, clv2-3 plants (Table 2; Fig. 5G). Over-

expression of CLE20 also did not reduce carpel number in clv1-4, clv1-6, or clv2-3 flowers 

(Table 2). In contrast, over-expression of CLE14 provided partial rescue of the clv1 carpel 

phenotypes (Fig. 5H, I), as indicated by a reduction in mean carpel number per flower from 4.86 

in clv1-4 to 3.49 in 35S:CLE14 clv1-4 plants, and from 3.94 in clv1-6 to 3.38 in 35S:CLE14 

clv1-6 plants (Table 2). However, over-expression of CLE14 did not alter carpel number in clv2-

3 plants (Table 2; Fig. 5J). These data suggest that when ectopically expressed, some CLE genes 

such as CLE14 may act through a CLV1-independent, but CLV2-dependent, pathway to 

negatively control stem cell accumulation in floral meristems. Over-expression of CLE14 in clv1 

plants also resulted in dwarfed plants with small siliques (Fig. 5H, I), phenotypes that are similar 

to those observed in wild type (Fig. 1K) and clv3-2 plants (Fig. 1N). This implies that this aspect 

of CLE14 function is also independent from CLV1. Thus our results indicate the existence of 

CLV1-independent and CLV2-dependent pathways that can be triggered by CLE ligands to 

negatively regulate stem cell fates in shoot and flower systems. 

 

Discussion 

 

The CLE motif is a major contributor to the gain-of-function tissue-specificity of the CLE  

In this work we investigated characteristics of members of the Arabidopsis CLE family 

with the aim of understanding the contributions of different CLE domains to CLE function and 

functional specificity. In vivo and in vitro experiments have suggested that the CLE motif is the 

functional domain, and that CLE peptides function as 12-amino acid plant peptide signaling 

molecules (Fiers et al. 2005; 2006; Ito et al. 2006; Kondo et al. 2006; Ni and Clark 2006). In this 

study we report that constitutive over-expression of selected CLE genes triggers meristem 

consumption only in shoots (CLE1, CLE6, and CLE7), only in roots (CLE20), or in both shoot 

and roots (CLE14), implying that CLE proteins are not equivalent in their ability to activate 

downstream signaling cascades in different tissues. By exchanging the CLE motifs between 

different CLE proteins we provide the in vivo evidence that this motif determines CLE functional 

tissue-specificity. 

 Computational classification analysis has predicted some association between sequence 

similarity among CLE motifs and their functional specificity (Oelkers et al. 2008). For example, 

CLE41, CLE42, and CLE44 are the most similar to one another in terms of their CLE motif 

sequence and can regulate vascular tissue differentiation in a heterologous Zinnia cell culture 
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system (Ito et al. 2006). In addition, our results show that CLE1, CLE6, and CLE7, which are all 

in the same phylogenetic group (Strabala et al. 2006; Oelkers et al. 2008), have the same 

functional tissue-specificity in shoot apical meristems when constitutively over-expressed. 

Interestingly in our study, plants over-expressing CLE1, CLE6, or CLE7 showed no significant 

effect on root growth, which are in agreement with the work of Ito et al. (2006) who did not 

observe root phenotypes upon in vitro application of synthetic 12-amino acid CLE6 or CLE7 

peptides (Table 1). These results differ from a previous study in which a long-root phenotype 

was reported for CLE6 or CLE7 over-expressing plants (Strabala et al. 2006), and yet more in 

contras to a recent results with a short root phenotypes of CLE6 and CLE7 in high concentration 

e.g. 10 μM but not 1 μM, led to a short-root phenotype (Whitford et al 2008). It is likely that 

differences in expression levels or growth conditions between the transgenic lines used in the 

various experiments can account for these phenotypic discrepancies.  

 The fact that mature and functional 12-amino acid CLE polypeptides are derived from their 

14-amino acid CLE motifs (Fiers et al. 2006; Ito et al. 2006; Kondo et al. 2006; Ni and Clark 

2006) provides additional support for the central role of this motif in CLE function. Our 

observations and those of others also suggest that some CLE proteins can act through CLV1-

independent pathways, apparently recognizing other receptors. We thus propose that the CLE 

motif itself determines its functional specificity by dictating the recognition and interaction of 

each CLE peptide with its optimal receptor(s), but that there can also be overlapping activities 

between the various CLE peptides. Moreover, given the possibility that the availabilities of 

specific CLE receptors/pathways may vary between different tissues and/or cell types, this 

provides yet another mechanism for restricting or limiting CLE function and/or functional 

specificity. 

 

Sequences outside the CLE motif also contribute to CLE function 

 Because of the importance of the CLE motif to CLE function it has been proposed that the 

variable domain might simply act to permit translation and/or translocation of the CLE domain 

into the lumen of the endoplasmic reticulum (Ni and Clark 2006). However, several lines of 

evidence suggest that CLE peptide processing is central to CLE function in vivo. First, Kondo et 

al. (2006) detected in situ a 12-amino-acid dodeca-modified peptide derived from the CLV3 CLE 

motif in transgenic Arabidopsis callus over-expressing CLV3, implying that processing of the 

full length CLV3 protein occurs in vivo. Second, the SOL1 gene encoding a putative Zn
2+

-

carboxypeptidase was identified as a suppressor of the CLE19 over-expression root phenotype 

(Casamitjana-Martínez et al. 2003). Third, an uncharacterized non-membrane associated 

protease(s) can process both CLV3 and CLE1 (Ni and Clark 2006). Last, computational analysis 

of CLE proteins from different plant species has predicted a conserved secondary motif in the 

variable region of some CLE proteins, and extensions in some CLE motifs of amino acids at both 

the N- and C-termini (Oelkers et al. 2008). From this work they hypothesized that extensions of 

the CLE motif may be involved in processing of CLE peptides to their mature form. 

 By exchanging sequences outside the CLE motif between four different CLE proteins we 

found that these sequences influenced the in vivo activities of some CLE polypeptides. For 

instance, the CLE14 motif induced a much higher frequency of SAM termination when 

combined with upstream sequences derived from CLE1 or CLE7 than in its native sequence 
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context (Table 1). Moreover, chimeric CLE1-CLE14 protein provided better rescue of clv3-2 

than the native CLE14 protein alone (Fig. 2). Conversely, exchanging the CLE20 putative signal 

peptide and variable region with those of CLE1 or CLE7 dramatically decreased the ability of 

CLE20 to induce a short root phenotype in wild type plants (Table 1), and yet significantly 

enhanced the ability of CLE20 to replace CLV3 function in clv3-2 flowers. These data lead us to 

propose that sequence(s) outside the CLE motif contribute significantly to CLE activity in vivo 

by directly or indirectly influencing the processing of CLE peptides, thus resulting in differences 

in their availabilities in specific tissues, cells, and/or at sub-cellular levels.  

 

Some CLE signal peptides may have roles beyond targeting the proteins for secretion 

 Using deletion experiments we have shown that the CLE signal sequence is essential for 

CLE gene function in vivo (Table 1; Fig. 2). These results indicate that extracellular localization 

of the CLE peptides s via the secretory pathway is most likely critical for their in vivo activity, as 

has been shown for CLV3 (Rojo et al. 2002). Our work suggest that CLE proteins may be indeed 

secreted proteins and that their entrance into the secretory pathway may be required for their 

correct processing into mature polypeptides. 

 Signal sequences are highly variable, and no consensus signal sequence is shared among 

proteins targeted to the secretory pathway. Accordingly it has been found that the signal 

recognition machinery has a high degree of tolerance to sequence variation, and that signal 

peptides are capable of directing protein secretion in evolutionarily distant organisms (Talmadge 

et al. 1980). Indeed, approximately 20% of random sequences can direct the secretion of 

invertase in yeast (Kaiser et al. 1987). Therefore, it has generally been assumed that signal 

peptides are simple and interchangeable, that they function solely to direct nascent polypetides to 

the ER translocation machinery, and that they are cleaved after the polypeptides cross the ER 

membrane (Talmadge et al. 1980). The functional significance of the diversity among signal 

peptide sequences remains largely unclear. 

 By exchanging the CLE putative signal peptide with a GRP signal peptide we showed that 

not all CLE signal peptides are equivalent to this conventional signal peptide (Table 1; Fig. 2). 

Further we found that the CLE6, CLE7, and CLE20 signal peptides might have additional 

activities that cannot be restored by substitution with a conventional signal peptide. In 

interpreting these results we must consider that different signal peptides could differ in their 

targeting efficiency. However, our data do not support an interpretation based only on 

differences in targeting efficiency.  If the differences we observe were due only to differences in 

targeting efficiency, we would expect a similar change in the over-expression phenotypes among 

the different CLE proteins when their signal peptides were replaced with the same GRP signal 

peptide. Further, the change in targeting efficiency upon substitution of the CLE signal peptide 

cannot explain the nearly complete abolishment of the ability of both CLE6 and CLE7 to 

substitute for CLV3.  

 Recent evidence has pointed to a surprising functional complexity for signal peptides. 

Signal peptides have been shown to contain specific information for performing multiple, 

distinct functions, both for targeting and for other physiological processes. Indeed, there is 

evidence that some signal peptides may function even after cleavage (Hegde and Bernstein 

2006). Kang et al. (2006) showed that the signal recognition machinery could selectively 
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regulate signal peptides for the translocation of proteins into the ER in a substrate-specific 

manner. The signal peptides from M protein and from protein F (PrtF) in the bacterium S. 

Pyogenes have been reported to direct localized secretion of bacterial surface proteins (Carlsson 

et al. 2006). Intriguingly, it has been demonstrated that the cleaved signal peptide of the Lassa 

virus glycoprotein (GP-C) is an essential cofactor for the proteolytic maturation of GP-C, and 

that the GP-C signal peptide can act in trans (Eichler et al. 2003). Given these multiple scenarios, 

the possibility that some CLE signal peptides may have roles beyond simply targeting the 

proteins to the extracellular space, cannot be excluded. This is especially relevant with respect to 

the peptide maturation processes that are thought to be important for CLE function in vivo 

(Casamitjana-Martínez et al. 2003; Ni and Clark 2006; Kondo et al. 2006). Thus different CLE 

signal peptides may affect CLE protein translocation into the ER, or downstream events such as 

cleavage of the signal peptide and/or proteolytic processing of the protein, thereby eventually 

altering CLE peptide availability at the cellular and/or sub-cellular levels. 

 In summary, we confirm that the CLE proteins can function in a tissue-specific manner in 

Arabidopsis shoots, flowers and roots. While we find that the CLE motif likely determines much 

of this tissue-specificity, we provide evidence that sequences outside the CLE motif, including 

but not limited to the signal peptide, are important for CLE activity. We show that the CLE 

putative signal peptide is required for CLE protein activity in vivo, and suggest that some CLE 

signal peptides may have additional functions related to CLE protein processing. Moreover, we 

confirm that some members of the CLE family can act through CLV1-independent pathway, 

potentially involving receptors such as the recently identified CORYNE receptor kinase (Müller 

et al. 2008) (designated SOL2 by Miwa et al., [2008]). We thus propose that the CLE motif itself 

determines its functional specificity by dictating the direct recognition and interaction of each 

CLE peptide with its optimal receptor(s), which may be available in a tissue-specific manner. 

Additionally, sequences outside the CLE motif may directly or indirectly influence CLE function 

by affecting CLE peptide processing, resulting in variations in CLE peptide availability in 

specific tissues, cells, and/or at sub-cellular levels. To further elucidate CLE function(s) the 

challenge now is to determine components and pathways associated with CLE protein targeting 

and peptide processing, and to document the distribution and localization of each endogenous 

CLE peptide during Arabidopsis development. 

 

Material and Methods 

 
Constructs   

 Full-length or truncated CLE genes were amplified by PCR from the genomic DNA of 

wild-type Col plants using appropriate primers (with XhoI and BamHI cloning sites were added 

to the 5’ ends). The PCR products were cloned into the pEZS-CL vector (Cutler and Ehrhardt, 

Carnegie Institute of Washington, Stanford, CA) at the XhoI and BamHI sites. Then a NotI 

fragment containing the cloned CLE gene driven by the 35S promoter and the OCS 3’ terminator 

was removed from the recombinant pEZS-CL plasmid by NotI digestion and inserted into the 

binary vector pART27 (Gleave 1992). The SignalP-HMM program (Nielsen and Krogh, 1997: 

Nielsen et al., 1998) was used to predict the signal peptide and cleavage sites within the N-
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terminal 23-30 amino acids of each of the five CLE proteins tested (CLE1: 23 aa; CLE6: 25 aa; 

CLE7: 27 aa; CLE14: 27 aa; CLE20: 30 aa). 

  For CLE motif swapping experiments, PCR was used to generate the chimeric CLE genes 

from Col genomic DNA. The 5’ forward primers began with an XhoI recognition site, followed 

by the sequence from the first 21~28 nt of the 5’ coding sequence of the first CLE gene. The 

sequence encoding the 14-amino acid CLE motif of the second CLE gene was incorporated into 

the 3’ reverse primers.  The 3’ reverse primers started from the EcoRI site, included a stop codon 

and a 42 nt sequence encoding the 14-amino acid CLE motif of the second CLE gene, and ended 

with 18-22 nt from the immediate sequence outside of CLE motif of the first CLE gene. The 

PCR products of the chimeric CLE genes were inserted into pEZS-CL at the XhoI and EcoRI 

sites and then transferred into pART27. 

 For CLE signal sequence substitution, the DNA fragment encoding the 27-amino acid 

signal peptide from the rice glycine-rich cell wall structural protein 2 precursor was amplified by 

PCR using pCAMBIA1305.2 (CAMBIA, Canberra, Australia) as the DNA template. Cloning 

sites XhoI and EcoRI were added to the 5’ ends of the 5’ forward and 3’ reverse primers, 

respectively. The resulting PCR product was inserted into the pEZS-CL vector at the XhoI and 

EcoRI sites. Each of the truncated CLE genes generated by PCR was fused to the 3’ end of the 

rice signal sequence at the EcoRI site and inserted into the pEZS-CL vector at the BamHI site. 

Finally, the NotI fragments containing both the rice signal sequence and the truncated CLE genes 

driven by 35S promoter and OCS 3’ terminator were removed from the recombinant pEZS-CL 

plasmid by NotI digestion and inserted into the NotI site of the binary vector pART27. Primer 

sequences are available in Supplemental Table 4. 

   

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 growth 

 Plants were grown in a greenhouse under a 16 h light, 8 h dark cycle at 23°C. Two weeks 

after transplanting to soil transgenic T1 plants were assayed for shoot apical meristem 

termination. For root growth assays, transgenic T2 seeds were sterilized in 50% (V/V) bleach 

(CLOROX, Oakland, CA, USA) containing a final concentration of 3% sodium hypochlorite for 

5 min, followed by three washings with sterilize ddH2O, and then planted onto solid medium 

containing: 0.5 x Murashige and Skoog + Gamborg B5 vitamins + 1.5% (W/V) sucrose + 0.8% 

(W/V) Bacto agar, pH 5.7~5.8. After 3 days at 4
o
C the plates were maintained vertically in 

growth chambers (16 h light-8 h dark) at 23°C. Primary root lengths were measured at 7 days 

after sowing. 

 

Histological examination of the SAM/RAM in the plants overexpressing CLE genes  

 Three-to-four week-old Arabidopsis seedlings were fixed in 50% ethanol, dehydrated in a 

graded ethanol series, embedded in paraffin, sectioned at 8 m, stained with Sharman's Stain 

(Sharman, 1943), and then observed using a Leica DM LB microscope (Meyer Instruments, Inc. 
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Houston, TX, USA). For root phenotype analyses, ten-day-old seedlings were fixed in 1N HCl, 

followed by staining with Acriflavin neutral according to Ruzin (1999), and then examined using 

a ZEISS LSM 510 confocal microscopy (Carl Zeiss MicroImaging, Inc. Thornwood, NY, USA). 

 

Expression analysis 

 Total RNA from leaves and flower buds of the transgenic T1 plants or from whole 7-day-

old transgenic T2 seedlings was isolated using the TRIzol Reagent (INVITROGEN, Carlsbad, 

CA), and purified with DNase treatment (PROMEGA, Madison, WI). One μg total RNA was 

reverse transcribed into cDNA with random primers using M-MLV Reverse Transcriptase 

(PROMEGA, Madison, WI) in a 25 μl total volume. The synthesized cDNA was diluted 1:5 and 

used as the PCR template, while 0.5 μg total RNA of each sample was used directly as the PCR 

template and as a control for genomic DNA contamination. 

 Real time quantitative PCR was performed using the DNA Engine Opticon 1 (MJ 

Research, Waltham, MA) in a 25 μl total volume consisting of 5 μl of diluted cDNA template, 1 

x ThermoPol Reaction buffer, 1 U of Taq Polymerase (New England Biolabs, Ipswich, MA), 200 

nM of each primer, 200 μM dNTP, 4% glycerol, and 0.4 x SYBR green I (Molecular Probes, 

Eugene, OR). 18S rRNA was used as the internal control. All samples were assayed in triplicate, 

and any results with CT value differing by more than one cycle from the other two in the same 

triplicate were discarded. Relative quantitative PCR results were analyzed using the 2
- CT

 

method (Livak and Schmittgen 2001). 
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2001).  

 

Figure 1. CLE over-expression phenotypes in wild-type Col or clv3-2 plants. (A), (C), (F), or (I) 

shows a shoot (A and C), flower (F), or root tip (I) from a wild-type Col plant, respectively. (B), 

(D), (E), (G), (H), (J), (K) and (P) to (R) CLE over-expression in Col plants. (B) and (D) CLE1; 

(E) CLE6; (G) and (Q) CLE7; (H) and (K) CLE14; (J) CLE20; (P) the chimeric CLE14-CLE7; 

(R) pairs of seedlings overexpressing chimeric CLE genes in the Col background (from left to 

right: wild-type Col, CLE14-CLE1, CLE1-CLE14, CLE7-CLE14, and SCLE14 sp plants). (L) 

clv3-2 flower; (M), (N),  (O), and (S) CLE over-expression in clv3-2 plants. (M) CLE6; (N) 
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CLE14; and (O) from left to right: CLE20 and chimeric CLE7-CLE20 constructs, respectively. 

(S) pairs of siliques from plants over-expressing chimeric CLE genes in the clv3-2 background 

(from left to right: non-transgenic clv3-2, SCLE6 sp, SCLE20 sp, and CLE1-CLE20 plants). 

Arrows point to: (C) a SAM from a 3-week-old plant; (B), (D), and (E) a differentiated and 

terminated SAM from a 3-week-old plant; (G) reduced stamen and carpel formation in a flower; 

(I) the QC in the RAM of a 10-day-old root; (J) enlarged and disorganized QC cells in the RAM 

of a 10-day-old root; and (K) and (N) a small silique. (P) and (Q) pin-formed inflorescence 

meristem in a 4-week-old plant; Bar = 1 mm in (A), (B), (F), (G), (L) to (M), and (P); bar = 50 

μm in (C) to (E), (I) to (J), (Q); bar = 5 mm in (H), (K), (N) to (O), (R), and (S). 

 

 
 

Figure 2. Mean carpel number per flower in transgenic 35S:CLE clv3-2 T1 plants (± SE).  

* Missing gynoecia in all flowers from six independent transgenic lines. Constructs are the same 

as those in Table 1. 
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Figure 3. Schematic of the CLE domain swapping experiments. (A) Swapping of the 14-amino 

acid CLE motif. (B) Deletion and replacement of the CLE signal peptide. *Amino acid(s) K or 

KR follows the CLE14 or CLE20 motif, respectively. 
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Figure 4. Severity of the over-expression phenotypes is independent of the mean levels of 

transgene over-expression. Relative fold change is indicated by the ratio of the mean fold change 

for each over-expressed construct to the maximum mean fold change detected among different 

constructs within the same CLE gene. The severity of the over-expression phenotype was 

characterized by the percentage (%) of SAM termination (CLE1, CLE6, and CLE7) or RAM 

termination (CLE14 and CLE20). Constructs are the same as those in Table 1. 

 



 

 37 

 
 

Figure 5. CLE over-expression phenotypes in clv1-4, clv1-6, and clv2-3 plants. (A) and (B) Over-

expression phenotypes of CLE14 (A) and CLE20 (B) in 14-day-old clv seedlings (from left to 

right: clv2-3, clv1-4, and clv1-6). (C) to (F) Over-expression phenotypes of CLE14 or CLE20 in 

the root tips of 10-day-old clv2-3 or clv1-4 plants. (C) and (D) CLE14 in clv2-3 (C) and in clv1-4 

(D) plants. (E) and (F) CLE20 in clv2-3 (E) and in clv1-4 (F) plants. (G) to (J) CLE over-

expression phenotypes in transgenic clv inflorescences. (G) CLE1 in clv1-6 plants, and (H) to (J) 

CLE14 in clv1-6 (H), in clv1-4 (I), and in clv2-3 (J) plants, respectively. Arrows point to 

elongated cells in root tip in (D) and (F), and to a small silique in (H) and (I). Bar = 5 mm in (A) 

and (B), and (G) to (J); bar = 40 μm in (C) to (F).  

 

Tables 
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Table 1. CLE gene overexpression triggers root and shoot apical meristem consumption. 

35S::CLE Short root lines (total lines)%   SAM terminated lines (total lines) % 
a
CLE1 0 (42) 0.0% 36 (42) 85.7% 

a
CLE6 0 (33) 0.0% 26 (33) 78.8% 

a
CLE7 0 (37) 0.0% 21(37) 56.7% 

a
CLE14 54 (65) 83.0% 11(65) 16.9% 

a
CLE20 158 (158) 100.0% 3 (158) 1.9% 

b
CLE14-CLE1 0 (13) 0.0% 13 (13) 100.0% 

b
CLE20-CLE1 0 (47) 0.0% 44 (47) 93.6% 

b
CLE14-CLE7 2 (27) 7.4% 24 (27) 88.9% 

b
CLE20-CLE7 0 (41) 0.0% 40 (41) 97.6% 

b
CLE1-CLE14 93 (93) 100.0% 89 (93) 95.7% 

b
CLE7-CLE14 68 (81) 83.95% 39 (81) 48.1% 

b
CLE1-CLE20 27 (109) 24.7% 8 (109) 7.3% 

b
CLE7-CLE20 5 (48) 10.4% 0 (48) 0.0% 

c
CLE1 sp 0 (18) 0.0% 0 (18) 0.0% 

c
CLE6 sp 0 (16) 0.0% 0 (16) 0.0% 

c
CLE7 sp 0 (17) 0.0% 0 (17) 0.0% 

c
CLE14 sp 0(52) 0.0% 0 (52) 0.0% 

c
CLE20 sp 0 (126) 0.0%  0 (126) 0.0% 

d
SCLE1 sp 0 (84) 0.0% 56 (84) 66.7% 

d
SCLE6 sp 0 (116) 0.0% 0 (116) 0.0% 

d
SCLE7 sp 0 (111) 0.0% 7(111) 6.3%  

d
SCLE14 sp 55 (55) 100.0% 28 (55) 50.9%  

d
SCLE20 sp 6 (58) 10.3% 0 (58) 0.0% 

a: The full-length CLE coding sequence was used.                           

c: Deletion of the CLE signal peptide (CLE sp).                                   

b: The 14-amino acid (aa) CLE motif from CLE14 or CLE20 was swapped with that        

    from CLE1 or CLE7.                                                                  

d:  Replacement of the CLE signal peptide (SP) with a 27 aa SP from a rice   

     from a rice glycine-rich protein (SCLE sp).                              
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Table 2.  Carpel number per flower in the transgenic clvmutants* 

35S::CLE  clv1-4 (Mean ± SE) clv1-6 (Mean ± SE) clv2-3 (Mean ± SE) 

Nontransgenic  4.86 ± 0.073 3.94 ± 0.023 4.13 ± 0.013  

CLE1 L1:  4.88 ±  0.151 L4:  3.92 ± 0.053  L1:  4.10 ± 0.069 

 L4:  4.78 ± 0.153  L6:  3.85 ± 0.072  L2:  4.05 ± 0.05  

 L5:  4.96 ± 0.146  L8:  3.92  ± 0.055 L4:  4.25 ± 0.143 

 L7:  4.83 ± 0.143  L9:  3.91  ± 0.060  L5:  4.15 ± 0.182  

 L10:  5.04 ± 0.160  L13:  3.93 ± 0.051  L7: 4.20  ± 0.117 

   Average: 4.90 ± 0.067 Average: 3.91 ± 0.026 Average:  4.15 ± 0.043  

CLE6 L3:  4.95 ± 0.139 L10:  4.00 ± 0.000  L3:  4.30 ± 0.147 

 L4:  4.89 ± 0.134 L13:  3.84 ± 0.065  L6:  4.15 ± 0.110 

 L6:  4.85 ± 0.131  L15:  3.91 ± 0.060  L7:  4.10 ± 0.069 

 L7:  4.96 ± 0.148  L16:  3.85 ± 0.056  L10:  4.10 ± 0.124 

 L10:  4.87 ± 0.155 (n = 16) L19:  3.96 ± 0.038  L15:  4.20 ± 0.117 

  Average:  4.91 ± 0.062 Average:  3.90 ± 0.024 Average:  4.17 ± 0.051  

CLE7 L2:  4.85 ± 0.150 L2:  3.93 ± 0.051  L4:  4.05 ± 0.088 

 L5:  5.05 ± 0.135   L6:  3.87 ± 0.072  L7:  4.25 ± 0.123 

 L7:  4.90 ± 0.143 L9:  3.86 ± 0.065  L10:  4.09 ± 0.136 

 L11:  4.95 ± 0.135 L11:  3.88 ± 0.064 L12:  4.25 ± 0.160 

 L18:  4.86 ± 0.136 L15:  3.82 ± 0.084  L17:  4.15 ± 0.131 

  Average:  4.92 ± 0.062 Average:  3.88 ± 0.028 Average:  4.16 ± 0.058 

CLE14 L4:  3.60 ± 0.169 L3:  3.52 ± 0.131  L2:  4.30 ± 0.147 

 L7:  3.45 ± 0.185 L5:  3.54 ± 0.138  L6:  4.20 ± 0.117 

 L8: 3.15 ± 0.167  L8:  3.28 ± 0.158  L8:  4.06 ± 0.056  

 L11:  3.55 ± 0.185 L12:  3.17 ± 0.170  L11:  4.35 ± 0.150 

 L15:  3.70 ± 0.147 L17:  3.41 ± 0.134  L16:  4.15 ± 0.109 

  Average:  3.49 ± 0.077
#
 Average:  3.38 ± 0.065# Average:  4.21 ± 0.054 

CLE20 L4:  4.85 ± 0.150 (n = 19) L1:  3.84 ± 0.104 (n = 14) L5:  4.15 ± 0.131  

 L5:  4.90 ± 0.152  L2:  3.87 ± 0.072 (n = 17) L9:  4.25 ± 0.123 

 L8:  4.91 ± 0.146 L8:  3.88 ± 0.081(n = 17) L13:  4.05 ± 0.088 

 L11:  4.82 ± 0.142 L12:  3.82 ± 0.121(n = 11)  L14:  4.35 ± 0.150 

 L17:  4.86 ± 0.125 L19:  3.91 ± 0.060  L21:  4.10 ± 0.100 

  Average:  4.81 ± 0.068 Average:  3.87 ± 0.036 Average:  4.18 ± 0.054 

*: Unless indicated, n = 20 from each of independent  transgenic T1 lines.                    

The full-length CLE gene sequence was used.                                                               

 : 100 carpels from 10 different  clvplants.                                                                     

#:  P value < 0.01 (t test)                                                                                                        
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Supplemental Table 1. Carpel number per flower in the transgenic clv3-2 plants. 

35S::CLE Heterozygous T1 Lines  (Mean ± SE*) 

Non-transgenic clv3-2 5.67 ± 0.013 ( n = 100 ) 
a
CLE1 L2 2.77 ± 0.138 

 L6 2.84 ± 0.150 

 L7 2.91 ± 0.184 

 L9 2.94 ± 0.166 

 L11 2.84 ± 0.172 
 
 Average 2.86 ± 0.072 
a
CLE6 L1 2.04 ± 0.04 

 L3 2.00 ± 0.00 

 L6 2.08 ± 0.056 

 L8 2.04 ± 0.04 

 L10 2.12 ± 0.066 
 
 Average 2.07 ± 0.023 
a
CLE7 L1 3.04 ± 0.146 

 L4 3.08 ± 0.152 

 L5 2.84 ± 0.150 

 L7 3.12 ± 0.128 

 L9 3.16 ± 0.156 
 
 Average 3.03 ± 0.066 
a
CLE14 L2 4.13 ± 0.223 (n = 16) 

 L5 3.46 ± 0.162 

 L6 4.73 ± 0.175 (n = 15) 

 L8 5.16± 0.124 

 L13 4.60 ± 0.130 
 
 Average 4.45 ± 0.081 
a
CLE20 L2 5.56 ± 0.177 (n = 9) 

 L4 5.64 ± 0.098 

  L7  5.40 ± 0.139 (n = 14) 

 L9 5.76 ± 0.088 

 L15 5.75 ± 0.129 (n = 12) 
 
 Average 5.66 ± 0.048 
b
CLE14-CLE1 L5 4.20 ± 0.116 

 L9 3.92 ± 0.114 

  L14 3.96 ± 0.122 
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  L24 3.50 ± 0.130 

  L27 3.85 ± 0.110 
 
 Average 3.88 ± 0.056 
b
CLE20-CLE1 L3 3.72 ± 0.136 

 L4 3.84 ± 0.153 

 L7 3.56 ± 0.132 

  L12 3.48 ± 0.102 

  L15 3.68 ± 0.126 
 
 Average 3.66 ± 0.061 
b
CLE14-CLE7  n.a.

#
 

b
CLE20-CLE7 L3 3.92 ± 0.142 

 L6 3.80 ± 0.136 

 L8 3.88 ± 0.122 

  L11 3.72 ± 0.108 

  L17 3.88 ± 0.134 
 
 Average 3.84 ± 0.063 
b
CLE1-CLE14 L2 3.28 ± 0.124 

 L8 3.04 ± 0.146 

  L11 3.24 ± 0.144 

  L14 3.08 ± 0.172 

  L16 2.84 ± 0.163 
 
 Average 3.09 ± 0.071 
b
CLE7-CLE14 L1 3.84 ± 0.076 

 L4 3.88 ± 0.066 

 L8 3.96 ± 0.04 

  L13 3.76 ± 0.104 

  L14 3.80 ± 0.082 
 
 Average 3.85 ± 0.036 
b
CLE1-CLE20 L3 3.52 ± 0.147 

 L5 3.44 ± 0.142 

 L8 3.24 ± 0.138 

  L12 3.40 ± 0.144 

  L15 3.36 ± 0.153 
 
 Average 3.37 ± 0.068 
b
CLE7-CLE20 L1 3.79 ± 0.104 

 L5 3.96 ± 0.042 

 L9 3.92 ± 0.056 

 L19 3.76 ± 0.104 
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   L23 3.80 ± 0.105 
 
 Average 3.84 ± 0.042 
c
CLE1 sp L1 5.60 ± 0.108 

 L3 5.68 ± 0.103 

 L6 5.72 ± 0.092 

 L8 5.84 ± 0.074 

  L11 5.76 ± 0.089 
 
 Average 5.72 ± 0.043 
c
CLE6 sp L2 5.76 ± 0.088 

 L3 5.80 ± 0.082 

 L6 5.72 ± 0.096 

 L9 5.84 ± 0.074 

  L12 5.72 ± 0.092 
 
 Average 5.77 ± 0.038 
c
CLE7 sp L4 5.76 ± 0.106 

 L9 5.68 ± 0.096 

  L11 5.88 ± 0.106 

  L12 5.76 ± 0.088 

  L15 5.84 ± 0.074 
 
 Average 5.78 ± 0.043 
c
CLE14 sp L2 5.68 ± 0.097 

 L7 5.68 ± 0.114  

 L8 5.72 ± 0.108 

  L10 5.80 ± 0.103 

  L13 5.76 ± 0.105 
 
 Average 5.73 ± 0.047 
c
CLE20 sp L1 5.64 ± 0.098 

 L4 5.76 ± 0.121 

 L5 5.72 ± 0.122 

 L7 5.72 ± 0.109 

  L10 5.72 ± 0.092 
 
 Average 5.71 ± 0.051 
d
SCLE1 sp L3 3.00 ± 0.152 

 L4 3.24 ± 0.168 

 L9 3.12 ± 0.177 

  L12 3.50 ± 0.142 

  L15 3.27 ± 0.186 
 
 Average 3.20 ± 0.072 
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d
SCLE6 sp L1 5.80 ± 0.103 

 L3 5.84 ± 0.124 

 L4 5.84 ±0.094 

 L5 5.76 ± 0.091 

 L7 5.72 ± 0.108 
 
 Average 5.79 ± 0.046 

d
SCLE7 sp L1 5.40 ± 0.133 

 L2 5.20 ± 0.159 

 L3 5.04 ± 0.148 

 L5 5.44 ± 0.117 

 L6 5.24 ± 0.156 
 
 Average 5.26 ± 0.065 
d
SCLE14 sp L3 3.08 ± 0.225 (n = 12) 

 L5 3.58 ± 0.141  (n = 13) 

 L8 3.62 ± 0.141 (n = 13) 

  L11 3.88 ± 0.124 

  L12 3.53 ± 0.128 (n = 17) 
 
 Average 3.59 ± 0.068 
d
SCLE20 sp L2 3.16 ± 0.162 

 L6 3.28 ± 0.158 

  L11 3.52 ± 0.145 

  L13 3.48 ± 0.145 

  L19 3.44 ± 0.142 
 
 Average 3.38 ± 0.073 

* : Unless indicated,  n = 20 carpels from each independent transgenic T1 plant. 

 : 100 carpels total from 10 different clv3-2 plants.  

#:  Missing gynoecia in all the flowers in six independent transgenic lines.  

a:  The full-length CLE gene sequence was used.  

b:  The 14-amino acid (aa) CLE motif from CLE14 or CLE20 was swapped with that from 

     CLE1 or CLE7.     

c:  Deletion of the CLE signal peptide (CLE sp).   

d:  Replacement of the CLE signal peptide (SP) with the rice GRP signal peptide. 
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Supplemental Table 2. qRT-PCR analysis of CLEexpression in transgenic T1 plants*  

 Non-  Transgenic plants  Pheno- CLEs  18S rRNA  Fold change  Relative fold 

  transgenic   types (CT)  (CT) 
_

CT 
 

Transgenic/WT change(%)
#
 

CLE1 WT (Col-0)     26.77 14.26       

  
a
CLE1 Y 13.4 14.69 13.80 14,263.10 100.00% 

  
b
CLE14-CLE1 Y 21.36 17.17 8.32 319.57 2.24% 

  
c
CLE1 sp N 14.91 15.26 12.86 7,434.40 52.12% 

  
d
SCLE1 sp Y 15.08 16.02 13.45 11,190.60 78.46% 

CLE6 WT (Col-0)     25.61 14.06       

  
a
CLE6 Y 12.89 15.84 14.50 23,170.48 100.00% 

  
a
CLE6 (in clv3-2) Y 18.32 16.80 10.03 1,045.52 3.25% 

  
c
CLE6 sp N 14.30 15.99 13.24 9,475.59 40.90% 

  
d
SCLE6 sp N 14.68 17.22 14.09 17,438.64 75.26% 

  

d
SCLE6 sp (in clv3-2) 

L1 N 15.54 15.28 11.29 2,503.97  

  

                                      

L3 N 14.75 20.97 17.77 223,513.12  

  

                                                         

L4 N 15.22 18.32 14.65 25,709.25  

  

                                                        
 

L7 N 14.06 13.46 10.95 1,978.24  

  

                                  

Mean    13.67 13,034.70 56.26% 

CLE7 WT (Col-0)     26.12 14.02       

  
a
CLE7 Y 11.87 12.42 12.65 6,427.31 16.16% 

  
b
CLE14-CLE7 Y 18.08 16.16 10.18 1,160.07 2.92% 

  
b
CLE14-CLE7 (in clv3-2) Y 12.23 14.12 13.99 16,270.83 40.90% 

  
b
CLE20-CLE7 (in clv3-2) Y 20.17 16.75 8.68 410.15 1.03% 

  
c
CLE7 sp N 15.87 15.37 11.60 3,104.19 7.80% 

  
d
SCLE7 sp  N 14.30 15.61 13.41 10,884.59 27.36% 

  
d
SCLE7 sp (in clv3-2) N 12.65 15.83 15.28 39,784.74 100.00% 

CLE14 WT (Col-0)     30.6 14.17       

  
a
CLE14 Y 17.24 15.94 15.13 35,857.82 19.21% 

  
b
CLE1-CLE14 Y 22.40 16.13 10.16 1,144.10 0.61% 

  
c
CLE14 sp N 14.66 15.74 17.51 186,653.11 100.00% 

  
d
SCLE14 sp Y 16.75 16.53 16.21 75,804.72 40.61% 

CLE20 WT (Col-0)     28.8 14.10       

  
a
CLE20 Y 18.31 16.68 13.07 8,599.28 89.50% 

  
a
CLE20 (in clv2-3) N 20.36 18.57 12.91 7,696.57 82.36% 

  
b
CLE1-CLE20 Y 18.1 15.12 11.72 3,373.43 35.11% 



 

 45 

  
c
CLE20 sp N 18.57 16.14 12.27 4,938.99 51.40% 

  
d
SCLE20 sp              L4 N 17.95 14.75 11.50 2,977.74  

                                      L7 N 15.02 14.36 14.04 16,844.62  

  

                                       
          

L13 N 17.75 15.98 12.93 7,804.01  

  

                                                     

L24 Y 16.15 14.08 12.63 6,338.83  

  

                                 
           

Mean    12.78 7,033.37 73.20% 

    
d
SCLE20 sp (in clv3-2) Y 17.55 16.04 13.19 9,607.86 100.00% 

*: Unless indicated, results from pooled RNA samples from five independent transgenic lines for each construct. 

a: The full-length CLE gene sequence was used.                                                                     

b: The 14-amino acid (aa) CLE motif from CLE14 or CLE20 was swapped with that from CLE1 or 

CLE7.  

c: Deletion of the signal peptide (CLE sp).The first 23 to 30 aa of the CLE proteins were deleted.             

d:  Replacement of the CLE signal peptide (SP) with a 27 aa SP from a rice glycine-rich protein 

(SCLE sp).  

#: Relative fold change is indicated by the ratio of the mean fold change for each over-expressed construct to   

    the maximum mean fold change detected among different constructs within the same CLE.                 

 

 
Supplemental Table 3. qRT-PCR analysis of CLEexpression in transgenic T2 plants* 

  Non- Transgenic plants  CLEs  18S rRNA  Fold change  Relative fold 

  transgenic    (CT)  (CT) 
_

CT  Transgenic/WT change(%)# 

CLE1 WT (Col-0)   23.17 10.61       

  
a
CLE1 14.16 10.48 8.88 471.12 10.66% 

  
b
CLE14-CLE1 14.19 11.36 9.73 849.22 19.21% 

  
c
CLE1 sp 11.79 11.34 12.11 4,420.52 100.00% 

  
d
SCLE1 sp 13.51 11.27 10.32 1,278.29 28.92% 

CLE6 WT (Col-0)   26.65 10.95       

  
a
CLE6 11.83 11.19 15.06 34,159.52 100.00% 

  
c
CLE6 sp 12.35 11.53 14.88 30,152.71 88.27% 

  
d
SCLE6 sp    13.50 11.64 13.84 14,664.09  

  
d
SCLE6 sp          L1 14.09 13.72 15.33 41,189.81  

                            L4 14.27 12.33 13.76 13,873.08  

                            L16 15.25 12.09 12.54 5,955.47  

                           Mean   13.85 14,766.09 43.23% 

  
d
SCLE6 sp (in clv3-2) 13.23 11.52 13.99 16,270.83 47.63% 

CLE7 WT (Col-0)         25.01 10.83       

  
a
CLE7 13.74 10.96 11.40 2,702.35 8.90% 
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b
CLE14-CLE7 15.31 11.77 10.64 1,595.73 5.26% 

  
c
CLE7 sp 11.31 12.02 14.89 30,362.44 100.00% 

  
d
SCLE7 sp  12.82 11.53 12.89 7,590.61 25.00% 

  
d
SCLE7 sp (in clv3-2) 11.90 11.32 13.60 12,416.75 40.90% 

CLE14 WT (Col-0)   27.44 10.64       

  
a
CLE14 13.5 11.05 14.35 20,882.40 28.32% 

  
b
CLE1-CLE14 14.39 11.10 13.51 11,665.80 15.82% 

  
c
CLE14 sp 12.69 11.23 15.34 41,476.31 56.25% 

  
d
SCLE14 sp 11.62 10.99 16.17 73,731.83 100.00% 

CLE20 WT (Col-0)   24.78 11.16       

  
a
CLE20 15.16 12.34 10.80 1,782.89 39.50% 

  
a
CLE20 (in clv2-3) 14.68 12.16 11.10 2,194.99 48.63% 

  
b
CLE1-CLE20 12.84 10.97 11.75 3,444.31 76.31% 

  
c
CLE20 sp 13.93 12.45 12.14 4,513.40 100.00% 

  
d
SCLE20 sp 13.72 11.06 10.96 1,992.00  

  
d
SCLE20 sp        L3 13.83 11.39 10.82 1,807.78  

                               L9 16.96 13.37 9.67 814.63  

                               L14 15.73 15.39 12.92 7,750.10  

                             Mean   11.03 2,091.03 46.33% 

    
d
SCLE20 sp (in clv3-2) 18.56 11.82 6.88 117.78 2.60% 

*: Unless indicated, results from pooled RNA samples from five transgenic lines for each construct.             

a: The full-length CLE gene sequence was used.                                                                                   

b: The 14-amino acid (aa) CLE motif from CLE14 or CLE20 was swapped with that from CLE1 or CLE7. 

c: Deletion of the signal peptide (CLE sp).The first 23 to 30 aa of the CLE proteins were deleted.                         

d:  Replacement of the CLE signal peptide (SP) with a 27 aa SP from a rice glycine-rich protein (SCLEDsp).        

#: Relative fold change is indicated by the ratio of the mean fold change for each over-expressed construct    

 

Supplemental Table 4.  Lists of primers and their sequences (5' to 3') for generating constructs 
a
CLE15F CCTCGAGATGGCTAACTTGAAATTCTTGCTG 

a
CLE13R CGGGATCCTTAGTGATGGCGAGGATCGG 

a
CLE65F  CCTCGAGATGGCAAGTTTCAAGTTATGG  

a
CLE63R CGGGATCCTTAGTGATGTCTAGG GTCC 

a
CLE75F CCTCGAGATGGCGACTTTGATCCTCAAG 

a
CLE73R CGGGATCCTCAATGGTGTTGTGGATCG 

a
CLE145F CCTCGAGATGAAAGTTTGGAGCCAAAGATTATC 

a
CLE143R CGGGATCCTCATTTGTT GTGAAGCGGGTTAG 

a
CLE205F CCTCGAGATGAAAAATAAAAATATGAATCCGAGTC 

a
CLE203R CGGGATCCTCATCGTTTGTTGTGCAAAGG  

b
CLE1-5F CCTCGAGATGGCTAACTTGAAATTCTTGCTG 
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b
CLE1-CLE143R 

GGAATTCTCATTTGTTGTGAAGCGGGTTAGGACCTTTGGGAACTAATCTAGCCTCATTAAAACCTCTCT

CCA 

b
CLE1-CLE203R 

GGAATTCTCATCGTTTGTTGTGCAAAGGGTTTGATCCCGTCTTAACCTTCCGCTCATTAAAACCTCTCT

CCA 

b
CLE7-5F CCTCGAGATGGCGACTTTGATCCTCAAG 

b
CLE7-CLE143R 

GGAATTCTCATTTGTTGTGAAGCGGGTTAGGACCTTTGGGAACTAATCTAGCACTCACTAAAAATCGC

CTCTC 

b
CLE7-CLE203R 

GGAATTCTCATCGTTTGTTGTGCAAAGGGTTTGATCCCGTCTTAACCTTCCGACTCACTAAAAATCGCC

TCTC 

b
CLE14-5F CGCTCGAGATGAAAGTTTGGAGCCAAAGATTATC 

b
CLE14-CLE13R 

GGAATTCTTAGTGATGGCGAGGATCGGGACCTCCAGGACTGAGTCTCATGGAAGCTCCGTAGATCCG

ATCATAC 

b
CLE14-CLE73R 

GGAATTCTCAATGGTGTTGTGGATCGGGACCTCCGGGTGAAACCCTGTCGGAAGCTCCGTAGATCCGA

TCATAC 

b
CLE20-5F CCTCGAGATGAAAAATAAAAATATGAATCCGAGTC 

b
CLE20-CLE13R 

GGAATTCTTAGTGATGGCGAGGATCGGGACCTCCAGGACTGAGTCTCATGGACGGTAGGATTTCACC

GGC 

b
CLE20-CLE7 3R 

GGAATTCTCAATGGTGTTGTGGATCGGGACCTCCGGGTGAAACCCTGTCGGACGGTAGGATTTCACCG

GC 
c
CLE1 sp5F CCTCGAGATGCGACCGATGTTCCCAAACGCA 

c
CLE1 sp3R CGGGACCTTAGTGATGGCGAGGATCGG 

c
CLE6 sp5F CCTCGAGATGGTTGCGGAAGAGAGCCCTTC 

c
CLE6 sp3R CGGGATCTTAGTGATGTCTAGGGTCC 

c
CLE7 sp5F CCTCGAGATGATCCTCGGTTCATATCGTG 

c
CLE7 sp3R CGGGATCCTCAATGGTGTTGTGGATCG 

c
CLE14 sp5F CCTCGAGATGCGCAAGCTCCCTAGTATG 

c
CLE14 sp3R CGGGATCCTCATTTGTTGTGAAGCGGGTTAG 

c
CLE20 sp5F CCTCGAGATGAGAATCCACGTCGAAAGACGA  

c
CLE20 sp3R CGGGATCCTCATCGTTTGTTGTGCAAAGG  

d
GRP5F CCTCGAGAAGCTTATGGCTACTACTAAGCATTTGG 

d
GRP3R GGAATTCTAGGAGGGTTCTTGCACTGG 

d
SCLE1 sp5F GGAATTCCGACCGATGTTCCCAAACGCA 

d
SCLE1 sp3R CGGGATCCTTAGTGATG GCGAGGATCGG 

d
SCLE6 sp5F GGAATTCGTTGCGGAAGAGAGCCCTTC 

d
SCLE6 sp3R CGGGATCCTTAGTGATGTCTAGGGTCC 

d
SCLE7 sp5F GGAATTCATCCTCGGTTCATATCGTG 

d
SCLE7 sp3R CGGGATCCTCAATGGTGTTGTGGATCG 

d
SCLE14 sp5F GGAATTCCGCAAGCTCCCTAGTATG 

d
SCLE14 sp3R CGGGATCCTCATTTGTTGTGAAGCGGGTTAG 

d
SCLE20 sp5F GGAATTCAGAATCCACGTCGAAAGACGA 

d
SCLE20 SP3R CGGGATCCTCATCGTTTGTTGTGCAAAGG 

a: For generating full-length CLEgenes XhoI or BamHI sites were added at the 5' ends of the forward (5F), or reverse 

(3R)  primers. 

b: For generating chimeric CLEgenes XhoI or EcoRI sites were added at the 5' ends of the forward (5F) or reverse (3R)  

primers.   

c: For generating truncated CLEgenes XhoI or BamHI sites were added at the 5' ends of the forward (5F) or reverse (3R)  

primers.  

d: For CLE signal sequence swapping  EcoRI or BamHI sites were added at the 5' ends of the forward (5F) or reverse 

(3R) primers 

to generate the truncated CLEgenes, and an XhoI or EcoRI site was added at the 5' end of GRP5F or GRP 3R primer. 
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Chapter 3. The variable region of some CLE proteins may influence where the 

proteolytic processing of the CLE proteins occurs.  

 

Abstract 

 

CLE genes share a putative N-terminal signal peptide and a conserved C-terminal 14-amino-

acid CLE motif, from which, recent studies suggest, a new family of 12-amino-acid plant peptide 

hormones is derived. The sequence between the two ends is highly variable. To date the 

questions, for examples, of what roles, if any, the variable region plays and where the processing 

of CLE peptide occurs, remain largely unknown. Due to probable proteolytic separation, using 

gene-tag systems such as GFP may only show the subcellular localizations of CLE proteins. 

Nevertheless, the cleaved tags may indicate where the processing of CLE proteins originally 

takes place. My results show that over-expression of some CLE-GFP fusion proteins in 

Arabidopsis caused premature termination of shoot or/and root apical meristerms, suggesting 

existences of functional CLE peptides and proteolytic processing of the CLE-GFP proteins. 

Additionally, the GFP signals from the different CLE-GFP fusion proteins were found to be 

located in distinct subcellular compartments. By domain deletion my results subsequently 

showed that the CLE signal peptides are required for the entry of CLE proteins into the secretory 

pathway and for CLE function in planta. However, neither the CLE signal peptide, nor the CLE 

motif determines the localizations of the GFP signals from the CLE-GFP proteins. Rather, the 

variable region constrains the localizations of the GFP signals, implying that the variable region 

may influence where the CLE protein is processed. Finally, my results support a view of the lack 

of movement of the CLE proteins in root tips, despite the documented migration of CLV3 in the 

shoot apical meristem (Lenhar and Laux, 2003). 

 

Introduction 

 

The CLE family shares a conserved 14-amino-acid CLE motif in its C terminus and a 

putative signal peptide in the N terminus, while the sequence between the two ends is highly 

variable (Cock and McCormick, 2001). Results have suggested that CLE motif is the functional 

domain from which, recent studies suggest, is derived from a new family of 12-amino-acid plant 

peptide hormones. Moreover, results suggest that the signal peptide is essential for CLV3 

function in planta (Rojo et al. 2002), whereas much of the variable sequence is dispensable 

(Fiers et al. 2006). However, these studies raise additional questions about the relationship 

between CLE protein structure and function. For instance, if functionality rests largely on the 

CLE motif and signal peptide, what role, if any, does the variable region play? Where are the 12-

amino-acid CLE peptides processed? 

Direct sub-cellular localization of CLE peptides could be extremely difficult due to technical 

challenges. There is yet no workable antibody for detecting any CLE peptides. It might also be 

impossible to localize cellular compartments in which the peptides are originally arising, due to 

the diffusible nature of CLE peptides (Fier, et al., 2005). Moreover, it may not be proper to apply 

common-used gene tag systems such as GFP to determine the peptide localization, because of 

probable separation of the peptides from the tags during proteolytic processing. Nevertheless, it 



 

 53 

is reasonable to hypothesize that the subcellular localizations of the cleaved tags from CLE-tag 

system indicate where the processing of CLE proteins original occurs.  

The non-overlapping expression domains of CLV3 and CLV1 imply a possible movement 

of CLV3. Lenhard and Laux (2003) showed that the CLV3-GFP fusion protein could move from 

the stem cells in the CZ to their lateral neighbors in the PZ, and from the stem cells in L1 into the 

interior L2 and L3, to repress WUS expression. These workers also showed that the range of the 

movement and action of CLV3 could be limited by its binding to CLV1 receptor in the shoot 

apical meristem(SAM) (Lenhard and Laux, 2003). However, the non-overlapping function 

between CLV3 and other CLE peptides suggests the movement of CLE proteins, if it exists, is 

probably limited and well regulated. Yet the question of whether the CLE proteins move in root 

meristems remains to be demonstrated. On the other hand, synthetic 12-amino-acid CLE peptides 

have been shown to be able to move radially across a few cell layers in roots (Feir et al., 2005). 

The diffusible nature and functional importance of CLE peptides would imply that the release of 

CLE peptides by proteolytic processing of the CLE protein, and/or controlling the mobility of the 

CLE peptides by binding to its receptor, have to be well controlled in order to maintain the 

meristem activity. It is therefore important to demonstrate whether CLE proteins are able to 

move in roots. 

 

Results and Discussion 

 

The N-terminal signal peptides of the CLE proteins of interest  

By using the SignalP-HMM program the N-terminal first 23-, 27-, 27-, 27-, and 30-

amino-acid of CLE1, CLE7, CLE14, and CLE20 are predicted as the putative signal 

peptides for each of the corresponding CLE proteins, respectively.  

 

Over-expression of the CLE-GFP fusion proteins caused premature termination of the 

SAM or RAM in Arabidopsis. 

The transgenic plants that over-express the CLE1-GFP or CLE7-GFP fusion proteins 

show a strong wus-like premature SAM termination (Fig. 1A to 1D), while over-

expression of either CLE14-GFP or CLE20-GFP led to an extremely short-root 

phenotype in Arabidopsis (Fig.1E to 1H). These results are similar to those obtained by 

over-expressing each of the corresponding CLE genes without GFP fusion (see the results 

in Chapter 2). These results further indicate functionalities of the CLE-GFP fusion 

proteins, and thus imply the existence of the functional CLE peptides and correct 

processing of the CLE-GFP fusion proteins in Arabidopsis. 

 

The GFP signals from the different CLE-GFP proteins are located in distinct subcellular 

compartments 

CLE peptides are proposed to function as a signal ligand, and thus expected to be 

localized in extra-cellar space. The CLV3-GFP fusion protein has been shown to be 

located in the extra-cellular space and/or plasma membrane (Rojo et al, 2003). However, 

as discussed above, the locations of CLE-GFP proteins may only indicate the original 
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localizations of CLE proteins and/or the initial sites of processing of the CLE peptides, 

due to the proteolytic separation of the GFP from the peptides.  

Of the four CLE-GFP fusion proteins examined, except for CLE14, the GFP signals 

from the CLE-GFP fusion proteins were found to be located in small dots inside the 

transformed cells, using transient expression assays in onion epidermal cells (Fig.2A to 

2D: the first column marked by “GFP”). The dots were further identified as Golgi 

apparatus as evidenced by the results of that the GFPs co-localize with the YFP signal 

from a Golgi marker, GONST1-YFP (Baldwin et al., 2001) (Fig.2A to 2L : compare the 

results shown in the first three columns marked by “GFP”; “YFP”; and “Merged” from 

the left to right). Moreover, the GFP signals from CLE7-GFP and CLE20-GFP fusion 

proteins appear to exclusively be derived from Golgi dots, while the GFPs from CLE1-

GFP fusion proteins appear to be located in Golgi and some non-Golgi organelle (Fig.2: 

compare the results in the top panel marked as CLE1 with those in the second top marked 

as CLE7 and in the low panel marked as CLE20). On the other hand, the GFP signals 

from CLE14-GFP fusion protein are completely absent from the Golgi dots, but are 

derived from a non-Golgi organelle. The non-Golgi organelle in which the CLE14-GFP 

and CLE1-GFP proteins are located is most likely the endomembrane system (ER), 

which surrounds the nucleui and Golgi apparatus (Fig.2). 

The results from the transient expression assays of the CLE-GFP constructs in 

Arabidopsis seedlings (Fig.2M to 2P), and from the stable transformation of these constructs 

in Arabidopsis (Fig.2Q to 2T) are consistent with those from transient expression in onion 

cells (Fig.2). The GFPs from the four CLE-GFP fusion proteins thus appear to be located in 

the distinct organelles, and can be classified in three groups based on their sub-cellular 

localization, i.e. CLE1-GFP in both Golgi and non-Golgi, CLE14-GFP in non-Golgi only, 

and CLE7-GFP and CLE20-GFP in Golgi only. 

 

The N-terminal putative signal peptides of CLE proteins are required for the entry of the 

proteins into the secretory pathway and for their function in planta 

CLE proteins contain a putative signal or membrane anchor peptide at their N-terminus, and 

are proposed to be secreted into extra-cellular space and to function as a signal ligand (Cock and 

McCormick 2001). In this study my results show that deletions of the CLE putative signal 

peptides completely abolish the specific sub-cellular localization of CLE proteins. The GFP 

signals from all of the truncated CLE-GFP fusion proteins are found to be located in the 

cytoplasm (Fig.3: compare the results in the left column marked as “Full-length” with those in 

the right marked as: “Truncated”). Moreover, over-expression of the truncated CLE-GFP genes 

in Arabidopsis plants do not result in any detectable phenotype, and the transgenic plants are 

indistinguishable from the wild-type plants (data not shown). These results thus suggest that the 

CLE signal peptides are essential for their entry into the secretary pathway and for their function 

in Arabidopsis plants.         

 

Substitution of CLE putative signal peptides with a known signal peptide from an 

unrelated rice cell wall protein does not alter CLE protein subcellular localization 



 

 55 

An N-terminal signal peptide is believed function co-translationally to guide the 

nascent polypeptide translocated across the ER membrane, and is subsequently cleaved 

from the polypeptide in the ER. To answer the question of whether the CLE putative 

signal peptides act in a manner equivalent to a known signal peptide, I substituted the 

CLE signal peptides with a known signal peptide from an unrelated rice glycine-rich cell 

wall protein and transformed the chimeric CLE-GFP genes (SCLE sp-GFP) into onion 

epidermis cells by particle bombardment. By comparing the subcellular localizations of 

the GFPs from the full-length native CLE-GFP proteins with those from the chimeric 

CLE-GFP fusion proteins, my results show that the substitution of the CLE putative 

signal peptides with the known signal peptide does not alter the localizations of CLE-

GFP fusion proteins (compare the results showed in Fig.2 and those in Fig.4A to 4C). 

These results therefore suggest that the CLE putative signal peptides act indeed as a 

signal peptide and are equivalent to a known signal peptide in regarding to its protein 

targeting property.    

 

The variable region of a CLE protein determines the subcellular localization of the CLE 

proteins 

It has been suggest that the 14-amino-acid CLE motif is the functional domain of 

CLE proteins and that much of the variable sequence is dispensable (Fiers et al. 2006). 

My results from the domain swapping also suggest that the 14-amino-acid CLE motif 

determines the functional specificities of CLE proteins in vivo in Arabidopsis (see 

Chapter 2). By CLE motif swapping, coupled with GFP tagging my results, however, 

suggest that not the CLE motif, but the sequences outside the CLE motif influences the 

subcellular localization of the CLE-GFP proteins (Fig.4D to 4I). The 14-amino-acid CLE 

motifs of the chimeric CLE1-CLE14 and CLE7-CLE14 genes are derived from CLE14, 

while the remaining sequences (outside of the aforementioned motifs) of the CLE1-

CLE14 and CLE7-CLE14 genes are from CLE1 and CLE7, respectively. On the other 

hand, the CLE motifs of CLE14-CLE1 and CLE14-CLE7 are derived from CLE1 and 

CLE7, with the remaining sequence from CLE14. The GFP signals from the chimeric 

CLE1-CLE14-GFP construct shows the localization pattern of CLE1-GFP, namely the 

GFPs from CLE1-CLE14-GFP, are located in both Golgi and non-Golgi organelles 

(Fig.4D), whereas the GFPs from CLE14-CLE1-GFP show a CLE14-GFP pattern, i.e., in 

non-Golgi only (Fig.4E). Similarly, the GFP signals from the chimeric CLE7-CLE14 

show a CLE7-GFP localization pattern, i.e., in Golgi only (Fig.4H), while CLE14-CLE7 

show a CLE14-GFP pattern, i.e., in non-Golgi only (Fig.4I). These results thus suggest 

that it is not the CLE motif, but the sequence outside the CLE motif that determines the 

localization of the CLE-GFP proteins. 

For a CLE protein, the sequence outside CLE motif contains a putative signal peptide 

and a variable region. It is generally believed that the signal peptide of a nascent 

polypeptide will be cleaved upon its arrival in the ER. My results have suggested that 

CLE putative signal peptide acts in a manner equivalent to a signal peptide (Fig.3), and 

that the distinct sub-cellular localizations of the CLE-GFP proteins remain when each of 

the putative signal peptides of the CLE proteins is substituted with the same signal 
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peptide from the rice cell wall protein. These results therefore indicate that the unique 

sub-cellular localization of these CLE-GFP proteins do not result from their CLE putative 

signal peptides. Taken together, these results suggest that the variable region of a CLE 

protein determines the subcellular localization of the CLE-GFP protein. As discussed 

above, this result implies that the variable region of a CLE protein may influences the site 

where the proteolytic processing of a CLE protein takes place.        

 

No significant movement of CLE-GFP fusion protein was found in Arabidopsis roots 

when driven by the three tissue-specific promoters  

The CLV3-GFP protein has been found to be able to move in the SAM (Lenhard and 

Laux, 2003). To explore the possibility of CLE protein movement in root tips, the CLE-GFP 

fusion proteins were expressed in Arabidopsis driven by three Arabidopsis tissue-specific 

promoters: SCARECROW (pSCR); SHORTROOT (pSHR); and SUCROSE-PROTON 

SYMPORTER 2 (pSUC2), using stable transformation. CLE1-, CLE6-, CLE7-, CLE16-, 

CLE17-, CLE18-, CLE21-, and CLE41-GFP fusion proteins were tested individually for 

their mobility using the SCR and SHR promoters. CLE6-GFP and CLE41-GFP proteins 

were assessed for their movement in root tips using the SUC2 promoter. pSCR constrains 

gene expression exclusively to the endodermis cells (Di Laurenzio et al., 1996). The GFP 
signals from the plants transformed stably with each of the pSCR::CLE-GFP constructs were 
detectable only in the single endodermal layer in the root tips of the transgenic Arabidopsis 
plants. The representative results from the plants harboring pSCR::CLE1-GFP or 
pSCR::CLE7-GFP are shown in Fig.5A to 5D. These results indicate that there is no 
movement of the CLE proteins tested in endodermis cells in the RAM. On the other hand, 
pSHR drives gene expression in the steles of root tips (Helariutta et al, 2000). The GFP 
signals from the plants stably transformed with each of the pSHR::CLE-GFP constructs were 
found present only in the stele cells of the root tips, suggesting that there is also no 
movement of the CLE proteins in the stele of the RAM. Finally, pSUC2 restricts gene 

expression in companion cells of phloem (Truernit, and Sauer, 1995). The GFP signals from 

the plants containing the pSUC2::CLE6-GFP or pSUC2::CLE41-GFP constructs were 

detectable only in the companion cells of phloem, thus supporting the idea of no movement 

of the CLE proteins in the RAM (Figures 5G and 5H).  
Taken together, using Arabidopsis tissue specific promoter my results provide evidence 

to support a view of no movement of CLE proteins in root tips in Arabidopsis plants. 
 

Figures 
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Figure1. Phenotypic analyses of Arabidopsis plants over-expressing the CLE-GFP fusion 

proteins. (A) and (B): a 20-day-old transgenic T2 plant, which over-expresses CLE1-GFP 

protein and is grown in the soil, shows a premature termination of the SAM. (C) and (D): 

a 26-day-old transgenic T2 plant, which over-expresses CLE7-GFP protein and is grown 

in the soil, shows a premature termination of the SAM. (E) to (H): the root tips of 7-day-

old transgenic T2 plants, which over-express CLE14-GFP [(E) and (F)] or CLE20-GFP 

protein [(G) and (H)] grown in MS medium plus 1.5% sucrose. (A), (C), (E), and (G) 

viewed for GFP. Bar = 1 mm in (A) to (D); bar = 50 μm in (E) to (H). 
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Figure 2. Sub-cellular localization analysis of CLE proteins using the GFP-tag system. 
Images were visualized using fluorescence microscopy with excitation (nm)/emission 
(nm) light at 488/ 510 for GFP, 488/530 YFP. (A) to (L) Transient expression assays of 
the CLE-GFP proteins and a Golgi marker, GONST1-YFP, in onion epidermal cells by 
particle co-bombardment of each the CLE-GFP genes and GONST1-YFP. (M) to (P) 
Transient expression assays of the CLE-GFP proteins in 4-day-old Arabidopsis Col 
seedlings by particle bombardment. (Q) to (T) Stable expression analysis of the CLE-
GFP genes in the protoplasts from the 7-day-old T2 transgenic Arabidopsis seedlings. (A) 
to (D) Viewed for GFP. (E) to (H) Viewed for YFP. (I) to (L) Viewed for GFP and YFP 
(merged). Bar = 20 μm.  
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Figure 3. Subcellular localization analyses of CLE-GFP proteins in the roots of the 7-day-

old T2 transgenic Arabidopsis plants which stably express the full-length [(A), (C), (E), 

and (G)] or truncated [(B), (D), (F), and (H)] CLE-GFP constructs. (A) and (B) CLE1-

GFP. (C) and (D) CLE7-GFP. (E) and (F) CLE14-GFP; and (G) and (H) CLE20-GFP. 

The scale is the same in (A), (C), (E), and (G), or in (B), (D), (F), and (H). Bar = 50 μm.  
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Figure 4. Sub-cellular localization analyses of the chimeric CLE-GFP proteins in onion 

epidermis cells by transient expression assays. (A) to (C) The chimeric CLE-GFP 

proteins derived from the substitutions of the putative CLE signal peptides containingthe 

rice signal peptide (SCLE sp-GFP). (D) to (I) The chimeric CLE-GFP proteins from the 

CLE motif swapping experiments. The 14-amino-acid CLE motifs of the chimeric CLE1-

CLE14 and CLE7-CLE14 genes are derived from CLE14, while the remaining sequences 

(outside of the aforementioned motifs) of the CLE1-CLE14 and CLE7-CLE14 genes are 

from CLE1 and CLE7 respectively. On the other hand, the CLE motifs of CLE14-CLE1 

and CLE14-CLE7 are derived from CLE1 and CLE7, with the remaining sequence from 

CLE14. Similarly, the CLE motifs of the CLE1-CLE20 and CLE20-CLE1 genes are 

derived from CLE1 and CLE20 respective, while the remaining sequences (outside of the 

aforementioned motifs) of the CLE1-CLE20 and CLE20-CLE1 genes are from CLE1 and 

CLE20 respectively. (D) to (E) Co-localization assays of the chimeric CLE-GFP proteins 

and the Golgi marker, GONST1-YFP by co-bombardment of each of the CLE-GFP genes 

and GONST1-YFP constructs. The images in (A) to (C) and (G) to (I) are viewed for GFP 

and DAPI; the images in (D) to (E) are viewed for GFP and YFP. Bar = 10 μm in (A) to 

(C). Bar = 20 μm in (D) to (H). Bar = 50 μm in (I) 
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Figure 5. No significant movement of the CLE-GFP proteins was found in root tips of 7-
day-old T2 transgenic Arabidopsis (Col-0) seedlings. Each the CLE-GFP gene is driven 

individually by three Arabidopsis tissue-specific promoters: pSCR, pSHR, and pSUC2. 
The root tips of the 7-day-old T2 transgenic Arabidopsis plants, which are transformed 
individually with the pSCR::CLE1-GFP [(A) and (B)], pSCR::CLE7-GFP [(C) and (D)], 
pSHR::CLE1-GFP (E), pSHR::CLE7-GFP (F), and pSUC2::CLE41-GFP construct [(G) 
and (H)] respectively. Bar = 50 μm. 
 

Supplemnetal. Table 1. List of primers and their sequences for generating constructs 
Primers Sequences from 5' to 3' 

EcoCLE1F-1 GGAATTC ATGGCTAACTTGAAATTCTTGCTG 

BamCLE1R-1 CGGGATCC CG GTGATGGCGAGGATCGG 

EcoCLE7F-1 GGAATTCATGGCGACTTTGATCCTCAAG 

BamCLE7R-1 CGGGATCC CG ATGGTGTTGTGGATCG 

EcoCLE14F-1 GGAATTCATGAAAGTTTGGAGCCAAAGATTATC 

BamCLE14R-1 GGAATTCATGAAAGTTTGGAGCCAAAGATTATC 

EcoCLE20F-1 GGAATTCATGAAAAATAAAAATATGAATCCGAGTC 

BamCLE20R-1 CGGGATCC CG TCGTTTGTTGTGCAAAGG 

bCLE1Dsp5F GGAATTCATGCGACCGATGTTCCCAAACGCA 

bCLE7Dsp5F GGAATTCATGATCCTCGGTTCATATCGTG 

bCLE14Dsp5F GGAATTCATGCGCAAGCTCCCTAGTATG 

bCLE20Dsp5F GGAATTCATGAGAATCCACGTCGAAAGACGA 

cGRP5F CCTCGAGAAGCTTATGGCTACTACTAAGCATTTGG 

cGRP3R GGAATTCTAGGAGGGTTCTTGCACTGG 

dCLE1-CLE143R CGGGATCCCGTTTGTTGTGAAGCGGGTTAGGACCTTTGGGAACTAATCTAGCCTC

ATTAAAACCTCTCTCCA 

dCLE1-CLE203R CGGGATCCCGTCGTTTGTTGTGCAAAGGGTTTGATCCCGTCTTAACCTTCCGCTC
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ATTAAAACCTCTCTCCA 

dCLE7-CLE143R CGGGATCCCGTTTGTTGTGAAGCGGGTTAGGACCTTTGGGAACTAATCTAGCACT

CACTAAAAATCGCCTCTC 

dCLE14-CLE7 3R CGGGATCCCGATGGTGTTGTGGATCGGGACCTCCGGGTGAAACCCTGTCGGAAG

CTCCGTAGATCCGATCATAC 

dCLE14-CLE1 3R CGGGATCCCGGTGATGGCGAGGATCGGGACCTCCAGGACTGAGTCTCATGGAAG

CTCCGTAGATCCGATCATAC 

dCLE20-CLE1 3R CGGGATCCCGGTGATGGCGAGGATCGGGACCTCCAGGACTGAGTCTCATGGACG

GTAGGATTTCACCGGC 

a: For generating full-length CLEgenes EcoRI or BamHI sites were added at the 5' ends of the 

forward (5F), or reverse (3R)  primers. 

b: For generating truncated CLE genes EcoRI or BamHI sites were added at the 5' ends of the 

forward (5F) or reverse (3R)  primers. 

c: For CLE signal sequence swapping an XhoI or EcoRI site was added at the 5' end of GRP5F or 

GRP 3R primer. 

d: For  generating chimeric CLE genes with swapped CLE motif  EcoRI or BamHI sites were 

added at the 5' ends of the forward or reverse primers 

 

Material and Methods 

 

The N-terminal signal peptide prediction 

The SignalP-HMM program (Nielsen and Krogh, 1998) 

(http://www.cbs.dtu.dk/services/SignalP/) was used to predict the signal peptide and 

cleavage sites at the N-terminus of the CLE genes of interest. These results were used to 

guide the experimental design for the deletion of the putative signal peptide. 

 
Constructs 

Each full-length or truncated (deletion of the signal peptide) CLE gene of interest was 

amplified by PCR from the genomic DNA of the Arabidopsis wild-type Col-0 plants using 

appropriate primers (Supplemental Table 1). EcoRI and BamHI cloning sites were added to 

the 5’ ends of the forward and reverse primers, respectively. PCR products were cloned into 

the pEZS-NL vector (Cutler S, Ehrhardt D, Carnegie Institute of Washington, Stanford CA) 

at the EcoRI and BamHI sites and fused individually in frame to GFP in its C-terminus. For 

stable transformation, a NotI fragment, containing the 35S promoter and each the cloned full-

length or truncated CLE coding sequence fused to GFP at its C-terminus and the OCS 3’ 

terminator, was removed from the recombinant pEZS-NL plasmid by NotI digestion and 

inserted into the binary vector pART27 (Gleave 1992) at NotI site for use in stable 

transformation of Arabidopsis plants.  

For CLE signal sequence substitution, the DNA fragment encoding the 27-amino-acid 

signal peptide from the rice glycine-rich cell wall structural protein 2 precursor was 

amplified by PCR using pCAMBIA1305.2 (CAMBIA, Canberra, Australia) as the DNA 

template. Cloning sites XhoI and EcoRI were added to the 5’ ends of the 5’ forward and 3’ 

reverse primers, respectively. The resulting PCR product was inserted into the pEZS-NL 

vector at the XhoI and EcoRI sites and fused to the N-terminus of each of the truncated CLE 

genes at the EcoRI site. Primer sequences are available in Supplemental Table 1. 
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 For CLE motif swapping experiments, PCR was used to generate the chimeric CLE genes 

from the genomic DNA of the Arabidopsis wild-type Col-0 plants. The 5’ forward primers began 

with an EcoRI recognition site, followed by the sequence from the first 21~28 bp of the 5’ 

coding sequence of the first CLE gene. The sequence encoding the 14-amino-acid CLE motif of 

the second CLE gene was incorporated into the 3’ reverse primers. The 3’ reverse primers started 

with the BamHI site, followed by a 42 bp sequence encoding the 14-amino-acid CLE motif of 

the second CLE gene, ending with 18-22 bp from the immediate sequence outside of CLE motif 

of the first CLE gene. The PCR products of the chimeric CLE genes were inserted into pEZS-NL 

vector and fused to GFP at the C-terminus at the EcoRI and BamHI sites.  

 For the CLE protein movement assay, three tissue-specific promoters were used: (1) the 

SCARECROW (SCR, At3g54220) promoter, which drives gene expression exclusively in the 

root endodermis (Di Laurenzio et al., 1996); (2) the SHORTROOT (SHR, At4g37650) promoter, 

which restricts gene expression in the stele of root tips (Helariutta et al, 2000); and (3) the 

SUCROSE-PROTON SYMPORTER 2 (ATSUC2, At1g22710) promoter, which controls gene 

expression in companion cells of phloem (Truernit, and Sauer, 1995). Each promoter was used to 

drive CLE-GFP fusion protein expression in Arabidopsis. 

 A ~ 2.65 kb DNA fragment, immediately upstream and corresponding to the Arabidopsis 

SCR promoter (Malamy and Benfey, 1997), was first amplified by PCR from genomic DNA of 

Arabidopsis Col-0 plants. The cloning sites of NotI and EcoRI were added to the 5’-ends of the 

forward and reverse primers, respectively (Supplemental Table 1). The PCR product of SCR 

promoter (pSCR) was inserted into the recombinant vector pEZS-NL that contained the cloned 

CLE genes, replacing the 35S promoter at NotI and EcoRI sites. Correct clones were selected 

and confirmed by sequencing. The resulting Not I fragment, containing the pSCR::CLE-GFP and 

the OCS 3’ terminator, was then transferred into the binary vector pART27 for stable 

transformation. The same method was used to clone the Arabidopsis SHR promoter (pSHR, 2.2 

kb) and SUC2 promoter (pSUC2, 1.9 kb), and generate pSHR::CLE-GFP and pSUC2::CLE-GFP 

constructs at Sac I and EcoRI sites. Primer sequences are described in Supplemental Table 1. 

 

Transient expression assay using particle bombardment 

Plasmids containing each of the 35S::CLE-GFP fusion cassettes were individually bombarded 

into onion epidermal cells or 4-day-old Arabidopsis seedlings. Five μg of plasmid DNA in 25 μL 

were used to coat gold particles (1.0 μm) that were delivered into onion epidermal cells by particle 

bombardment (Scott, et al, 1999). Co-localization analysis of the CLE proteins and a Golgi protein 

marker, GONST1 was conducted by co-bombardment of each of the constructs containing a specific 

35S::CLE::GFP cassette and the plasmid containing 35S::GONST1-YFP [provided kindly by Dr. 

Paul Dupree (Department of Biochemistry, University of Cambridge, UK) (Baldwin et al., 2001)] at 

1:1 molecular ratio. Following incubation in the dark at 23°C for 20 to 24 h after the bombardment, 

transformed onion epidermal cells were examined for GFP using fluorescence or confocal 

microscopy (see “examination of GFP signals by fluorescence and confocal microscopy”). 
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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 growth 

Plants were grown in a greenhouse under a 16 h light, 8 h dark cycle at 23°C. Two 

weeks after transplanting to soil transgenic T1 plants were assayed for shoot apical 

meristem termination. For root growth assays, transgenic T2 seeds were sterilized in 50% 

(V/V) bleach (CLOROX, Oakland, CA, USA) containing a final concentration of 3% 

sodium hypochlorite for 5-10 min, followed by three washings with sterilize ddH2O, and 

then planted onto solid medium containing: 0.5 x Murashige and Skoog + Gamborg B5 

vitamins + 1.5% (W/V) sucrose + 0.8% (W/V) Bacto agar, pH 5.7~5.8. After 3 days at 

4
o
C the plates were transferred to growth chambers (16 h light-8 h dark) at 23°C and 

maintained vertically.. Primary root lengths were observed and measured at 7 days after 

sowing. 

 

Examination of GFP signals by fluorescence and confocal microscopy  

Homozygous transgenic T3 plants were used for sub-cellular localization analysis of 

CLE proteins in planta. GFP signals in transformed onion epidermal cells or 7-day-old 

transgenic Arabidopsis plants were observed using a Leica DM LB fluorescence 

microscope (Meyer Instruments, Inc. Houston TX), or a ZEISS LSM 510 confocal 

microscope (Carl Zeiss MicroImaging, Inc. Thornwood NY) with excitation 

(nm)/emission (nm) light at 488/ 510 for GFP, 488/ 530 for YFP, 325/470 for DAPI. 

 

Reference 

 

Baldwin T.C., Handford, M.G., Yuseff, M.-I., Orellana, A., and Dupree, P. (2001).    

Identification and characterization of GONST1, a Golgi-localized GDP-mannose 

transporter in Arabidopsis. Plant Cell 13, 2283–2295. 

Cock J.M., and McCormick S. (2001) A large family of genes that share homology with 

CLAVATA3. Plant Physiol. 126:939-942. 

Di Laurenzio L., Wysocka-Diller, J., Malamy, J. E., Pysh, L ., Helariutta, Y., Freshour, 

G., Hahn, M.G., Feldmann, K. A. and P.N. Benfey (1996) The SCARECROW 

gene regulates an asymmetric cell division that is essential for generating the 

radial organization of the Arabidopsis root. Cell 86, 423-433. 

Fiers M., Golemiec E., Xu J., van der Geest L., Heidstra R., Stiekema W., and Liu C.M. 

(2005) The 14-amino acid CLV3, CLE19, and CLE40 peptides trigger 

consumption of the root meristem in Arabidopsis through a CLAVATA2-

dependent pathway. Plant Cell 17:2542-2553. 

Fiers M., Golemiec E., van der Schors R., van der Geest L., Li K.W., Stiekema W.J., and 

Liu C.M. (2006) The CLAVATA3/ESR motif of CLAVATA3 is functionally 



 

 65 

independent from the nonconserved flanking sequences. Plant Physiol. 141:1284-

1292. 

Gleave A.P. (1992) A versatile binary vector system with a T-DNA organisational 

structure conducive to efficient integration of cloned DNA into the plant genome. 

Plant Mol Biol 20: 1203–1207. 

Helariutta Y., H. Fukaki, J. Wysocka-Diller, K. Nakajima, J. Jung, G. Sena, M.T. Hauser, 

and P.N Benfey (2000) The SHORT-ROOT gene controls radial patterning of the 

Arabidopsis root through radial signaling. Cell 101:555-567. 

Lenhard, M., and Laux, T. (2003). Stem cell homeostasis in the Arabidopsis shoot 

meristem is regulated by intercellular movement of CLAVATA3 and its 

sequestration by CLAVATA1. Development 130, 3163–3173. 

Nielsen H. and Krogh A. (1998) Prediction of signal peptides and signal anchors by a 

hidden Markov model. H. Proceedings of the Sixth International Conference on 

Intelligent Systems for Molecular Biology (ISMB 6), AAAI Press, Menlo Park, 

California, pp. 122-130. 

Rojo E., Sharma V.K., Kovaleva V., Raikhel N.V., and Fletcher J.C. (2002) CLV3 is 

localized to the extracellular space, where it activates the Arabidopsis CLAVATA 

stem cell signaling pathway. Plant Cell 14:969-977. 

Scott A.,Wyatt S., Tsou P.L.,Robertson D.,  and Allen N.S.(1999)Model systemfor plant 

cellbiology: GFP imaging in living onion epidermal cells. Biotechniques 

26:1125–1132, 1128–1132. 

Malamy, J.E. and P.N. Benfey (1997) A rapid system for assessing transgene expression 

in roots of Arabidopsis. Plant Journal 12, 957-963 

Truernit, E., and Sauer, N. (1995). The promoter of the Arabidopsis thaliana SUC2 

sucrose-H+ symporter gene directs expression of beta-glucuronidase to the 

phloem: Evidence for phloem loading and unloading by SUC2. Planta 196: 564–

570.  

 

 

 



 

 66 

Chapter 4. CLE14 and CLE20 irreversibly reduce cell division rates, and 

antagonistically interact with cytokinin in Arabidopsis roots. 

 
Abstract 
 

Over-expression of CLE14/CLE20 causes strong short-root phenotypes in 
Arabidopsis. Using the promoter and GFP translation reporter system, CLE14 is found to 

express specifically in root caps, epidermal cells and trichomes, whereas CLE20 

expression starts at the lateral root initiation sites, continues in the meristem region of 

young lateral roots, and then expresses into the metaxylem of the vascular tissues of the 

mature roots and stems. CLE20 expression is also found in the flower organs in a 

developmental order in which CLE20 expression first appears in sepals, and then in 

petals, next in stamens, and finally expresses in developing embryos. Subsequently my 
results show that both CLE14 and CLE20 peptides inhibit irreversibly root growth by 
reducing cell division rates in the RAM. Intriguingly, it has been found that exogenous 

application of cytokinin, but not auxin is able to partially release the short-root phenotype 

induced by over-expression of CLE14/CLE20 in planta. However the cytokinin treatment 

does not rescue the short-root phenotype caused by exogenous application of the 

synthetic 12-amino-acid CLE14/CLE20 peptides, suggesting a requirement for a 

condition provided only by the living plants. The results imply that cytokinin may 
influence the 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. On the other hand, 12-amino-acid CLE14 and CLE20 peptides appear either 
function downstream or are independent of the actions of either auxin or cytokinin. 
 

Introduction 

 

One of the proposed functions of the CLV-WUS signaling loop in the SAM is to limit cell 
division rates in the CZ. Reddy and Meyerowitz (2005) reported that CLV3 signaling in the 

SAM regulates cell fate specification and inhibition of cell division rate (Reddy and Meyerowitz, 

2005). The evidence has suggested that CLV-WUS-like pathways operate in the root apical 
meristem (RAM). A WUS-related homeobox gene, termed WOX5, has been identified in the QC 
of the RAM in Arabidopsis. Functional equivalence between WUS and WOX has been 
suggested based upon the fact that they can substitute reciprocally when ectopically expressed in 
each other’s expression domain (the OC or QC) (Sarkar et al., 2007). Loss-of-function of WOX5 
causes a differentiation of distal stem cells (columella initials) in the RAM. Conversely, gain-of-
function of WOX5 blocks differentiation of the daughter cells of distal stem cells into columella 
cells (Sarkar et al., 2007). Striking correspondences between WUS and WOX5 in the SAM and 
RAM imply that a CLV-like feedback loop may act to restrict WOX5 and thus negative regulate 

meristem activity in the RAM. Several CLE genes have been found to express in the root 
(Sharma et al., 2003). Over-expressing some CLE genes, including CLV3, trigger premature 
termination of the RAM (Strabala at al., 2006). Exogenous applications of a synthetic 12-amino-
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acid peptide derived from some CLE motifs have also been shown to cause a short-root 
phenotype (Ito et al., 2006). Cockcroft et al. (2000) suggested that cell division controlled 
meristem activity and overall growth rate in plants (Cockcroft, et al., 2000). However, there is no 
detailed study describing the spatial and temporal distribution of cell division in the RAM so far.  

My results have shown that over-expression of CLE14 or CLE20 in Arabidopsis plants 
trigger early termination of the RAM in a CLV1-independent and CLV2-dependent manner (see 
chapter 2). A failure in maintenance of the RAM activities and root growths can be due to the 
loss of stem cell niche specification, which may be caused by the loss of the specification or/and 
activities in QC (van den Berg et al., 1997; Sabatini et al., 2003), or only due to the suppression 
of cell division in the RAM. In the first case, the loss of the RAM activity can be permanent, 
while, the RAM activity may be restored, in the second case, upon remove of the inhibition 
factors.  

In this study, by using a synthetic 12-amino-acid peptide derived from CLE14 or CLE20 
motif and a cell-division marker line BJ3 (Colon-Carmona et al., 1999) I wanted to answer the 
question whether the short-root phenotype induced by CLE14 or CLE20 peptide is due to the 
loss of stem cell niche specification, or due to a direct inhibition of the peptides on the cell 
division. Moreover, since the phytohormone auxin and cytokinin are important regulators of 
meristem activity I also explored in this study the relationships among the CLE peptides, auxin 
and cytokinin, and the activities of the RAM.   
 
Results and Discussion 

 
CLE14 and CLE20 express in specific tissues and cells in Arabidopsis 

Using the promoter and GFP translational fusion report constructs my results show that 

CLE14 expresses specifically in the epidermis cells of roots including the root cap and root 

hairs (Fig.1A to 1C), the epidermis cells of hypocotyl (Fig.1D), and the trichomes (Fig.1E) 

in the above-ground tissues. CLE14 is also expressed in anther (Fig.1F) and in pollen 

(Fig.1G). On the other hand, CLE20 expression is found starting at the sites of lateral root 

initiations (Fig.1H to 1L), and continuing in the meristem region of the young lateral roots 

(data not shown), and then spreading into the metaxylem of the vascular tissues of the mature 

roots (Fig.1K to 1L). In the stem CLE20 is found expressing in the metaxylem of the 

vascular tissues (Fig.1M to 1N). CLE20 expression is also found in the flower organs in a 

developmental order. CLE20 expression first appears in sepals (Fig.1O), and then in petals 

(Fig.1P), and is next present in stamens (Fig.1Q). Finally, CLE20 expresses in the inner 

integuments of the young ovules (Fig.1R to 1U), and then in the developing embryos 

(Fig.1V to 1a). CLE20 also expresses in the suspensor cells of the immature embryo 

(Fig.1Y). Moreover, CLE20 expression is detectable in the cotyledons and root meristem of 

3-day-old young seedling (Fig.1b). In view of the specific expression patterns of CLE14 and 

CLE20, these results imply that CLE14 and CLE20 may play rather different roles than in 

controlling the SAM activity in Arabidopsis. 

 
CLE14 and CLE20 peptides irreversibly inhibit root growth by reducing cell division rates in the 
RAM 
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The cell division marker line BJ3 harbors a translation fusion of GFP to cyclinB1 gene 
driven by cyclinB1 promoter. The GFP fusion gene is expressed upon entry into G2 (Colon-
Carmona et al., 1999). The BJ3 line allows one to visually monitor the progression of the cell 
cycle in root meristems (Preuss and Britt, 2003).  

Root growth (measured by root length in mm) and mitotic activities (assessed by the number 
of cells undergoing cell division) in the RAM of the BJ3 seedlings at different ages [indicated as 
DPG (Day Post Germination), i.e. days after sown in the medium] was monitored. The cells 
undergoing cell-division were determined by observing GFP signals under a fluorescence 
microscope. Data were obtained from five days of observation, starting at 2 and ending at 7 
DPG. The results show that exogenous application of 0.5 μM of the synthetic 12-amino-acid 
peptide from CLE14 or CLE20 motif to the media inhibit the root growth and is characterized by 
a strong reduction in the root length (Figure 2A and 2B) of the BJ3 seedlings. Moreover, the 
numbers of cells undergoing cell division in the RAM of the BJ3 seedlings also dramatically 
decreased with time when grown in the media containing 0.5 μM of synthetic 12-amino-acid 
peptide from CLE14 or CLE20 motif (Figure 2C and 2D). The results therefore suggest that the 
inhibition by CLE14 and CLE20 on root growth is due to the suppression in the cell division rate 
in the root apical meristem. 

The fully differentiated plant cells generally cannot divide or produce cells of a 
different type unless they are de-differentiated by specific and strong stimuli, e.g., by an 
induction with proper concentrations of plant hormones, auxin and cytokinin. The 
specification and activity of the QC are crucial for the RAM maintenance. The capability 
of a cell for division or for generating a different type of cells in the RAM appears to 
depend on its distance from the QC (van den Berg et al., 1997; Sabatini et al., 2003). The 
activity of the RAM should be able to resume after the removal of the CLE peptides if the 
specification and activity of the QC remain.  

As a part of the efforts towards to understanding the CLE peptide functions in roots a 
detailed analysis of the RAM activity in roots of the 7-day-old BJ3 seedlings was 
performed by applying a CLE peptide treatment followed by a period of recovery in the 
control medium. To avoid the carry-over effect the lowest and second lowest effective 
concentrations of 0.1 μM and 0.5 μM of CLE14 or CLE20, respectively, were used in 
this study. The treatments were applied to the BJ3 plants starting at different times after 
sowing and for a different periods of treatment and recovery. The treatments were started 
at 0.0, 1.5, 2.0, 2.5, and 3.0 days after sowing (indicated as “DPG”: Day Post 
Germination), and treated for a time between 0.0 to 7.0 days, and then followed by a 
recovery in the control medium (MS) for a relevant time between 0.0 to 7.0 days to reach 
a total 7-day growth period after sowing for all the seedlings (Fig.2D to 2N). The root 
length and number of the cells undergoing cell division in the RAM of these 7-days-old 
seedlings were then analyzed.  

The results show that the root growth (measured as the root length in mm) (Figure 2E 
to 2I) and mitotic activities (assessed by the number of the cells undergoing cell division) 
in the RAM (Figure 2J to 2N) generally cannot be restored after removal of the CLE 
peptides. For example the root lengths and the numbers of cells undergoing cell-division 
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in the RAM of the 7-day-old BJ3 seedlings, which have been treated by the CLE peptide 
only for one day at the age of 2.0, 2.5, and 3.0 DPG followed by a recovery in the control 
medium for 4.0, 3.5, and 3.0 days respectively, are significantly reduced in comparing 
with those grown in the control (treatment time 0.0) (Fig.2G to 2H, 2L to 2N). 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 (Fig.2M and 2N), suggesting a permanent loss of cell division capability in the 
RAM of these plants. My results from this study thus show a progressive loss of cell 
division capability with a prolonged treatment time and in general the losses are 
permanent. The BJ3 seedlings at different ages also appear to be differentially sensitive to 
the CLE peptide treatments. The seedlings at ages between 2.0 to 3.0 DPG are sensitive 
to the CLE treatment (Fig.2E to 2N). 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 to 3.5 DPG (Fig.2B, in red),   

Taken together these results suggest that the inhibitive effect of CLE14 and CLE20 
on cell division in the RAM is irreversible, and imply that the suppression of CLE 
peptides on root growth and cell division may be due to the deprival of the specification 
and/or activity of the QC in the RAM of Arabidopsis roots. 
 
CLE14 and CLE20 peptides irreversibly inhibit the cell division, but do not change root 
patterning and QC specification in the RAM 

 A failure in the RAM maintenance can be due to the loss of stem cell niche specification 
by lack of specification or loss of activity of the QC (van den Berg et al., 1997; Sabatini et al., 
2003). In the first case, a loss of the expressions of the QC markers would be expected, and 
sometimes a defect in root patterning may occur. Several QC and root patterning markers, e.g. 
WOX5 (expresses exclusively in the QC), DR5 (expresses in response to auxin, and maximized 
at the distal region of the QC), PLT1 (in the QC and the surrounding stem cells), PLT2 
(expression similar to PLT1), SCR (in the QC and endodermis), and SHR (in stele of root tip) 
were thus used to evaluate the QC identity and root patterning when treated by the CLE peptides. 
The results, however, show that the CLE peptide treatment does not deprive the specification of 
the QC as is evident by the expected expression patterns in the RAM for each of these marker 
lines. The representative results from the marker lines harboring a pWOX5::GUS or pDR5::GUS 
are shows in Fig.3. These results would suggest that the permanent loss of meristem activity in 
the RAM induced by the CLE peptide treatment may not be due to the loss of QC specification, 
but may be caused by a lack of QC activity.  
 
The short-root phenotype triggered by CLE14 and CLE20 peptide treatments cannot be 
rescued by exogenous application of IAA or 6-BA 
 Auxins and cytokinin are involved with the control of cell division, cell growth and other 

physiological processes in plants. Auxin participates in a range of developmental processes, 

including cell-fate specification, cell division, cell expansion, and initiation of root growth. 

Cytokinin is implicated in the control of cell division in the SAM, but promotes cell 
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differentiation in the RAM (see the Introduction). Indole-3-acetic acid (IAA), the most common 

plant auxin, and cytokinin 6-BA were employed to study the combined effect of plant hormones 

and the CLE peptides on root growth and mitotic activity in the RAM. My results reveal that the 

inhibitive effect of CLE peptides on the roots is likely epistastic to auxin or cytokinin. The short-

root phenotype (Fig.4A and 4C) and the loss of the RAM activity (Fig4B) caused by CLE 
peptides treatment appears to be dominant in all the combined analyses. The short-root 
phenotype induced by the CLE14 and CLE20 peptide treatments cannot be overcome by 
exogenous application of IAA or 6-BA (Fig.4). These results therefore suggest that the CLE14 
and CLE20 peptides may function downstream, or independent, of the plant hormone auxin and 
cytokinin. 
 
Cytokinin 6-BA can partially rescue the short-root phenotypes caused by over-expression 
of CLE14 or CLE20 in Arabidopsis plant 
 Although the cytokinin 6-BA does not rescue the root phenotype induced by exogenous 
application of CLE peptides, it partially releases the short-root phenotype caused by over-
expression of CLE14 or CLE20 in planta (Fig.5). The 20-day-old seedlings that over-expressi 
CLE14 or CLE20 have a much longer root when grown in a medium containing 0.1 or 0.5 μM of 
6-BA than those in the control medium (Fig.5A and 5B). My results therefore suggest this rescue 

is required for a condition provided only by the living plants. The results may imply that 
cytokinin may influence the 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. On the other hand, the plants over-expressing CLE14 and CLE20 also appear to be 
resistant to the 6-BA. Cytokinin is believed to promote cell differentiation in the RAM, thus 

suppressing root growth and leading to a short-root phenotype (Dello Ioio et al., 2007). A 
treatment of 0.1 or 0.5 μM of 6-BA significantly inhibits root growths in the plants over-
expressing CLE1 (Fig.5C), or in the wild-type Arabidopsis plants (Fig.5D). Note that over-
expression of CLE1 does not affect root growth (Fig.5C, top panel with 0 of 6-BA, also see 
chapter 2 and chapter 3). These results reveal an antagonistic relationship between the CLE 
proteins and phytohormone cytokinin in vivo. 
 
Figures 
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Figure 1. The expression patterns of CLE14 and CLE20 analyzed by translational fusion of GFP 

to the CLE gene and driven by the CLE promoter. (A) to (G): expression patterns for CLE14; (H) 
to (b): expression patterns for CLE20. Bar = 1 mm in (F), (O) to (Q), and (b). Bar = 50 μm in the 
rest. 
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Figure 2. Exogenous application of CLE14 or CLE20 peptide irreversibly inhibits root growth by 
reducing cell division rates in the RAM analyzed using the cell division marker line BJ3. Root 
lengths (A) or the numbers of the cells undergoing cell division (C) of 2- to 7-day-old (indicated 
as DPG, Day Post germination, i.e. days after sown in medium) BJ3 seedlings grown in the 
control medium (MS. in red) or in the medium containing 0.5 μM CLE14 (in blue) or CLE20 
peptide (in green). (B): 7-day-old seedlings grown in the control medium (MS) or in the medium 
containing 0.5 μM CLE14 or CLE20 peptide. (D): the root tips of 7-day-old BJ3 seedlings 
showing the cells undergoing cell-division, which are visualized by the GFP signals from the 
pCyclinB1::CyclinB1-GFP construct in the BJ3 marker line. The root lengths [(E) to (I)] and the 
numbers of the cells undergoing cell division [(J) to (N)] in the 7-day-old BJ3 seedlings, which 
have been treated with the CLE peptide for a period between 0.0 to 7.0 days at the age of 0.0 [(E) 
and (J)], 1.5 [(F) and (K)], 2.0 [(G) and (L)], 2.5 [(H) and (M)], or 3.0 DPG [(I) and (N)] 
followed by a recovery in the control medium for a relevant time to reach a total 7 days growth 
time. Bar = 5 mm in (B). Bar = 50 μm in (D). 
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Figure 3. CLE14 and CLE20 peptide treatments do not change root patterning or QC 
specification in the RAM of the root tips of 7-day-old Arabidopsis seedlings. (A) to (C) The root 
tips of the seedlings harbor the construct of pWOX5::GUS. (D) to (F) The root tips of the 
seedlings hold the construct of pDR5::GUS. (A) and (D) The seedlings grown in the control MS 
medium. (B) and (E) The seedlings grown in the medium containing 0.5 μM CLE14. (C) and (F) 
The seedlings grown in the medium containing 0.5 μM CLE20. Bar = 50 μm. 
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Figure 4. The short-root phenotype caused by CLE14 and CLE20 peptide treatments 
cannot be rescued by exogenous application of IAA or 6-BA. The 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 a medium containing 0.1/0.5 μM of 
CLE14 or CLE20, plus a specified concentration of IAA or 6-BA. (C) A morphological 
imagine of the 7-day-old BJ3 seedlings grown in a control medium (MS) or a medium 
containing 0.5 μM of CLE14 or CLE20, plus a specified concentration of IAA or 6-BA. 
The concentrations of IAA and 6-BA are in nanomole (nM) in (A) to (C).  Bar = 5 mm in 
(C). 
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Figure 5. 20-day-old seedlings over-expressing CLE14 (A), CLE20 (B), CLE1 (C), or wild-type 
Arabidopsis plants (Col-0), grown in the media containing 0.0 μM (top panel), 0.1 μM (middle 
panel), or 0.5 μM (bottom panel) of 6-BA. Bar = 5 mm. 
 
Materials and Methods  

 

Generating the CLE14 or CLE20 promoter GFP translation fusion construct 

The expression patterns of CLE14 and CLE20 were analyzed by translational fusion of GFP 

to the CLE gene and driven by CLE promoter, in order to analyze the GFP patterns in the 

transgenic Arabidopsis plants transformed with the construct of pCLE14::CLE14-GFP or 

pCLE20::CLE20-GFP. For CLE14, a 2490 bp fragment immediately upstream the stop code 

(TGA) of the CLE14 coding sequence was amplified by PCR from the genomic DNA of the 

wild-type Arabidopsis Col plants with 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 clone sites Sac I and Bam HI were added at the 5’end of the 5’ forward and 

3’reverse primers respectively. The PCR fragment was cloned into pEZS-NL and fused to GFP 

at the C-terminus at Sac I and Bam HI site. Similarly, for CLE20, a 2276 bp fragment 

immediately upstream the stop code (TGA) of the CLE20 coding region was amplified by PCR 

from the genomic DNA of the Arabidopsis plants using the primers: Pcle20-5F-1: AAC ATG 

CGA AGA AGC TCG AGA; BamCLE20 3R: GC GGA TCC CG TCG TTT GTT GTG CAA 

AGG to GFP. The cloning sites Bam HI were added at the 5’end of the 3’reverse primers. The 

PCR fragment was cloned into pEZS-NL and fused to GFP at the C-terminus at Sac I and Bam 

HI site. Subsequently a Sac I and Not I fragment containing the cloned promoter fragment was 

fused to GFP and the OCS 3’ terminator was removed from the recombinant pEZS-CL plasmid 

and inserted into binary vector pART27 for the stable transformation assay.  

 
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 
 The cell-division marker line BJ3, which contains a pCyclinB1:: CyclinB1-GFP construct 
in Arabidopsis Columbia ecotype (Col-0), was provided by Dr Peter Doerner (University of 



 

 76 

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). 
 The Arabidopsis seeds were sterilized with 50% bleach (3% sodium Hypochlorite) 
(CLOROX, Oakland, CA, USA) for 5 minutes, rinsed with sterilized ddH2O  3X, and followed 
by a cold-treatment at 4°C for three days. The seeds were then sown and grown in Petri dish 
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 0.1/0.5 μM of a synthetic 12-
amino-acid peptide from CLE14 or CLE20 motif). The plates were incubated vertically in a 
growth chamber under 23 ± 1°C and16-h light cycle.  
 
Analysis of root growth and cell division in the BJ3 seedlings. 

 Root growth of the BJ3 seedlings was monitored by measuring the root length in mm, and 
counting the numbers of cells undergoing cell division by examining GFP signals in the cells of 
the RAM under a fluorescence microscope.  
 

Examination of GFP signals by fluorescence and confocal microscopy  

Homozyous transgenic T3 plants, which stably express the pCLE14::CLE14-GFP or the 

pCLE20::CLE20-GFP cassette, were examined for GFP signals at different developmental 

stages using a Leica DM LB fluorescence microscope (Meyer Instruments, Inc. Houston TX) or 

a ZEISS LSM 510 confocal microscope (Carl Zeiss MicroImaging, Inc. Thornwood NY) with 

excitation (nm)/emission (nm) light at 488/ 510. The same method was used to observed the GFP 

signals in root tips of the BJ3 seedlings 

 

Histochemical GUS assays 
GUS staining assay of the promoter report marker lines was performed as described 

(Jefferson et al., 1987). The 7-day-old seedlings were incubated in the GUS staining buffer at 
37° C for 2 to 6 hours, subsequently fixed in 70% ethanol. The imagines were captured using a 
Leica DM LB compound microscope (Meyer Instruments, Inc. Houston TX). 
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Chapter 5. Efforts towards isolating loss-of-function mutants of CLE14 and CLE20 by 

screening T-DNA insertion lines and by using RNAi silencing approaches 

 
Abstract 
 

Gain-of-function analysis by over-expression cannot reveal the native roles that CLE 

peptides play in planta. To explore the in vivo functional nature of CLE14 and CLE20 efforts 

were made to isolate loss-of-function mutants for CLE14/CLE20. Unfortunately, this effort by 

screening the T-DNA insertion lines, and using the RNAi silencing approach did not result in the 

identification of any mutants for CLE14 and CLE20. This result may be explained by the fact 

that CLE genes have a small coding sequence with a low expression level and thus may be less 

likely to be the targets for T-DNA insertion or for the RNAi silencing mechanism. 

 

Introduction 

 

Gain-of-function phenotypes, characterized by early termination of the shoot or root apical 

meristems, have been reported for many CLE genes (Strabala, et al, 2006; Ito et al, 2006). My 

results from gain-of-function analyses, so far, also provide important insights into understanding 

the function of different CLE sequence regions in Arabidopsis. However, the gain-of-function 

analysis by characterizing the over-expression phenotypes of CLE genes does not reflect the in 

vivo status of the plants, and thus cannot reveal the native roles the CLE peptides play in planta. 

The function of a specific CLE gene depends on its availability in plants, which is restricted in a 

spatial and temporal manner. The natural function for each of CLE peptides thus remains largely 

unknown due to a lack of loss-of-function mutants. The available T-DNA insertion lines are 

limited for CLE genes, which may be a consequence of the fact that CLE genes generally have a 

small coding sequence, and therefore less likely to be inserted by a T-DNA. To explore the in 

vivo functional nature of CLE14 and CLE20 efforts were made to isolate loss-of-function 

mutants for CLE14/CLE20 by screening T-DNA insertion lines and using RNAi silencing 

approaches.  

  
Results and Discussion 

 

No loss-of-function  CLE14 or CLE20 mutations were identified in the screened T-DNA insertion 

lines  
Genetic screening of the T-DNA insertion lines and the final sequencing results revealed that 

the Salk_098759 (cle14-2) line contained a T-DNA insertion in between 78 and 79 nt upstream 

of the start code (ATG) of CLE14 gene sequence (Fig.1A). However, there is no reliable 

reduction in the mRNA level of CLE14 in the cle14-2 plants found, as assayed by RT-PCR 

(Fig.1B). For GK495B-019627, the T-DNA is found inserted between 16 and 17 nt downstream 
of the stop code (TGA) of CLE20 coding sequence (Fig.1C). However, again there is no 
significant reduction of CLE20 transcription in the T-DNA insertion lines compared to the WT 
Col-0 plants (Fig.1D). 
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No significant reduction in the CLE14 or CLE20 transcription was observed using the double-

strand RNAi silencing approach 

After inducing the CLE double-stranded cassette transcription by applying 1 M DEX to the 

transgenic plants harbor double-stranded CLE14 or CLE20 inducible construct, the transcription 

levels of CLE14 and CLE20 in these transgenic plants were analyzed using RT-PCR. However, 

the results show that there is no significant and reproducible reduction in the transcription levels 

of CLE14 or CLE20 in any transgenic lines (screening of at least 20 individual transgenic lines) 

up to T3 generation. The RT-PCR results from the transgenic T3 plants for CLE14 and CLE20 are 

shown in Fig.2A and Fig.2B, respectively.  

Moreover, there is also no reliable silencing observed in the T1 transgenic plants containing 

the inducible dsRNA-silencing cassette for CLE1, CLE3, CLE6, CLE7, CLE9, CLE13, CLE16, 

of for CLE22 (data not shown). 

 This result may be explained by the fact that CLE genes have a small coding sequence 

with a low expression level and thus may be less likely to be the targets for T-DNA insertion 

or for the RNAi silencing mechanism. 

 

Figures 

 

 
 

Figure 1. Isolating of the putative loss-of-function mutant for CLE14 and CLE20 by screening 

the T-DNA insertion lines. (A) Diagram of CLE14 gene structure and of the T-DNA insertion in 

the Salk_098759 (cle14-2) line. The T-DNA was inserted in between 78 and 79 nucleotide (nt) 

upstream of the start code (ATG) of CLE14 gene sequence. (B) RT-PCR analysis of CLE14 

transcription in the Salk_098759 (cle14-2) line and in the wild-type Col-0 plants (Col). (C) 

Diagram of the CLE20 gene structure and of the T-DNA insertion in the GK495B-019627 line. 

The T-DNA was inserted between 16 and 17 nt downstream of the stop code (TGA) of the 
CLE20 coding sequence. (D) RT-PCR analysis of CLE20 transcription in the GK495B-019627 
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line and in the wild-type plants. The 18S rRNA gene was used as the internal control for 
quantification. 
 

 

 

 
 

 

Figure 2. RT-PCR analysis of CLE14 (A) and CLE20 (B) transcriptions in the T3 progeny of 

individual transgenic lines containing a hair-pin double-stranded CLE14 or CLE20 gene cassette. 

The 18S rRNA gene was using as the internal control for quantification. WT: wild-type 
Arabidopsis ecotype Col-0. 
 

Materials and Methods 

 

Screening T-DNA insertion lines 

A putative T-DNA insertion line for CLE14, Salk_098759 (also known as cle14-2), 

was obtained from ABRC (Arabidopsis Biological Resource Center), while a putative T-

DNA insertion line for CLE20, GK495B-019627, was obtained from GABI-Kat 

(http://gabi-kat.de/). The presence of the T-DNA insertion was first confirmed by PCR 

using T-DNA left border primer (LBb1) and primers from CLE14 or CLE20 gene, and then 

verified by sequencing of the PCR fragments. Homozygous T-DNA insertion mutant 

plants were further analyzed for the CLE gene expressions using RT-PCR. 

 

Knock-out/knock-down CLE genes using hair-pin dsRNAi silencing approach 

The full-length of the CLE coding sequence was used for generating the hair-pin double-

stranded cassette, which begins with the anti-sense followed by a ~1.0 kb GUS sequence, and 

ends with the sense strand of the CLE genes. The CLE hair-pin double-stranded cassette was 

inserted into the DEX-inducible vector pTA7002 (Aoyama and Chua, 1997) at the cloning sites 

XhoI and SpeI. The resulting recombinant pTA7002 was introduced into the Agrobacterium 

tumefaciens strain GV3101 using the freeze–thaw method (Höfgen and Willmitzer 1988). 

Transgenic Arabidopsis plants (ecotype Col-0) were generated via the floral-dip method (Clough 
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and Bent 1998), and were selected on MS medium containing 20 g/ml of hygromycin. Two-

week-old transgenic seedlings were cultured on MS medium containing 1 M DEX and were 

used for the CLE gene expression analysis.  

 
Expression analysis by RT-PCR 

Total RNA from the transgenic Arabidopsis plants with a specific double-stranded 

CLE gene construct was isolated using the TRIzol Reagent (INVITROGEN, Carlsbad 

CA), and purified with DNase treatment (PROMEGA, Madison WI). One μg total RNA 

was reverse transcribed into cDNA with random primers using M-MLV Reverse 

Transcriptase (PROMEGA, Madison, WI) in a 25 μl total volume. The synthesized 

cDNA was diluted 1:5 and used as PCR template, while 0.5 μg total RNA of each sample 
was used directly as the PCR template and as a control for genomic DNA contamination. 
A constitutively expressing 18S rRNA gene was used as the internal control for the RT-
PCR analysis.  
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Chapter 6. Identifying functional suppressors of CLE14 and CLE20 using EMS mutagenesis 

and Illumina sequencing approaches 

 
Abstract 
 

To date, except for CLV1, CLV2, and the recently identified CORYNE receptor kinase, no 

other signal receptor has been associated with any other CLE peptide ligands. Furthermore, 

except for the signal perception mediated by CLV1-3 complex at the cell surface, other cellular 

components involved in CLE signaling transduction pathways remain largely unknown. Thus 

identification of novel, corresponding receptors for each CLE peptide ligand, and/or other 

interacting partners or downstream components, will significantly advance our understanding of 

CLE signal transduction, plant development and stem cell homeostasis in Arabidopsis. To 

identify such components a screening of the suppressors for CLE14/CLE20 and isolating the 

corresponding gene(s) were conducted using EMS mutagenesis coupled with the Illumina 

sequencing approach. Seven such suppressor lines showing resistance to the exogenous 

application of the CLE14/CLE20 peptides were isolated, and 34 candidate genes were identified 

from the sequencing result of one suppressor line M-59. Further identification and confirmation 

of the mutation loci are underway. 

 
Introduction 
 

Cell signaling transduction is a critical process in growth and development of all 

multicellular organisms, in which coordination of cells, and cells with their external environment 

is crucial. Cell signaling involves recognition and interaction of signal ligand(s) and receptor(s). 

Binding of ligand(s) to the corresponding receptor(s) will initiate downstream cellular responses, 

resulting in cell proliferation, growth, or differentiation in a multicellular organism. Although a 

large body of evidence currently suggests that some CLE peptides can act through CLV1-
independent pathways, apparently recognizing other receptors (Ni and Clark, 2006; Chapter 2), 
to date, except for CLV1, CLV2, and the recently identified CORYNE receptor kinase (Müller et 

al. 2008) (designated SOL2 by Miwa et al., [2008]), no other signal receptor has been assigned to 

any other CLE peptide ligands. Furthermore, except for the signal perception mediated by the 

CLV1-3 complex at the cell surface, other components involved in CLE signaling transduction 

pathways remain largely unknown. Thus identifying novel corresponding receptors for the CLE 

peptide ligands, and/or other interacting partners or downstream components, will significantly 

advance our understanding of CLE signal transduction, plant development and stem cell 

homeostasis in Arabidopsis. 

Over-expression of CLE14 or CLE20 triggered the early consumption of the root meristem 
in a CLV1-independent, but CLV2-dependent manner (Chapter 2). Exogenous application in the 
culture medium of a synthetic 12-amino-acid peptide derived from CLE14 or CLE20 motif has 

also been shown to irreversibly suppress the cell division and root growth in Arabidopsis 

(Chapter 4). These results suggest that CLE14 and CLE20 may function through some CLV1-

like signal receptors, which express in roots and interact with CLV2 to transfer cellular signals 

and regulate the root apical meristem (RAM) activity. Any mutations which lead to loss-of-
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function (knock-down or knock-out) of a gene that acts uniquely in the CLE14 or CLE20 signal 

pathway will abolish the suppression of CLE14 or CLE20 peptide on the root growth and cell 

division, and therefore restore the root growth in the plants grown in the CLE14- or CLE20-

containing media. Thus by using EMS mutagenesis, screening in the CLE peptide-containing 

media, and identifying the polymorphisms by genomic re-sequencing or/and mapping of the 

mutants, the genes involved in the CLE14/CLE20 signaling pathways are expected to be 

identified.  

 

Results and Discussion 

 

Seven suppressor lines were isolated showing varying levels of resistance to the treatments of 

CLE14 and CLE20 peptides.  

Using EMS mutagenesis and the screening procedure described above, seven suppressor 

lines were isolated showing varying levels of resistance to the treatments of CLE14 and CLE20 

peptides. Of these, suppressor line M-27 appears to have the strongest resistance to both CLE14 

and CLE20 peptides (Fig.1A and 1B), whereas the suppressor lines, M-27, M-52, and M-59 are 

strongly resistant to the CLE20 peptide (Fig.1A and 1B). These three suppressor lines also show 

strong flower phenotypes and suffer from serious fertility problems (Fig.1). M4 and M5 plants of 

M-27 and M-59 respectively are completely sterile, while the M5 plants of M-52 only produce a 

few seed. The plants from lines M27 and M59 show an early termination of the inflorescence 

meristem and this results in plants with bushy inflorescence branches, and mis-specification of 

flower organ identity in the last flower, in which a semi-transformation of the sepals to carpels 

occurs (Fig.1C to 1D and 1G to 1H). In addition, the plants from line M-52 show a deformed 

flower and collapsed siliques composed of more than two carpels (Fig.1F). It is also worth noting 

that my results in Chapter 4 show that CLE20 expresses specifically in flower organs in a 

developmental order. The serious flower phenotypes in these strong CLE20 suppressor lines thus 

appear to be coincident with the expression pattern of CLE20 in flower.  

On the other hand, the plants from the suppressor line M-40 show an enlarged inflorescence 

meristem (data not shown) and short but thicken siliques composed of more than two carpels 

(Fig.1E), which are similar to the clv2 mutant phenotype (Jeong et al., 1999). And the plants 

from line M-18 demonstrate a defect in flower opening and thus have a hooked silique (data not 

shown). Moreover, the roots of the plants from line M-45 appear to be longer than those of the 

wild-type plants when grown in the control MS medium (data not shown). The further 

confirmation of the phenotypes and allelic analysis of these suppressor lines are underway.   

 

Identifying the mutations from the suppressor line M-59 using Illumina sequencing  

Treatment with ethyl methanesulfonate (EMS), an alkylating reagent, can cause to a 

chemical modification of nucleotides, which leads in mis-pairing and further base changes of the 

DNA. Alkylated guanine (G) can pair with thymine (T), but not with cytosine (C), which results 

in a G/C to T/A mutation of the DNA (Greene, et al., 2003). EMS treatment causes ~99% C/G to 

T/A substitutions, and also a low percentage of G/C to C/G or G/C to T/A transversions or A/T 

to G/C transition (Greene, et al., 2003; Krieg, 1963; Kovalchuk et al., 2000; Kim, et al., 2006). 

A total of 711,720 kb sequencing data was obtained from a single lane of Illumina 
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sequencing of the suppressor line M-59, which represents 4.533 coverage of Arabidopsis 

genome (157M). Initially I focused on the SNP analysis of this re-sequencing data of line 

M-59, based on the fact that EMS mutagenesis generally causes single nucleotide C/G to 

T/A substitutions, as discussed above. Thirty-four SNPs (single nucleotide 

polymorphism) were identified from suppressor line M-59. Of these, 33 SNPs result from 

a substitution of C/G to T/A, while one is from T to G substitution (Table 1). These SNPs 

cause a mis-sense mutation in one of the 34 corresponding genes in line M-59. These 

candidate genes encode proteins which are involved in cell signaling transduction, e.g., 

CLV1-like signal receptors and kinases, or in transcription regulation, e.g., transcriptional 

factors (Table 1). Classical Sanger sequencing will subsequently be used to confirm these 

polymorphisms. Using complementation testing and/or analysis the phenotypes of the T-

DNA insertion lines in each specific gene, further work will focus on identifying each 

gene that is responsible to the corresponding phenotype(s)  

 

Figures  

 

 

 
 

Figure 1. Phenotypic analyses of the suppressor lines that are resistant to the 

CLE14/CLE20 peptide treatments. The two-week-old M3 seedlings of the suppressors 

grown in the MS medium containing 5 μM CLE14 (A) or CLE20 (B) peptide. The wild-

type Col-0 seedlings were grown in the MS medium with or without (+/-) peptides were 

indicated as WT+ and WT- respectively in (A) and (B). (C) A 10-week-old M4 plant from 

the suppressor line M-27 grown in soil in greenhouse. (D) A magnified view of the 

flower from the plant in (C), showing a semi-transformation of the flower organ identity 
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from sepal to carpel, as evidenced by the growth of stigma on the top of a sepal. (E) An 

enlarged silique composed of at least three carpels from the M4 plant of suppressor line 

M-40. (F) Deformed flowers from a M4 plant of the suppressor line M-52. (G) A 10-

week-old M4 plant from the suppressor line M-59 grown in soil in greenhouse. (H) A 

magnified view of the flower from the plant in (G), showing the transformation of sepals 

to carpels, as demonstrated by the development of stigma and ovules on the top and edge 

of a sepal, respectively. The arrow in (D) points to the stigma. The arrow in (F) points to 

a collapsed silique. The arrows in (H) point to the stigma and ovules. Bar = 1 cm in (A) 

to (C), and (G). Bar = 1 mm in (D), (F), and (H). Bar = 5 mm in (E). 

 

Materials and Methods 
 

EMS mutagenesis   

5 g of seed of the wild-type Arabidopsis ecotype Columbia (Col-0) were soaked in a 

50-mL plastic tube with 40 mL of 100 mM phosphate buffer at 4°C for 24 hours, and 

then mutagenized with 0.2% ethyl methanesulfonate (EMS, #M-0880, Sigma-Aldrich, St. 

Louis, MO, USA) in 100 mM phosphate buffer (pH 7.5) in a fume hood for 16 h at room 

temperature with gentle shaking (Kim, et al, 2006). The resulting M1 seeds were washed 

with running water in fume hood over-night after EMS treatment, and then planted 

immediately into soil in 3 inch pots and grown in the greenhouse with 16 h /8 h day/night 

cycle and 23-25 °C.  

 

Screening for suppressors resistant to the treatment of CLE14 or CLE20 peptides  

The M2 seeds generated from the selfing of the M1 plants were screened for the 

putative suppressors by planting on a half-strength MS media containing 5 μM of the 

synthetic 12-amino-aid CLE14 or CLE20 peptide. The majority of the M2 seedlings 

would show a short-root phenotype when grown on this medium. The M2 seedlings with 

a long-root phenotype in either of the CLE14- or CLE20-containing medium were 

insensitive to the peptide, and thus selected and transferred into soil in the greenhouse for 

production of the M3 seeds by selfing of M2 plants. The same screening and growth 

procedure were applied to the M3, M4, and M5 seeds.  

 

Identifying the polymorphisms in suppressor M-59 using the Illumina genomic re-

sequencing approach 

Five μg of the total genomic DNA isolated from an M5 plant of the suppressor line M-59 

were sheared using a bioraptor® sonicator (diagenode, Sparta, NJ, USA) into 100 – 300 bp 

fragments, which were subsequently used for genomic library construction according to the 

manufacture’s manual (illumina, San Diego, CA, USA). The concentration of the resulting 

library was further measured using a Bioanalyzer in the Functional Genomics Laboratory, UC, 

Berkeley. Ten μL of the genomic library in the concentration of 10 nM was used for a 76 bp 
single-end genomic Illumina re-sequencing in Vincent J. Coates’ Genomics Sequencing 
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Laboratory, QB3/ University of California, Berkeley using an Illumina Genome Analyzer 

(Illumina, San Diego, CA, USA).  

The genomic sequencing results from the M-59 line were first assembled and aligned to the 
reference sequence TAIR9 (the wild-type genomic sequence of Arabidopsis ecotype Columbia 
(Col-0), using the computational mapping tool BWA (Li and Durbin, 2010). The 
polymorphisms, i.e. SNPs (single nucleotide polymorphism) and InDels (Insertion and Deletion) 
were identified using the package SAMtools with the following cutoffs: 20 and 3 for the 

mapping quality and coverage correspondingly, and 50 and 100 for the SNP and InDel quality, 

respectively (Li et al., 2009). Finally, the candidate polymorphisms were mapped back to the 
Arabidopsis genome using the reference sequence and annotation information of Arabidopsis. 
Using this approach the polymorphisms which cause a mis-sense mutation, and are located in 
coding regions of genes, remained. 
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Chapter 7. Identification and functional analysis of a CLE-like putative signal peptide family: 
roles in plant growth and development in Arabidopsis 
 
Abstract 
 

A new CLE-like (CLEL) putative peptide family of 11 members was identified from 
Arabidopsis using computational analysis. This family shares an overall similar domain structure 
with the CLE peptide family, i.e., contains an N-terminal putative signal peptide, a variable 
region in the middle, and a conserved 13-amino-acid CLE-like (CLEL) motif at the C-terminus. 
Exogenous applications of synthetic 12-/13-amino-acid peptides derived from several of the 
CLEL motifs of this family cause wavy roots in Arabidopsis. A similar phenotype was observed 
when the full-length sequences of two CLEL genes are over-expressed individually in the 
Arabidopsis plants. The finding of a CLEL family in Arabidopsis opens a new avenue for studies 
of cell signaling, root growth and development. 
 
Introduction 
 

To date only five signaling ligands (BL, PSK, systemin, flagellin, and CLV3) have been 

functionally identified, in contrast with the fact that there are at least 610 receptor-like kinases, 

and about 220 receptor-like proteins in Arabidopsis (Yin, Wu, and Chory, 2002). The 

CLAVATA signaling pathway, which involves the putative signal ligand CLV3, receptor-like 

kinases CLV1, and the receptor protein CLV2, is believed to participate in cell-to-cell signal 

transduction and negatively regulate stem cell fate in Arabidopsis (Brand et al., 2000; Schoof et 

al., 2000). More than 40 CLV3/ESR-like proteins, termed CLE, have now been identified from 

plants and plant-parasitic nematodes. The CLE family genes encode small, putative signal 

ligands with a conserved 14-amino-acid motif at the C-terminus and a signal peptide at the N-

terminus, while the sequence between the two ends is highly variable (Cook and McCormick, 

2001; Wang et al., 2005). To date 32
 
CLE proteins has been reported in Arabidopsis (Oelkers et 

al, 2008). Recent results have further suggested that the mature and functional forms of CLE 

proteins are 12-amino-acid peptides derived from the CLE motifs (Kondo et al., 2006; Ito et al., 

2006). Additionally, a synthetic 12-amino-acid peptide derived from many CLE members has 

also been shown to suppress root meristem formation and root growth when applied 

exogenously (Ito et al., 2006). These results thus suggest that CLE proteins act as a 12-amino-

acid plant peptide hormone ligand, involved in cell signal transduction, and that they regulate 

stem cell fates in Arabidopsis.  

In this study a 13-amino-acid CLE-like motif was first observed from the 101-amino-acid 

CLE18 protein, which is located on the C terminus of this protein from amino acids 75 to 87, 

while the CLE motif of CLE18 is positioned in its variable region from amino acids 35 to 48 

(Fig.1A). A synthetic 12-amino-acid peptide derived from the CLE motif of CLE18 was shown 

to suppress root growth and thus cause a short-root phenotype (Ito, et al, 2006). Using the 13-

amino-acid CLE-like motif from CLE18 as the query, a CLE-like putative peptide family of 11 

members, including CLE18, was identified from Arabidopsis, and designated as the CLEL 

family. Except for CLE18, the CLEL proteins were numbered from CLEL1 to CLEL10, 
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according to the order of their Locus numbers in TAIR (http://www.arabidopsis.org). A 

functional study of this family was performed and reported here.  

 

 

 

Results and Discussion 

 

Identification, phylogenetic, and subfamily classification analyses of CLEL genes  

Ten CLE-like genes were identified from Arabidopsis by the iterated BLASTP, searching 

against the TAIR9 protein database using the tool WU-BLAST2 with the 13-amino-acid CLE-

like motif from CLE18 as the query. These CLE-like genes are designated as CLEL (for CLE-

like) gene family. The 10 Arabidopsis CLEL genes are assigned as CLEL1 to CLEL10 based on 

the order of their locus numbers in TAIR (http://www.arabidopsis.org). Subsequently, 49 new 

CLEL genes were identified from other species using the 10 Arabidopsis CLEL genes as the 

queries (all from plants including 13 from rice [Oryza sativa] and 11 from poplar [Populus 

trichocarpa]). This result suggests that the CLEL family may be plant-specific genes. The 

multiple sequence alignment of these CLEL genes shows that the CLEL family shares an overall 

similar sequence structure with the CLE family. Except for CLEL6 from Arabidopsis, the CLEL 

proteins contain a hydrophobic patch in their N-terminus (Fig.1A). The CLEL proteins are small, 

conserved at the C-terminal 13-amino-acid CLEL motif, and are highly variable in the middle 

region of their sequences (Fig.1A). Of the CLEL genes in Arabidopsis, CLEL4 (At3g02240) and 

CLEL5 (At3g02242) share the greatest pairwise sequence identity at 58%, and are located in an 

immediately adjacent genomic position to each other, implying that either CLEL4 or CLEL5 

genes may be derived from a gene duplication event of another.  

Homologous genes can be classified into orthologs and paralogs. Orthologs are genes 

derived from a single ancestral gene in the common ancestor of the compared species, whereas 

paralogs are arose by gene duplication. Although it is not necessary for paralogs to reside in the 

genome of the same species, the homologous genes from the same species are definitely not 

orthologs. Paralogs are thought to evolve faster and diverge more frequently than orthologs. 

Thus it is generally believed that orthologous genes share similar functions, while paralogs are 

assumed to diverge functionally from each other (for a review see Koonin, 2005). The results 

from the phylogenetic analysis of CLEL genes using MEGA4 (Tamura et al., 2007) show that a 

reliable evolutionary relationship cannot be established for many CLEL genes, as demonstrated 

by the fact that they are present as a single branch in the phylogenetic tree, suggesting that the 

CLEL gene family is generally not conserved. Moreover, the phylogenetic tree of the CLEL 

genes shows that the paralogs from the same species frequently share a greater evolutionary 

relationship than those from different species (orthologs or the paralogs which arose before the 

speciation). There is only one pair of CLEL genes that share a reliable evolutionary relationship, 

but are from two distant-related species, i.e., CLEL6 from Arabidopsis and the one (accession 

number: NP_001047653.1) from rice (Oryza sativa) (Fig. 1B). It therefore appears that for some 

CLEL genes the paralogs are more conserved than the orthologs. This result is controversial with 

the commonly belief that paralogs evolve faster and diverge more frequently than orthologs. 

This result may be explained by the possibility of that the CLEL family diverged too fast and 
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have a high frequency of gene duplication. The conservation of some paralogs may be resulted 

from the fact of having arisen from a recent gene duplication event. The result from the 

subfamily classification of the CLEL genes using SCI-PY (Subfamily Classification In 

Phylogenomics) shows the same trend as that from the phylogenetic analysis using MEGA4 

(compare the result in Fig.1B to that in Fig.1C). The CLEL genes are classified into 33 

subfamilies by the SCI-PY, suggesting a high diversity among the CLEL genes. These results 

thus suggest that CLEL family genes are highly diverged.  

 

Subcellular localization prediction of CLE-like proteins 
Except for CLEL6, all the CLEL proteins are predicted to as a secreted protein, due to the 

existence of the N-terminal putative signal peptide. On the other hand, CLEL6 was predicted as 

a nucleus protein by SubLoc and WOLFPSORT. 
 

In vitro application of a synthetic 12-/13-amino-acid peptide derived from the CLEL motifs of 

some CLEL proteins causes a wavy-root phenotype. 

A 12-amino-acid CLEL peptide derived from the CLEL motifs (from the second to the last 

amino acid of the 13-amino-acid CLEL motif) of CLE18 and CLEL6 triggers a wavy-root 

phenotype at a concentration as low as 0.5 μM (Fig.2A to 2B), while the 12-amino-acid CLEL 

peptide of CLE18 also causes a short root phenotype at a concentration of 50 μM (Fig.2A). The 

13-amino-acid CLEL6 peptide, which includes the whole CLEL6 motif induces a nearly 

identical wavy-root phenotype as that from the 12-amino-acid CLEL6 peptide treatment 

(compare the results in Fig.2B to those in Fig.2C). A magnified image of the cells in the mature 

root region of the seedlings shown in Fig. 2C shows that the 13-amino-acid CLEL6 peptide 

treatment causes twisted growth of the epidermis cells. A synthetic 13-amino-acid CLEL peptide 

from the CLEL7 or CLEL9 motif also induces wavy roots (Fig.2E to 2F), whereas the 13-amino-

acid CLEL peptide from CLEL10 motif does not cause any significant root phenotype, even at a 

concentration of 50 μM (Fig.2G). The negative result from the CLEL10 can serve as a control, 

and suggests that the wavy-root phenotype is not due to a non-specific toxic effect of the 

peptides. 

 

The subcellular localization of the CLEL proteins using GFP tag system: transient expression 

assay in onion epidermis cells 

Four CLEL proteins, CLEL6 to CLEL8 and CLEL10, were examined for subcellular 

localization using the GFP tag system. The results from the transient expression assays of the 

CLEL-GFP fusion proteins in onion epidermis cells show that CLEL6 is located in nucleus 

(Fig.3A), while all the other CLEL proteins tested are found to be located in the endomembrane 

system (ER) (Fig.2B to 2D). These results are in a good agreement with the prediction results. 

The result showing that CLEL6 is localized in the nucleus, however raises intriguing questions 

about CLEL6 function. Does CLEL6 act as a peptide ligand for some receptor(s) in nucleus? 

There are indeed some proteases, which have been reported to be localized in nucleus, e.g. mcII-

Pa (Bozhkov et al., 2005), and MPA1 (Sanchez-Moran et al., 2004). Additionally, nuclear 

receptors have also been widely reported in animals, although they have not as yet been reported 

in plants (for a review see Carpenter et al., 2003). Therefore the possibility of the existence of an 
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intra-cellular signal transduction pathway involving CLEL6 peptides, and some nucleus receptor 

kinase cannot be excluded.  

 

Over-expressing two CLEL genes individually in the Arabidopsis plants causesa wavy-root 
phenotype. 

Two CLEL genes, CLEL6 and CLEL8, are stably over-expressed in Arabidopsis. For 

CLEL6, only the T2 plants from two transgenic lines, out of 16 independent transgenic lines 

examined, show a significant wavy-root phenotype (Fig.3F). For CLEL8, the T2 plants from all 

the independent transgenic lines tested (more than 20) show a strong wavy-root phenotype 

(Fig.3G). The in vivo results thus confirm the results from in vitro experiments, and demonstrate 

that the wavy-root phenotype can be induced by over-expressing the CLEL proteins in planta, 

but is not conditioned strictly by exogenously supplying the mature peptides. More evidence 

from over-expressing different CLEL genes in planta is needed to confirm these results. Future 

work will focus on the isolation and characterization of the loss-of-function CLEL gene mutants. 

 

Figures  
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Figure 1. Multiple sequence alignment (MSA) and phylogenetic analysis of CLEL genes. (A) 
Multiple sequence alignment (MSA) of CLEL genes using MUSCLE. The hydrophobic patch in 

the N-terminus and the CLEL motif in the C-terminus are indicated above the alignment. The 
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CLE motif of CLE18 was denoted by underlined. (B) A consensus neighbor-joining (NJ) 
phylogenetic trees of the CLEL genes at a bootstrap test cutoff of 50% by using MEGA4. 
Percentages of replicate clustering trees in the bootstrap tests of 1000 replicates are indicated 
next to the branches. The phylogenetic tree is constructed using the full-length multiple sequence 
alignment shown in (A). (C) SCI-PHY classification analyses of the Arabidopsis CLEL genes 

using the full-length protein sequences. The locus numbers for each CLEL protein from 

Arabidopsis are: CLEL1: At1g13620; CLEL2: At2g03830; CLEL3: At2g04025; CLEL4: 

AT3G02240; CLEL5: At3g02242; CLEL6: AT3G60650; CLEL7: AT4G16515; CLEL8: 

AT5G51451; CLEL9: AT5G60810; and CLEL10: AT5G64770; and CLE18: AT1G66145. The 

gene identifiers of the CLEL genes from other species were shown in (B).  

 

 

 
 

Figure 2. In vitro application of a synthetic 12-/13-amino-acid peptide derived from the CLEL 

motifs of some CLEL proteins cause a wavy-root phenotype. The 7-day-old wild-type 

Arabidopsis Col-0 seedlings were grown on MS media containing a synthetic CLEL peptide 

derived from CLE18 [(A), 12-amino-acid], CLEL6 [(B) and (C), 12-/13-amino-acid, 

respectively], CLEL7 (E), CLEL9 (F), and CLEL10 (G) motif. (D) A magnified image of cells 

in the mature root region from a plant in (C). Except for the results shown in (G) and (H), the 

peptides were used at seven different concentrations, i.e., 0, 0.1, 0.5, 1.0, 5.0, 10, and 50 μM, 

and the seedlings treated with a concentration from low to high were shown from the left to right 

in each imagine. The seedlings shown in (G) were treated with a 13-amino-acid CLEL10 peptide 

at a concentration of 50 μM, while the seedlings shown in (H) were treated with 10 μM CLEL 

peptide of CLE18 (shown at the top panel, 12 amino acid), CLEL6 (shown at the second top 

panel, 13 amino acid), CLEL7 (shown at the second bottom panel). The seedlings shown at the 

bottom panel were treated with 10 μM of the 12-amino-acid CLE14 peptide. The control 
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seedlings were grown on the MS medium without any peptide, indicated as MS in (H). Bar = 50 

μm in (D); Bar = 1 cm in the rest. 

 

 

 
 

Figure 3. Subcellular localizations of CLEL-GFP fusion proteins in onion epidermis cells and  

phenotypic analyses of the T2 transgenic plants, which over-express a specific CLEL gene. (A) to 

(D) Subcellular localization using GFP tagging and transient expression assays in onion 

epidermis cells. (A) CLEL6-GFP; (B) CLEL7-GFP; (C) CLEL8-GFP; and (D) CLEL10-GFP. 

(E) to (D) Phenotypic analyses of the 7-day-old wild-type Arabidopsis Col-0 seedlings (E) or the 

T2 transgenic seedlings, which over-express CLEL6 (F) or CLEL8 (G) grown in the MS 

medium. Bar = 50 μm in (A) to (D). Bar = 1 cm in (E) to (G)   

 

Materials and Methods 
 

Identifying CLE-like genes from Arabidopsis and other species 

The 13-amino-acid CLEL motif sequence from CLE18 was first used as the query for 

BLASTP searching against the TAIR9 protein database, using the search tool WU-BLAST2 

(http://www.arabidopsis.org/wublast/index2.jsp). The retrieved sequences were examined 

manually for CLEL characteristics, e.g., having the conserved C-terminal CLEL motif and being 

a small protein (fewer than 130 amino acids in length). The CLEL motif sequences from the 

retrieved hits were then used as the queries for a new iteration BLASTP, searching against the 

TAIR9 protein database using the search tool WU-BLAST2. This iterated search processing was 

repeated until no new hits were returned.  

Next, PSI-BLAST (Position-Specific Iterated BLAST), obtained through the NCBI 

[(http://blast.ncbi.nlm.nih.gov/Blast.cgi), was used to identify the CLEL genes from other 

species. BLOSUM 62 was used as the score substitution matrix (see Chapter 1). Each of the full-

length sequences of the Arabidopsis CLEL genes was used as the query for 5 iterations of PSI-
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BLAST against the non-redundant protein sequence (nr) database. The E-value cutoff for each 

iteration of PSI-BLAST was 10. The retrieved sequences from each iteration were examined 

manually for the CLEL characteristics, e.g., containing the conserved C-terminal CLE-like 

motif, and being a small protein.  

 

Multiple sequence alignment (MSA) using MUSCLE  

Full-length sequences of the CLEL proteins were used for multiple sequence 

alignment (MSA) analysis using MUSCLE (http://www.ebi.ac.uk/Tools/muscle/) 

(Edgar, 2004). To get the set of unique  (non-redundant) CLEL genes, the sequences in 

a MSA were sorted by the pairwise identities and the redundant sequences sharing a 

sequence identity at or greater than 99% with others were removed.  

 

Phylogentic analysis using Mega4 and SCI-PY 

The multiple sequence alignment of the CLEL genes was subsequently used for the 

phylogentic and subfamily classification analyses. Phylogenetic and molecular 

evolutionary analyses of CLEL genes were conducted using MEGA version 4 (Tamura 

et al., 2007). Subfamily classification analysis from an evolutionary perspective of the 

CLEL genes was performed using SCI-PHY (Subfamily Classification In 

Phylogenomics) software (http://phylogenomics.berkeley.edu/SCI-PHY/) (Brown, 

Krishnamurthy, and Sjölander, 2007). 

 

Subcellular localization predictions of CLEL proteins 

Several subcellular localization prediction programs SignalP 

(http://www.cbs.dtu.dk/services/SignalP/) (Emanuelsson et al., 2000), SubLoc 

(http://www.bioinfo.tsinghua.edu.cn/SubLoc/eu_predict.htm) (Hua and Sun, 2001), TargetP 

(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2000), and WoLFPSORT 

(http://wolfpsort.org/), were used to predict the subcellular localizations of the CLE-like 

proteins.  

 

In vitro treatment of Arabidopsis wild-type plants with a synthetic 12-/13-amino-acid CLEL 

peptide  

12-/13-amino-acid CLEL peptides from the CLEL motifs were synthesized in HHMI Mass 

Spectrometry Laboratory, Department of Molecular & Cell Biology, UC, Berkeley. The seeds of 

the wild-type Arabidopsis Col-0 were sterilized in 50% (V/V) bleach (CLOROX, Oakland, CA, 

USA) containing a final concentration of 3% sodium hypochlorite for 5-10 min, followed by 

washed three times with sterilized ddH2O, and then were sown on MS media (1/2 MS + B5 
vitamins + 1.5% sucrose + 0.8% agarose) containing a synthetic 12-/13-amino-acid CLEL 
peptide at different concentrations between 0 to 50 μM. After cold-treatment at 4o

C for three 
days the plates were incubated vertically in a growth chamber under 23 ± 1°C and 16-/8-h light 
cycles. Primary root growth was observed 7 days after sowing. 

 

Constructs 
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CLEL6 to CLEL8 and CLEL10 were examined for the subcellular localizations using GFP 

fusion system. Each of the full-length CLEL genes was amplified by PCR from the genomic 

DNA of the Arabidopsis wild-type Col-0 plants using appropriate primers. EcoRI and BamHI 

cloning sites were added to the 5’ ends of the forward and reverse primers, respectively. PCR 

products were cloned into the pEZS-NL vector (Cutler S, Ehrhardt D, Carnegie Institute of 

Washington, Stanford CA) at the EcoRI and BamHI sites and fused individually in frame to GFP 

in its C-terminus.  

Two CLEL genes, CLEL6 and CLEL8, driven by the 35S promoter, were expressed 

ectopically in Arabidopsis. The full-length CLEL6 and CLEL8 genes, were amplified by PCR 

from the genomic DNA of the Arabidopsis wild-type Col-0 plants, using appropriate primers. 

XhoI and BamHI cloning sites were added to the 5’ ends of the forward and reverse primers, 

respectively. PCR products were cloned into the pEZS-CL vector (Cutler S, Ehrhardt D, 

Carnegie Institute of Washington, Stanford CA) at the XhoI and BamHI sites. A NotI fragment, 

containing the 35S promoter and the cloned full-length CLEL6 or CLE8 coding sequence and the 

OCS 3’ terminator, was removed from the recombinant pEZS-CL plasmid by NotI digestion and 

inserted into the binary vector pART27 (Gleave 1992) at NotI site for use in stable 

transformation of Arabidopsis plants. 

 

Transient expression assay of the subcellular localization of the CLEL proteins using GFP 

fusion and particle bombardment  

Plasmids containing a specific 35S::CLEL-GFP fusion cassette were individually 

bombarded into onion epidermal cells. Five μg of plasmid DNA in 25 μL was used to coat gold 

particles (1.0 μm) that were delivered into onion epidermal cells by particle bombardment 

(Scott, et al, 1999). Following incubation in the dark at 23°C for 20 to 24 h after the 

bombardment, transformed onion epidermal cells were examined for GFP expression using a 

Leica DM LB fluorescence microscope (Meyer Instruments, Inc. Houston TX) with excitation 

(nm)/emission (nm) light at 488/ 510. 

  
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). 
 

The transgenic plant growth 

Plants were grown in a greenhouse under a 16 h light, 8 h dark cycle at 23°C. For root 

growth assays transgenic T2 seeds were sterilized in 50% (V/V) bleach (CLOROX, Oakland, 

CA, USA) containing a final concentration of 3% sodium hypochlorite for 5-10 min, followed 

by three washs with sterilize ddH2O, and then planted onto solid medium containing: 0.5 x 

Murashige and Skoog + Gamborg B5 vitamins + 1.5% (W/V) sucrose + 0.8% (W/V) Bacto agar, 

pH 5.7~5.8. After 3 days at 4
o
C the plates were maintained vertically in growth chambers (16 h 

light and 8 h dark) at 23°C. Primary root growths were observed at 7 days after sowing. 
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Chapter 8. A membrane-associated thioredoxin required for plant growth moves from cell-
to-cell suggestive of a role in intercellular communication 
 
Abstract 

Thioredoxins (Trxs) are small ubiquitous regulatory disulfide proteins. Plants have 
an unusually complex complement of Trxs comprised of six well-defined types (Trxs f, 
m, x, y, h and o) that reside in different cell compartments and function in an array of 
processes. The extraplastidic h-type consists of multiple members that in general have 
resisted isolation of a specific phenotype. In analyzing mutant lines in Arabidopsis 
thaliana, we identified a phenotype of dwarf plants with short roots and small yellowish 
leaves for AtTrx h9 (henceforth, Trx h9), a member of the Arabidopsis Trx h family. Trx 
h9 was found to be associated with the plasma membrane and to move from cell-to-cell. 
Controls conducted in conjunction with the localization of Trx h9 uncovered another h-
type Trx in mitochondria (Trx h2) and a Trx in plastids earlier described as a cytosolic 
form in tomato. Analysis of Trx h9 revealed a 17-amino acid N-terminal extension in 
which the second Gly (Gly2) and fourth cysteine (Cys4) were highly conserved. 
Mutagenesis experiments demonstrated that Gly2 was required for membrane binding, 
possibly via myristoylation. Both Gly2 and Cys4 were needed for movement, the latter 
seemingly for protein structure and palmitoylation. A 3D model was consistent with these 
predictions as well as with earlier evidence showing that a poplar ortholog is reduced by 
a glutaredoxin rather than NADP-thioredoxin reductase. In demonstrating the membrane 
location and intercellular mobility of Trx h9, the present results extend the known 
boundaries of Trx and suggest a role in cell-to-cell communication. 
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Introduction 
 
Current evidence indicates that redox state is one of the factors determining the fate 

and growth of cells during the development of multicellular organisms. The ubiquitous 
disulfide regulatory protein, thioredoxin (Trx), appears to play a role in linking redox to 
this process (1, 2). Trxs belong to a complex family of regulatory proteins consisting of at 
least six distinct types in plants, f, m, y, x, h and o (Fig. S1A). Trxs reside in different cell 
compartments and function in an array of processes. While the role of chloroplast Trxs is 
relatively clear, our understanding of the function of the multiple members of the 
extraplastidic h-type is limited. Moreover, mutant phenotypes of h-type Trxs are scant: a 
loss-of-function mutant has been described in only one case: Trx h5 was found to be 
required for response of Arabidopsis to fungal infection  (3, 4).  
 In exploring the function of h-type of Trxs, we elected to focus on the member of 
this group, whose ortholog, Trx h9, was recently found to be important in the germination 
of cereal seeds (5). As Arabidopsis appeared ideally suited for this purpose, we sought a 
phenotype for a mutant defective in this Trx. Our efforts have been successful: we now 
report the identification of a phenotype for a null, loss-of-function mutation in Trx h9. 
The trx h9 mutant, showed chlorotic leaves and impaired growth and development. In 
contrast to other Trxs tested as controls, Trx h9 was found to be associated with the 
plasma membrane and, surprisingly, was able to move from cell-to-cell. By constructing 
structural models, we found that Arabidopsis Trx h9 may be reduced with NADPH by 
glutaredoxin (Grx) and glutathione (GSH) rather than the usual NADP-thioredoxin 
reductase (NTR) enzyme as shown for its ortholog from poplar (6). Our findings suggest 
that Trx h9 plays a role in plant development possibly by allowing cells to relay redox 
information to one another.  
 
Results and Discussion 

 
Arabidopsis Trx h9.  
 Sequence analysis revealed that Trx h9 is evolutionarily conserved and shares 
high sequence identity with its orthologs in different species. For example, we found that 
63% of the Trx h9 protein sequence is identical to that of its rice counterpart 
(Os01g0168200; accession No.: NP_001042127), while only 46% is identical with Trx 
h1, the most closely related paralog in Arabidopsis. Based on an N-terminal extension 
characterized by a conserved Gly at position 2 (Gly2) and a cysteine at position 4 (Cys4), 
Trx h9 and its orthologs form a new branch of h-type Trxs clearly separate from other 
members of the group (Fig. S2A, Fig. S1). These features suggest that this region may 
endow Trx h9 with unique functions and properties. The microarray data revealed that 
Trx h9 is expressed in a tissue-specific manner (Fig. S2B), although RT-PCR analyses 
showed that Trx h9 is expressed throughout the plant (Figs. S2C), consistent with results 
reported by Reichheld et al. (7). Expression was strongest in the epidermal cells in the 
elongation zone of the roots, stomata, stamen and pollen (Figs. S2B and S2C, Table S1). 
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Recessive loss-of-function mutation in Trx h9 impairs growth and development. 

Genetic screening of T-DNA insertions and subsequent sequencing revealed that 
Salk line 086660 contained a T-DNA insertion in the second exon of the Trx h9 coding 
sequence (CDS) between the 135th and 136th nucleotide (Fig. S2D). RT-PCR results 
further indicated that homozygous Salk_086660 plants were null loss-of-function mutants 
of Trx h9 (Fig. S2E). There was no detectable trx h9 RNA in plants from two individual T3 
homozygous mutants of Salk_086660 (Salk_08660-3 and Salk_08660-9).  

Phenotypic analyses revealed that loss of Trx h9 function seriously impaired 
growth and development. When cultured on MS medium without sucrose, mutant plants 
ceased growth after germination (Fig. S3A). Roots and leaves of the homozygous mutants 
were significantly shorter and smaller than wild-type counterparts grown on MS medium 
with 1% sucrose (Figs. 1A and 1B). Root tips of 7-day-old mutant seedlings grown on MS 
medium with 1% sucrose had a shortened root apical meristem and were more compact 
with fewer elongated cells in keeping with noticeably shorter roots (Fig. 1B, Fig. S3B). 
When grown in soil, mutant plants were dwarf with small yellowish leaves (Fig. 1C, Fig. 
S3C). Mesophyll cells from mutant leaves were smaller and irregularly shaped with fewer 
chloroplasts vs. wild type (Fig. 1D). Consistent with lower chloroplast numbers, mature 
rosettte leaves of mutant plants contained on a relative basis ca. 50% the chlorophyll of 
wild type based on HPLC analysis (1,477 vs. 760.7 for Chl a and 804.9 vs. 406.4 for Chl b 
in wild type and ath9 mutant, respectively). Heterozygous and F1 plants from a backcross 
to Salk_086660 yielded a wild-type plant, suggesting that Salk_086660 contains a 
recessive Trx h9 mutation.  
 At this point, we deemed it desirable to characterize a novel Arabidopsis 
chloroplast Trx since the loss-of function Trx h9 seems to affect chloroplasts. For this 
purpose, we selected a previously unreported Arabidopsis Trx [called "putative 
thioredoxin" (At3G06730) in the Arabidopsis information resource database (TAIR)] that 
was predicted to be in plastids based on the use of the ChloroP 1.1 Server 
(http://www.cbs.dtu.dk/services/ChloroP/) and to be closely related to plastid Trx y (Fig. 
S1A). We provisionally designated this protein, Trx p, due to its Putative and Plastidic 
nature. The Trx p ortholog in tomato, CITRX (Cf-9-interacting thioredoxin), was earlier 
shown to function in disease resistance (8). It was thus of interest to determine loss-of-
function phenotypes of Trx p by studying a T-DNA insertion line, Salk_028162, in which 
a T-DNA was inserted at a position 161 bp of the first intron of the Trxp p gene (Fig. S1B). 
This insertion resulted in a null knockout in the homozygous mutant plants (trx p) (Fig. 
S1C) which appeared completely albino, ceased growth and died shortly after germination 
(Fig. S1D). Plastids in trx p plants lacked visible internal membrane structures, including 
stromal and granal thylakoids as well as starch granules (Fig. S1F). There were, however, 
many densely stained globular structures, possibly plastoglobuli of degenerated thylakoid 
lipids (9) (Fig. S1G). Trx p thus may play a role in plastid development in addition to its 
role in plant disease (8). 
  
35S::Trx h9 construct fully rescued the loss-of-function phenotypes of Trx h9 mutant.  
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 In further characterization of its function, the full-length Trx h9 gene driven by 
the 35S promoter was introduced into homozygous Salk_086660 mutant plants. Sixty 
individual transgenic 35S::Trx h9 lines in the trx h9 mutant background were analyzed in 
the T1 generation. Complete rescue of the mutant phenotypes was observed in 44 lines 
(77.33%), yielding plants indistinguishable from wild-type Arabidopsis (Col-0) (Figs. 1A 
- 1D). These results confirmed that the mutant phenotypes were due to the loss-of-
function mutation in Trx h9. 
 
Trx h9 is a plasma membrane protein.  

 To obtain insight into its function, we determined the subcellular localization of 
Trx h9. We fused GFP (Green Florescence Protein, a 27 kDa resident of the cytosol) in 
frame to the full-length Trx h9 at the C-terminus. Localization of the Trx h9-GFP fusion 
protein was assayed in both transient and stable transformation systems.  

Before examining Trx h9, we tested GFP fusions with Arabidopsis proteins 
targeted to different organelles using the isolated onion epidermal cell layer for the 
transient expression assay. These studies revealed that free GFP (a cytosolic protein) was 
present throughout the cell (Fig. S4A). Moreover, when cells expressing free GFP were 
plasmolyzed, GFP remained in the cytosol (Fig. S4B), not in the Hechtian strands (see 
below) or cell wall as revealed by DAPI staining (Fig. S4C). By contrast, when fused to a 
nuclear localization signal (NLS), GFP accumulated, as expected, in the nucleus (Fig. 
S4D). In short, GFP fused to control proteins was localized as predicted.  

We also examined the location of Trx p that was predicted to be in plastids by the 
PSORT program. Using transient and stable transformations with GFP fusions, we 
localized Arabidopsis Trx p in plastids (Figs. 2D and 2E). In parallel transient expressions, 
the Trx p counterpart (BG299573) and Trx f (AK250725) from barley (Hordeum vulgare) 
were identically localized. This finding contrasts with the report that the Trx p ortholog 
from tomato, CITRX, is localized in the cytosol (8). Further work is needed to resolve this 
discrepancy. 

We also examined the localization of Trx h2, which, as anticipated, was in the 
cytosol. However, unexpectedly, it was also observed in mitochondria in the onion 
transient expression system. This location was seen with both the onion transient 
expression assay, where GFP (Fig. 2A) was co-localized using MitoTrack Orange, a 
specific dye for mitochondria (Invitrogen, Carlsbad, CA, USA) (Fig. 2B), and in stably 
transformed Arabidopsis (Fig. 2C). In addition to providing evidence for a mitochondrial 
h-type Trx in Arabidopsis, these results complement earlier work with castor seed (10) and 
poplar (11). 
 Cellular localization of Trx h9 was examined against this background. When 
transiently expressed in onion cells, Trx h9 fused to GFP localized to the cell periphery--
i.e., the plasma membrane, cell wall or both (Fig. 3A). To localize the protein more 
accurately, onion cells were plasmolyzed after being transformed with Trx h9-GFP. Under 
these conditions, protoplasts pull away from the cell wall, becoming spherical and leaving 
large numbers of thin plasma membrane bridges, known as Hechtian strands, firmly 
anchored to the cell wall (12). Trx h9-GFP displayed a pattern consistent with its location 
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in the plasma membrane (Fig. 3B, Hechtian strands marked with arrow). Similar results 
were obtained with the barley Trx h-like protein (accession AAN63616) – an ortholog that 
shares 65% sequence identity with Trx h9.  
 Results obtained with Trx h9-GFP stably expressed in Arabidopsis were in 
agreement with the transient expression assays. GFP from Trx h9-GFP fusion proteins in 
transgenic Arabidopsis seedlings was observed in the plasma membrane and/or cell wall of 
root cells (Fig. 3C). Analyses of protoplasts from plants stably expressing Trx h9-GFP 
revealed that fluorescence remained in the plasma membrane of spherical protoplasts after 
cell walls were removed (Fig. 3D). Further, Western blots using a GFP antibody 
demonstrated that the Trx h9-GFP fusion protein was prevalent in the insoluble, not the 
soluble, fraction extracted from transgenic plants stably expressing the protein (Fig. S5). 
This pattern contrasted with that of Trx h2, which localized to both the cytosol and 
mitochondria (Figs. 2A-C). Overall, these results suggest that Trx h9 is a plasma 
membrane protein. 
 
 Trx h9 may be myristoylated and palmitoylated.  

Although there are exceptions for mitochondria and endoplasmic reticulum, plant 
h-type Trxs are generally considered to be soluble, cytosolic proteins due to the absence of 
protein sorting signals and transmembrane domains (10, 13, 14). However, other factors 
are known to affect membrane-binding properties of proteins through either co- or post-
translational addition of a variety of lipids, such as myristyl (C14), farnesyl (C15), palmityl 
(C16), and geranylgeranyl (C20) groups. Covalent linkage of these moieties to a protein 
can affect its membrane binding properties (15). Trx h9 possesses a conserved N-terminal 
Gly (Gly2) and Cys (Cys4) suggestive of lipid modification. N-Myristoylation refers to the 
co-translational and irreversible addition of myristate at the N-terminal Gly of a protein via 
amide linkage (16, 17). Palmitoylation, on the other hand, represents a reversible 
posttranslational attachment of a palmityl group to specific Cys residues through thioester 
linkage (15, 18). Proteins with Cys residues adjacent to or near an N-myristoylated Gly 
residue, like Trx h9, may be sequentially palmitoylated (17).  

By using a specific N-terminal prediction program, Myristoylator 
(http://ca.expasy.org/tools/myristoylator/), we analyzed Arabidopsis Trxs for potential 
myristoylation. Trx h9 (At3g08710), Trx h2 (At5g39950), Trx h7 (At1G59730) and Trx h8 
(At1G69880) were found to have high confidence scores for myristoylation (respective S 
values of 0.9872, 0.9864, 0.9890, and 0.9901). The S score is based on the average 
responses of 25 artificial neural network predictions, which are defined as: S = Positive 
minus Negative; 0.85<S<1 indicates a high confidence prediction. As the only h-type 
representative with the necessary third Cys (Cys4) at the N-terminus, Trx h9 was subjected 
to palmitoylation prediction using the CSS-PALM program 
(http://csspalm.biocuckoo.org/). Perhaps not surprisingly, the N-terminal conserved Cys at 
position 4 (Cys4) of Trx h9 was positive for palmitoylation with a score (S) of 4.852 (S  
1.0 indicates high confidence). Thus, while Trxs h2, h7 and h8 may be myristoylated, Trx 
h9 appears to be the only member of the Trx h group capable of undergoing dual lipid 
modification (myristoylation and palmitoylation). Furthermore, based on these analyses, 
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we found that other plant Trxs (f, m, x, y and o) would also not undergo lipid modification. 
The role Gly (Gly2) in Trxs h2, h7 and h8 is yet to be determined. 
 
Mutation of Gly2, not Cys4, in conserved N-terminal extension abolishes Trx h9 membrane 
localization  

The Gly2 and Cys4 residues in the N-terminal extension of Trx h9 are highly 
conserved with its orthologs (Fig. S2A). Gly2 and Cys4 are canonical sites, respectively, for 
N-myristoylation and palmitoylation (15-17). Further, Cys4 is required for catalysis of the 
poplar ortholog of Trx h9, PtTrxh4 (19). It was, therefore, of interest to determine the 
importance of Gly2 and Cys4 in Trx h9. To this end, the two amino acids were mutated to 
Ala2 (Trx h9G2A) and Trp4 (Trx h9C4W), respectively. Subcellular localization of the 
mutated GFP proteins was determined in both transient and stable transformants.  
 Mutation of Gly2 abolished membrane localization, as seen with transient 
expression (Fig. 3E), such that Trx h9 showed typical cytosolic localization similar to GFP 
alone (Fig. S4A). Moreover, unlike Trx h9-GFP, Trx h9G2A-GFP fusion was not seen in 
the plasma membrane but rather was distributed in the cytosol as visualized by GFP and 
confirmed by DAPI staining (Fig. 3F). In contrast to Gly2, mutation of Cys4 did not affect 
localization of Trx h9, which, like the wild type, was observed in the plasma membrane 
(Figs. 3I, 3J). Results with stably transformed Arabidopsis were consistent with transient 
expression assays of the mutants in both Gly2 (Figs. 3G, 3H) and Cys4 (Figs. 3K, 3L). 
Localization results led to the conclusion that association of Trx h9 with the plasma 
membrane is possibly linked to N-myristoylation modification at Gly2, but is independent 
of Cys4.  
 
Trx h9 can move from cell-to-cell.   
 That Trx h9 is membrane-anchored and has the potential for palmitoylation 
suggested a unique function relative to its Trx counterparts. As palmitoylation has been 
associated with protein movement in animal cells, we sought evidence of a related function 
in plants (18, 20). We, therefore, tested the possible movement of Trx h9 using the 
Arabidopsis tissue-specific promoter, SCARECROW (pSCR) which directs downstream 
gene expression specifically in the single endodermal cell layer of the root (21). Prior to 
examining expression of Trx h9, we confirmed promoter specificity with two other Trxs 
(Trx h2 and Trx p), their full-length protein coding sequences fused to GFP, pSCR::Trx 
h2-GFP and pSCR::AtTrx p-GFP, respectively. Confocal imaging confirmed that both 
Trx-GFP fusions (pSCR::Trx h2-GFP and pSCR::Trx p-GFP) showed the expected 
expression in the single endodermal layer of the root tip (Figs. 4A, 4B and 4C, 4D). By 
contrast, in plants transformed with pSCR::Trx h9-GFP, GFP was seen throughout the root 
(Figs. 4E, 4F). These results suggest that, unlike other Trxs examined to date, Trx h9 can 
move from cell-to-cell — i.e., migrate from its original expression site in endodermal cells 
to other cell layers of the root (Figs. 4E, 4F). This type of movement differs from that 
described for truncated human Trx (Trx80) and NaTrxh from Nicotiana alata that cross the 
cell boundary during secretion (22, 23). It is also different from that for 13 kDa rice 
cytosolic h-type Trx, RPP13-1, that moves from companion cells through plasmodesmata 
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into  adjacent sieve elements in mature phloem (24). It is noted that the apparent absence 
of Trx h9 movement in isolated epidermal onion tissue described above suggests the 
requirement for a condition provided only by the living plant.  
 

Trx h9 movement requires both Gly2 and Cys4 
As observed for its membrane localization (Figs. 3E, 3F), Trx h9 movement was 

abolished by replacing Gly2 with alanine (Figs. 4G, 4H). However, unlike localization, 
which was not altered by mutagenizing Cys4 (Figs. 3I - 3L), movement of Trx h9 was also 
abolished by converting Cys4 to tryptophan (Figs. 4I, 4J). Palmitoylation occurs in 
membranes and thus cytosolic proteins must interact with membranes to be palmitoylated 
(17, 18). Gly2 may, therefore, be required for membrane localization of Trx h9 and for 
subsequent palmitoylation of Cys4. Palmitoylated proteins, which favor specific protein-
protein interactions, modulate the activity of signaling cascades (18). Although Cys4 was 
not required for membrane-localization of Trx h9, the dynamically palmitoylated Cys4 may 
enhance its membrane-association and facilitate its movement by regulating its activities 
and interactive properties. Taken together, these results suggest that the two conserved 
amino acids in the N-terminal extension of Trx h9 are essential for its unusual properties: 
Gly2 for membrane anchoring and both Gly2 and Cys4 for mobility. Interestingly, Cys4 of 
Trx h9 seems to be the target not only for movement, but also for its reduction by 
glutaredoxin as suggested by results obtained with the ortholog from poplar (19). 
However, mechanisms as to how these two reactions involving the same thiol group are 
regulated with respect to each other remains to be determined. Mutation analysis in terms 
of movement and palmitoylation of Cys57 in the catalytic site of Trx h9 would provide 
insight into this question. 

 
Trx h9 may dock via interaction of N-terminal Cys4 with catalytic Cys57 

Sequence analysis reveals that Trx h9 has 70% identity with a Trx from poplar 
(PtTrxh4) the 3D structure of which has been determined (19). Using PtTrx h4 and other 
close homologs as templates for comparative modeling, we determined a predicted 3D 
structure for Trx h9 by applying I-TASSER simulation (25) (Fig. 5A) that matched nearly 
perfectly with Zits templates (Fig. 5B) (see Supplemental Information). Analysis of its 
structure revealed that, as discussed by Koh et al. (19), the N-terminal extension appears to 
act like an arm appended to the main body of Trx h9 with the potential to be a protein 
docking site (binding pocket)--through possible interaction of the N-terminal Cys (Cys4) 
with Cys57 in the classical catalytic site (C57GPC60) (Fig. 5A). This docking site could 
confer specific binding properties to Trx h9 in its interaction with other proteins in a 
manner possibly modulated by palmitoylation of Cys4. In addition, the C-terminus of Trx 
h9 could form a smaller binding pocket in which Ser136 is located at the inside surface. The 
reported phosphorylation of Ser136 in response to sucrose (26) could alter binding 
properties of the pocket. An analysis of the evolutionary conservation of its surface amino 
acids using ConSurf (http://consurf.tau.ac.il/) provided further evidence that the N-terminal 
extension of Trx h9 especially Gly2, appears to have functional significance (Fig. 5C).  
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To assess the contribution of the conserved N-terminal Gly2 and Cys4 to structure, 
we constructed 3D models for three Trx h9 mutants, Trx h9G2A, Trx h9C4W and Trx 
h9C4S, using the I-TASSER method. Gly2 was replaced by Ala in Trx h9G2A and Cys4 by 
both Trp in Trx h9C4W and Ser in Trx h9C4S. Mutation of Gly2 had relatively little effect 
on the 3D structure; the N-terminal extension appeared still to be able to form a binding 
pocket (Fig. 5D). However, replacing Cys4 with either Trp or Ser dramatically altered the 
structure (Figs. 5E and 5F). The N-terminal extension appeared to move away from the 
main body of the molecule, seemingly leading to loss of the binding pocket and the ability 
of Cys4 to interact with catalytic Cys57.  

 
Grx, not NTR, fits in the potential binding pocket of Trx h9  

Computational docking methods used to predict protein-protein interactions can 
help define parameters valuable to understanding biochemical mechanisms. When 
analyzed in this manner, Trx h9 appeared not to interact with NADP-thioredoxin reductase 
(NTR), like other h-type Trxs such as h1 (Fig. S6A vs. S6B). Rather, its predicted structure 
indicated that it might be preferentially reduced by the GSH/Grx system, as for the poplar 
ortholog of Trx h9, PtTrxh4 (6) (Fig. S6D,E) in an interaction dependent on Cys4 but not 
Gly2 (Fig. 6H,I and Fig. 6F,G) (see Supplemental Information).  

 
 
Concluding Remarks 

An h-type Trx, h9 was found to bind to the plasma membrane despite lacking a 
transmembrane domain. Experiments with the SCARECROW promoter revealed that Trx 
h9 was mobile with the capability to move from cell-to-cell. Two amino acids in its N-
terminal extension appeared to be responsible for these unique properties. Gly2 was 
required for association with the plasma membrane (possibly for myristoylation) and both 
Gly2 and Cys4 were essential for mobility (the latter seemingly for structure and 
palmitoylation). A modeling analysis indicated that Trx h9 is preferably reduced by GSH 
and Grx, similar to its poplar ortholog rather than by NTR as described for other h-type 
Trxs. A T-DNA insertion mutation revealed that Trx h9 was required for growth and 
development. Trx h9 thus appears to resemble Trx h3 (27) in bridging the Grx/Trx 
interface in relaying information to maintain cellular redox balance. It seems possible that 
Trx h9 may be required for redox signaling. Finally, control experiments uncovered a Trx 
h (h2) residing in mitochondria and a plastid Trx (Trx p) previously identified described as 
cytosolic (8). Future work will build on these and earlier findings in clarifying how Trx h9 
contributes to plant growth and development, including the germination of seeds, and how 
Trxs h2 and Trx p function in their respective organelles.  
 
Figures 
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Figure 1. Phenotypic and complementation analysis of trx h9 mutation in Salk_08660 
plants.  Seven-day-old Arabidopsis seedlings (A) and root tips (B) grown on MS medium 
plus 1.0% sucrose (left to right: wild-type Arabidopsis Col-0 plant, homozygous trx h9 
mutant, and 35S::Trx h9 in trx h9 background). Root tips in (B) were fixed [methanol: 
acetic acid (3:1) buffer at 4 °C overnight], stained with DAPI for 20 min, and viewed 
immediately under a fluorescence microscope. (C) Thirty five-day-old Arabidopsis 
grown in soil. (D) Leaves from 35-day-old Arabidopsis grown in soil and viewed under a 
fluorescence microscope. Order in all panels is the same as (A). Bar = 1 cm in (A) and 
(C); 50 μm in (B) and (D). 
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Figure 2. Subcellular localization of Trx h2 and Trx p in onion epidermal and transgenic 
Arabidopsis cells using GFP tagging. (A) to (C) Trx h2 (At5g39950); (D) to (E) Trx p 
(At3G06730). (A) (B) and (D) transient expression in onion epidermal cells; (C) and (E) 
stable expression in transgenic Arabidopsis root cells. (A) (C) (D) and (E): visualization 
of GFP; (B) MitoTracker Orange. Bar = 10 μm in (A) (B) and (D); 50 μm in (C) and (E). 
In (A) and (B) arrows point to same mitochondrion; in (D) to long stromule. 
 

 
Figure 3. Subcellular localization of wild-type and mutated Trx h9 in onion epidermal 
and transgenic Arabidopsis cells using GFP tagging. (A) to (D): Trx h9; (E) to (H): Trx 
h9G2A; (I) to (L): Trx h9C4W. (A) and (B), (E) and (F), (I) and (J) show transient 
expression of wild-type and mutated Trx h9-GFP in onion epidermal cells. (C) and (D), 
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(G) and (H), (K) and (L) show stable expression patterns of wild-type and mutated Trx 
h9-GFP in Arabidopsis. (A) (E) and (I) are unplasmolyzed transformed epidermal cells; 
(B) (F) and (J) are plasmolyzed, transformed epidermal cells. (C) (G) and (K) are stably 
transformed root cells; (D) (H) and (L) are stably transformed mesophyll protoplasts. 
Image in (F) viewed for GFP (left) and DAPI (right). Bar = 50 μm in (C), (G), and (K); 
10 μm in remainder. In (B) and (J) arrows point to Hechtian strands. 
 

 
 
Figure 4. Movement analysis of Trx h9 protein in root tips of 7-day-old Arabidopsis 
(Col-0) seedlings using Arabidopsis SCARECROW promoter (pSCR) and GFP tag. (A) 
and (B) Trx h2 (At5g39950); (C) and (D) Trx p (At3G06730); (E) and (F) Trx h9. (G); 
(H) Trx h9G2A; (I) and (J) Trx h9C4W. Bar = 50 μm. 
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Figure 5. 3D models and conserved residue prediction for Trx h9. (A) 3D model of Trx 
h9. (B) Superimposition of 3D model of Trx h9 (red) and the top three templates of Trx 
h9: C. reinhardtii Trx h1 (green, PDB code 1ep7A); poplar PtTrxh4 (yellow, PDB code 
3d21); and human Trx-like protein 2 (white, PDB code 2diyA), using 3D-SS (3-
Dimensional Structural Superposition) service. (C) Conserved residue analysis of Trx h9. 
Residue conservation from variable to conserved is shown in green to dark red, 
respectively. (D) to (F): 3D model of Trx h9G2A, Trx h9C4W and Trx h9C4S, 
respectively. Arrows point to potential docking sites of Trx h9 in (A) (C) and (D). Cys, 
Ser, and positively charged residues are shown in off-yellow, light blue, and red, 
respectively, as 100% of van der Waals. Remainder of residues from N- to C-terminal are 
shown in blue to red as 20% of van der Waals in (A) and (D), (E) and (F). All atoms are 
coupled with Solvent Accessible Surface (VDW + 1.4 Angstrom) in (A) and (D) to (F). * 
indicates phosphorylated Ser at position 136 (pS136) at the C-terminus of Trx h9. 
Conserved amino acids with single letter abbreviations are indicated at their numbered 
position in (C). 
 
 
Material and Methods 

 
Expression analysis and screen for T-DNA insertion mutants 

Expression was analyzed by quantitative RT-PCR (see Supplemental Information). 
Lines with a putative T-DNA insertion in Trx h9, Salk_086660, or in Trx p, Salk_028162, 
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were obtained from the Arabidopsis Biological Resource Center and screened by PCR and 
sequencing and RT-PCR (see Supplemental Information).  
 

Constructs   

Full-length coding sequence of the Trxs and a ~ 2.6 Kb fragment immediately 

upstream of SCARECROW CDS were amplified by PCR from genomic DNA of 

Arabidopsis Col-0 plants using appropriate primers (Table S2). EcoRI and BamHI 

cloning sites and mutated sequences were incorporated into the 5’ forward primers (Table 

S2, indicated by underline). PCR products from the Trxs were cloned into pEZS-NL 

vector at the EcoRI and BamHI sites for transient transformation. For stable 

transformation, a NotI fragment, with each cloned Trx gene linked to the 35S promoter 

and OCS 3’, was removed from pEZS-NL and inserted into binary vector pART27. The ~ 

2.6 Kb fragment from Scarecrow (21) replaced the 35S promoter in pEZS-NL at NotI and 

EcoRI sites (Table S2). The Not I fragment with pSCR promoter :: Trx-GFP was 

transferred to pART27.  

 

Transient expression assays using particle bombardment of isolated onion epidermal cell 

layer 

Plasmids with the 35S::Trx-GFP fusion were individually bombarded into onion 

epidermal cells (28), which were examined for GFP (see fluorescence visualization). 

After 20 to 24 h post-particle bombardment, onion epidermal cells were stained with 

DAPI (29). Cells were plasmolyzed by incubating 10 min in each 0.25, 0.50 and 0.75 M 

sucrose.  

 

Plant transformation, selection, protoplast generation and fluorescence visualization 

Trx constructs in pART27 were introduced into Agrobacterium tumefaciens, 
GV3101, using the freeze–thaw method (30) and the transformed Agrobacterium was then 
introduced into Arabidopsis via the floral-dip method (31). T1 plants were selected on MS 
medium containing 50 μg/L kanamycin. Arabidopsis plants were grown in soil in the 
greenhouse or on MS medium with 1.0% sucrose (16 h light/ 8 h dark cycle, 23°C). 
Protoplasts were generated from transgenic leaves by treating 30 min with 1.0 % cellulase, 
0.5% pectinase, 1.0 mg/mL BSA, 0.048% PVP, 0.5 M sucrose, 1.0 mM CaCl2, pH 5.5, and 
used immediately to examine for GFP. Fluorescence was visualized using a Leica DM LB 
fluorescence microscope or a ZEISS LSM 510 confocal microscope with 488 nm/530 nm 
excitation/emission light for GFP, 364/470 for DAPI, and 543/576 for MitoTracker Orange. 

 

Prediction of 3D structure of Trx h9 
 3D structure of Trx h9 was predicted using I-TASSER (threading/ assembly/ 
refinement), i.e., Zhang service (25), available at http://zhang.bioinformatics.ku.edu/I-
TASSER/. Superimposition analysis of the 3D models of Trx h9 and its templates [human 
Trx-like protein 2 (pdb code 2diyA), PtTrxh4 (pdb code 3d21A), and Trx h1 from 
Chlamydomonas reinhardtii (pdb code 1ep7A)] was done using 3-Dimensional Structural 
Superposition (3D-SS) service (http://cluster.physics.iisc.ernet.in/3dss/severalinput.html) 
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(32). Conserved amino acids at the protein surface were determined using ConSurf (33) 
(http://consurf.tau.ac.il/overview.html). 
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Supplemental Information 

 
Materials and Methods 

 
Expression analysis 

One μg total RNA, isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, 
USA) and purified with DNase treatment (PROMEGA, Madison WI), was reverse 
transcribed into cDNA with random primers using M-MLV Reverse Transcriptase 
(PROMEGA, Madison, WI) in a 25 μl volume. 0.5 μl cDNA or 0.5 μg total RNA (no RT 
as DNA contamination control) was used directly as PCR template. DNA Engine Opticon 
1 (MJ Research, Waltham, MA) was used for real time quantitative PCR with 18S rRNA 
as internal control. Relative quantitative PCR results were analyzed using the 2- CT 
method (1) 
 
Screen for T-DNA insertion mutants 

Primers from the T-DNA left border LB1 and gene-specific primers (Table S2) 
were used to screen for the T-DNA insertion with PCR; results were confirmed by 
sequencing. Homozygous mutants for the T-DNA insertion were analyzed using RT-PCR. 
For the Trx h9 mutant screen 22% of the T3 plants in the Salk_08660 line were 
heterozygous for the T-DNA insertion. No plants homozygous for the T-DNA insertion 
were found among T3 plants; 2.83% of the T4 progeny from two T3 heterozygous parental 
plants of Salk_08660 line were found to be homozygous for the T-DNA insertion and for 
the null loss-of-function mutants of Trx h9. In the Trx p mutation screen 28.6% of the T3 
plants in Salk_028162 were heterozygous for the T-DNA insertion; no homozygous T-
DNA insertion plants were found among the T3 plants. 3.7% of T4 progeny from a T3 
heterozygous parental plant of Salk_028162 appeared to be as homozygous and null 
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knockout mutants of Trx p. The non-Mendian segregation ratios (ca. 3% vs. 25%) for both 
the trx h9 and trx p mutants suggest that the mutations in both cases have remarkably 
lowered the viability and passing of the inactive allele from parents to offspring. 

 
Transmission Electron Microscope 

Transmission electron microscopy images were obtained following the protocols 
indicated for use of an FEI Tecnai 12 120- kV transmission electron microscope 
(http://em-lab.berkeley.edu/EML/protocols.php). 
 

Chlorophll analysis 

HPLC analysis of chlorophylls was done as described (2). 
 

Protein extraction and Western Blot analysis 
Soluble proteins were extracted from 7-day-old homozygous T2 transgenic 

Arabidopsis seedlings (3). Insoluble proteins present in the pellet were re-extracted with a 
buffer (50 mM Tris-HCl, 1.0% SDS and 2% -mercaptoethanol, pH 8.0) by shaking at 
room temperature for 1 h. The Western Blot analysis of Trx-GFP was performed with a 
GFP antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) as described (3). 
 
Trx h9 may dock via interaction of N-terminal Cys4 with catalytic Cys57 

Using PtTrx h4 and other close homologs as templates for comparative modeling, 
we determined a predicted 3D structure for Trx h9. Unfortunately, amino acids 1 to 23, 
representing the entire N-terminal extension of PtTrxh4, could not be located in the 3D 
structure due to the weak electron density of signals from this region (4). In view of this 
structural incompleteness, we proceeded to model Trx h9 by applying I-TASSER 
simulation. With this approach, the missing portions of Trx h9 were predicted, leading to 
a statistically reliable complete 3D structural model. C-scores (from –5.0 to 2.0) and TM-
scores (from 0.0 and 1.0) measure the quality of a predicted model. C-scores and TM-
scores for the models are, respectively, 0.03 and 0.72 for Trx h9; 0.03 and 0.69 for Trx 
h9G2A; -0.3 and 0.68 for Trx h9C4W; and -0.11 and 0.70 for Trx h9C4S. Each model 
was above the cutoff, i.e., C-score = -1.5, TM-score = 0.5 and thus statistically valid (5). 
 
Docking modeling of AtTrxh9 using a two-step procedure of PatchDock and FireDock services 

To explore docking properties of Trx h9 with NTR and Grx, we predicted 
interaction models of Trx h9 and AtNTRB (pdb code 1vdc), and of Trx h9 and Grx. Two 
Grxs from poplar, PtGrxC1 (pdb code 1z7p) and PtGrxS12 (pdb code 3fz9) were used. A 
two-step procedure was used to study the docking models, starting with rigid-body 
docking by the PatchDock web server (6). These results were redirected for refinement and 
scoring by FireDock server (7). 
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Results and Discussion 

 
Grx, not NTR, fits in the potential binding pocket of Trx h9 

 
Computational docking analysis of Trx h9 revealed that Trx h9 seemed not to 

interact with NADP-thioredoxin reductase (NTR), like other h-type Trxs (Fig. S6A vs. 
S6B). Rather, its predicted structure indicated that it was preferentially reduced by the 
GSH/Grx system, as for the poplar ortholog of Trx h9, PtTrxh4 (8). NTR (AtNTRB) was 
too large to fit the Trx h9 binding pocket, which did, however, accommodate PtGrxC1 
(Figs. S6D, S6E). Specifically, the N-terminal arm of Trx h9 appeared to interfere with 
NTR (AtNTRB) (Fig. S6A), but wrapped around Grx (PtGrxC1) yielding a tight and stable 
complex  (Figs. S6D, S6E). Predicted specificity of Trx h9 was supported by the 
observation that Trx h1, which is reduced by NTR (9), fits perfectly with the enzyme 
(AtNTRB) (Fig. S6B), but not with Grx (PtGrxC1) (Fig. S6B vs. S6C). 

In contrast to its interference with binding Trx h9 to the plasma membrane (Figs. 
3E to 3H), mutation of Gly2, i.e., Trx h9G2A, had no effect on the predicted interaction 
of Trx h9 with Grx (PtGrxC1) (Figs. S6F, S6G). However, mutation of Cys4 to 
tryptophan (Trx h9C4W) seemingly abolished this ability (Figs. S6H, S6I). While the 
main body of the tryptophan mutant Trx h9C4W could interact with PtGrxC1, the N-
terminal extension could not wrap around the partner molecule. A similar effect was seen 
when Cys4 was mutated to Ser. When PtGrxS12 was used for docking, a similar result 
was obtained. The structures suggest that Trx h9 links the Grx and Trx systems in redox 
signaling in Arabidopsis, as reported for poplar (4). 

 

 
Figures 
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Figure S1. Subfamily classification of Arabidopsis Trxs and loss-of-function analysis of 
Trxp. (A) Subfamily classification of Trxs in Arabidopsis using SCI-PHY (10) 
(http://phylogenomics.berkeley.edu/cgi-bin/SCI-PHY/input_SCI-PHY.py). (B) 
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Schematic representation of Trx p gene structure with a T-DNA insertion in Salk_028162 
line. (C) RT-PCR analysis of Trx P expression in Salk_028162 mutant line, compared to 
that from WT (Col-0), heterozygous and homozygous Salk_028162 plants. (D) to (G): 
phenotypic analysis of the homozygous Salk_028162 mutant plants. (D): 5-day-old 
Arabidopsis seedlings grown onMS plus 1% sucrose. Homozygous mutant plants showed 
a severe albino phenotype. Arrow points to wild-type Arabidopsis (Col-0) plant. (E) to 
(G): transmission electron micrographs of plastids in 5-day-old wild-type (E) and mutant 
[(F) and (G)]Arabidopsis  seedlings. White arrow in (E) points to stacked grana; black 
arrow points to starch granule. Bar = 0.5 cm in (D). Bar = 1 μM in (E) to (G). 
 

 
 
Figure S2. Protein sequence, gene expression and structure, and loss-of-function analysis 
of Trx h9. (A) Protein multiple sequence alignment of Trx h9 and its homologs using 
ClustalW2. (B) Tissue-specific expression of Trx h9 in Arabidopsis Col-0 plants 
retrieved from gene expression microarray data through Arabidopsis eFP Browser 
(http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Intensity of expression of Trx h9 
indicated by color scheme on right. (C) RT-PCR analysis of Trx h9 expression in 
different tissues of wild-type Arabidopsis Col-0 plants. (D) Schematic representation of 
Trx h9 structure with T-DNA insertion in Salk_08660 line. (E) RT-PCR analysis of Trx 
h9 expression in Salk_08660 line    : no RT as DNA contamination control. Internal 
control (bottom panel) utilized primers for 18S RNA. Accession numbers in (A): 
NP_190672 (Trx h1); NP_198811 (Trx h2); NP_187483 (Trx h9), XP_002309192 
(PtTRXh4; Populus trichocarpa), AAD49233 [thioredoxin-like protein (Phalaris 
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coerulescens)], AAN63616 [(thioredoxin h-like protein (Hordeum vulgare subsp. 
vulgare)], AAN63622 [thioredoxin, (Triticum aestivum)], NP_001042127 
[Os01g0168200, Trx family protein (Oryza sativa)]. The classic catalytic site (WCGPC) 
of Trxs and the N-terminal extensions of Trx h9 and its orthologs are indicated by 
rectangles in (A). * denotes conserved glycine and cysteine residues at positions 2 and 4, 
respectively, of the N-terminal extension of Trx h9 in (A). 
 

 
 
Figure S3. Phenotypic analysis of trx h9 mutation in Salk_08660 plants. (A) 10-day-old 
Arabidopsis seedlings grown on MS medium without sucrose. (B) The root tips of 7-day-
old Arabidopsis seedlings grown on MS medium plus 1.0% sucrose (left to right: wild-
type Arabidopsis Col-0 plant, homozygous trx h9 mutant, and 35S::Trx h9 in trx h9 
background). (C) 8-week-old Arabidopsis plants grown in soil (left to right: wild-type 
Arabidopsis Col-0 plant, 35S::Trx h9 in trx h9 background, and homozygous trx h9 
mutant). Bar = 1 cm in (A); 50 μm in (B); 2 cm in (C). 
 
 

 
 
Figure S4. Confirmation of GFP-fusions using transient expression in onion epidermal 
cell. (A) to (C): GFP only. (D): NLS-GFP. (A) and (D): nonplasmolyzed, transformed 
onion epidermal cells. (B) and (C): plasmolyzed, transformed onion epidermal cells. GFP 
visualized in (B); DAPI staining visualized in (C). Bar = 10 μm in (A) to (D). 
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Figure S5. Western blot analysis of Trx-GFP fusion proteins using a GFP antibody. S 
and I represent the soluble and insoluble protein portions respectively. M = SeeBlue 
Plus2  Pre-Stained Standards (Invitrogen, Carlsbad, CA, USA). 
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Figure S6. Docking property analysis of Trx h9 and Trx h1. (A) Docking model of Trx h9 
with AtNTRB. (B) and (C): docking models of Trx h1 (pdb code 1XFLA) with AtNTRB 
(pdb code 1vdc) (B) and with PtGrxC1 (pdb code 1z7p) (C). (D) and (E): docking model 
of Trx h9 with PtGrxC1. (F) and (G): docking model of Trx h9G2A with PtGrxC1. (H) and 
(I): docking model of Trx h94CW with PtGrxC1. Atoms are displayed as 100% of van der 
Waals with solvent surface (1.4 Angstrom probe) in (A) – (C) (D), (F) and (H). Atoms are 
displayed as 20% of van der Waals with solvent surface (1.4 Angstrom probe), rendered as 
discrete dots in (E) (G) and (I). AtNTRB is shown in red in (A) and (B). Trx h9 is shown 
in blue in (A) – (C), (H) and (I); Trx h1 in blue in (B) and (C). PtGrxC1 is shown in red in 
(C) - (I). The main body and N-terminal arm of Trx h9 are displayed in blue and green, 
respectively, in (D) to (G). Arrows in (D) to (G) point to potential docking sites of 
proteins. Cysteines are shown in yellow as 100% of van der Waals in (A) to (I) with their 
numbered amino acid position also indicated in (E), (G) and (I). * indicates phosphorylated 
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serine at position 136 (pS136) at the C-terminus of Trx h9. The Gly2 mutation to Ala is 
indicated as G2A; the Cys4 mutation to tryptophan (W) as C4W. 
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Chapter 9. A rapid TRIzol-based two-step method for DNA-free RNA extraction from 

Arabidopsis siliques and dry seeds 

 

 

Abstract 
 

Extraction of high-quality RNA from Arabidopsis seeds has been a challenge. Here 

we report a two-step TRIzol-based procedure for RNA extraction from Arabidopsis 

siliques and dry seeds. This procedure employs a modified, high pH (pH 9.5) extraction 

buffer of Singh et al [1]. High pH plus addition of either DTT or -mercaptoethanol in the 

extraction buffer effectively inhibits RNase activity during the extraction, and removes 

most polysaccharides, polyphenols and other insoluble material. TRIzol reagent was 

subsequently used to purify the RNA. Using this procedure we isolated high-quality DNA-

free RNA samples without DNase I treatment from Arabidopsis seeds or siliques in less 

than 3 h.  

 

Abbreviations: -ME, -mercaptoethanol; DTT, dithiothreitol; DEPC, 

diethylpyrocarbonate; EB, extraction buffer. 

 
Introduction 
 

Arabidopsis (Arabidopsis thaliana) is a widely used model plant. RT-PCR 

(Reverse Transcription-Polymerase Chain Reaction), a rapid and widely used method to 

measure the transcription level of a given gene, requires a DNA-free RNA sample, which 

can traditionally be achieved by a DNase I treatment [2].  However, including an additional 

DNase I treatment not only adds cost and time to the experiment, but also increases the 

chances for RNase contamination, and thus RNA degradation. TRIzol reagent has been a 

convenient and highly effective methodology for RNA exaction. This reagent is an 

improvement of the single-step RNA isolation method developed by Chomczynski and 

Sacchi  [3]. However, RNA extraction from dry seeds or siliques of Arabidopsis has been 

previously shown to be difficult due to the fact that Arabidopsis seeds have a high content 

of storage lipids, storage proteins, and secondary metabolites, such as mucilage and 

phenolics. These compounds form complexes with nucleic acids during tissue extraction 

and co-precipitate in subsequent precipitation steps [4, 5]. TRIzol reagent contains high 

concentrations of guanidine thiocyanate and acid phenol to inhibit RNase activity and to 

remove DNA contamination. However, the TRIzol reagent cannot prevent polysaccharide 

contamination when used in extracting RNA from starch-rich tissues such as seeds [6]. 

Extraction of starch-rich seed samples using guanidine-based RNA extraction buffers, such 

as the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and the RNeasy kit (Qiagen, 

Valencia, CA, USA), result in a solidification of the extract [6]. Here we report a two-step 

TRIzol-based procedure for RNA extraction from Arabidopsis siliques and dry seeds. This 

procedure starts with a modified, high pH extraction buffer (EB) of Singh et al [1], which 

contains 100 mM Tris-HCl (pH 9.5), 5 mM DTT or 0.5% -mercaptoethanol, and 1% 
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sarkosyl, resulting in effective inhibition of RNase activity and maximized RNA solubility 

and separation from the polysaccharides and polyphenol. TRIzol reagent is subsequently 

used to purify the RNA, which was followed by an additional ethanol precipitation and 

washing to remove guanidine thiocyanate contamination. Using this procedure we isolated 

high-quality DNA-free RNA samples without DNase I treatment from Arabidopsis seeds 

or siliques in less than 3 h.  

 

Materials and Methods 

 

Materials 

50~100 mg of Arabidopsis dry seeds, or 100 mg of fresh siliques 

Dispensable RNase-free eppendorf tubes and pipette tips. 

Clean mortar and pestle. 

 

Solutions and reagents 

• 100% Isopropanol 

• 100% and 75% (v/v) ethanol made with DEPC-treated double-distilled (dd) H2O 

• Chloroform 

• DEPC-treated sterilized ddH2O 

• DEPC-treated 3 M sodium acetate (pH 5.2) 

• Extraction buffer (EB): 100 mM Tris-HCl (pH 9.5), 150 mM NaCl, 1.0% (v/v) sarkosyl, 

5 mM DTT (or 0.5% -mercaptoethanol). 

• TRIzol reagent (INVITROGEN, Carlsbad CA)  

 

Procedure 

(Note: All operations are performed at room temperature. Specially treated (e.g. DEPC-

treatment) RNase-free materials are not necessary, unless otherwise indicated.) 

• Grind the sample in liquid nitrogen into a fine powder using a clean mortar and pestle. 

• Add 1.2 ml of EB before the sample thaws, mix and transfer the homogenate into a 2 ml 

Eppendorf tube.   

• Vortex vigorously for 5 min, spin for 5 min at 11,000 g. 

• Transfer the resulting supernatant into a new 2 ml Eppendorf tube, and add 1/2 volume of 

chloroform (~500 μl), vortex for 2 min, and then add 1/2 volume of acid phenol (water-

saturated) (~500 μl) and vortex for another 2 min. 

• Centrifuge at 11,000 g for 15 min. 

• Carefully remove upper aqueous phase (avoiding the interface) and transfer into an 

RNase-free 1.5 ml Eppendorf tube. Add 1/10 volume of 3M sodium acetate (pH 5.2) (~90 

μl), 2/3 volume of isopropanol (~600 μl), and mix.  

• Incubate for 10 min, and then centrifuge at 11,000 g for 10 min. 

• Remove upper aqueous phase and wash the pellet with 1 ml of 75% ethanol. 

• Centrifuge at 11,000 g for 10 min. Discard the supernatant and air-dry the pellet very 

briefly (< 5 min) (do not let the pellet dry out). 

• Resuspend the pellet with 1 ml TRIzol reagent and vortex until the pellet is completely 
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dissolved.  

• Add 200 μl chloroform and mix by shaking vigorously for 15 Sec. Incubate for 2-3 min. 

• Centrifuge at 11,000 g at 4°C for 15 min. 

• Transfer upper aqueous phase into a RNase-free 1.5 Eppendorf tube. 

• Add 500 μl isopropanol, mix, and incubate for 10 min. 

• Centrifuge at 11,000 g at 4°C for 15 min. 

• Wash the pellet with 1.2 ml of 75% ethanol. Spin at 11,000 g at 4°C for 10 min. 

• Discard the supernatant and dry the pellet. 

• Dissolve RNA pellet in 100 μl of DEPC-treated, sterilized ddH2O.  

• Add 10 μl of DEPC-treated 3M sodium acetate (pH 5.2) and 250 μl RNase-free 100 % 

ethanol, mix and incubate for 20 min. 

• Centrifuge at 11,000 g at 4°C for 15 min. 

• Wash the pellet with 1.2 ml of 75% ethanol. Spin at 11,000 g at 4°C for 10 min. 

• Discard the supernatant and dry the pellet. 

• Dissolve RNA pellet in 50 μl of DEPC-treated, sterilized ddH2O. 

• Store the RNA samples in –80 °C 

• To assess purity and intactness of RNA measure the absorbance of the RNA samples at 

230, 260 and 280 nm (calculate the A260/A230 and A260/A280 ratio), and run the RNA 

samples in a standard RNase-free 1.0 % agrose gel.  

 

RT-PCR 

One μg total RNA was reverse transcribed into cDNA with an oligo (18) dT primer 

using M-MLV Reverse Transcriptase (PROMEGA, Madison, WI, USA), in a 25 μl total 

volume. The synthesized cDNA was diluted 1:5 and 2 μl used as a PCR template, and 0.5 

μg total RNA from each sample was used directly as a PCR template, serving as the 

negative control for genomic DNA contamination. Constitutive expression of the actin2 

gene (At3G18780) was amplified using the actin2F1 primer (5’ CTA CAA TGA GCT 

TCG TAT TGC 3’), and the actin2R1 primer (5’ CTC TCA GCA CCA ATC GTG ATG 

3’). 

 
Results and Discussion 

One of the most critical aspects in RNA isolation is to ensure a rapid and complete 

inactivation of RNase during the extraction. RNase does not require cofactors for its 

enzymatic activity [7]. EDTA is therefore ineffective for RNA isolation. RNase can be 

quickly inactivated by the standard phenol/SDS extraction methods [8]. However for 

starch-rich plant tissues such as seeds, phenol/SDS could not be used due to the binding of 

polyphenolic compounds to nucleic acids with phenol extraction. Kurakake et al. showed 

that SDS caused maximum starch swelling, which causes the extraction mixture to become 

viscous and glue-like, increasing the likelihood of starch interactions with RNA, resulting 

in an increased co-precipitation of RNA with starch and protein [9]. Polyvinylpyrrolidone 

(PVP) and proteinase K have been used to separate polysaccharides and proteins from 

RNA [2]. High-salt-containing extraction buffers, such as NaCl, LiCl have also been used 
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in the extraction of starch-rich, difficult tissues [5, 10]. Fang et al. reported that most of the 

polysaccharides remained soluble in a high-salt (1.0-2.5 M NaCI) buffer during the ethanol 

precipitation step [11]. However, high salt extraction buffer could result in a significant 

reduction in RNA yield and purity when isolated from barley seeds [1]. Singh et al. 

reported that 150 mM NaCl and 1% sarkosyl ensured maximum solubility of RNA in the 

extraction buffer resulting the removal of most of the polysaccharides and other insoluble 

material in RNA isolations from wheat seeds [1].  

Phenolic compounds are readily oxidized to form covalently linked quinones and can bind 

nucleic acids. One of the effective countermeasures to this problem is to include 

antioxidants in the extraction buffer [12]. High pH extraction buffers inhibit RNase activity 

(http://www.arabidopsis.org/comguide/chap_4_rna_techniques/2_RNA_mini_extraction.ht

ml). DTT or -mercaptoethanol, were also commonly used in an RNA extraction buffer to 

inhibit RNase activity [5, 10]. 

 Given the previous work, for the first step of our procedure we employed a high pH 

extraction buffer containing different concentrations of a reductant (DTT or -ME) and 1% 

sarkosyl, and tested the efficacy of these buffers to extract RNA from Arabidopsis fresh 

siliques and dry seeds. Most of genomic DNA co-precipitates with protein, starch, and the 

cellular insoluble during the first centrifugation. We found that using 1% sarkosyl, instead 

of SDS, also dramatically reduced DNA contamination (data not shown). A chloroform 

extraction prior to acid phenol extraction of the homogenate was subsequently used to 

prevent polyphenols contamination [4, 12]. Isopropanol was then added to precipitate the 

RNA and to maximize starch and sarkosyl solubility, followed by an additional ethanol 

precipitation and washing to remove guanidine thiocyanate contamination, and to help the 

removal of the polysaccharides remaining in the RNA sample [13]. 

 A 1.79 to 2.03 of A260/A280 ratio was obtained for the RNA samples isolated from 

these Arabidopsis samples with an extraction buffer contains 5, 10, or 15 mM DTT, or 0.5, 

1.0, or 2.0 % -ME, indicating that the RNA samples are generally pure (Table 1). The 

integrities of these RNA samples were examined by 1.0 % agarose gel. All of RNA 

samples were intact as judged by the sharp and distinct 28S and 18S rRNA bands in the 

agarose gel (Fig. 1). The RT-PCR results provide further evidence that the RNA samples 

are DNA-free; there was no detectable PCR product amplified from the negative control 

for DNA contamination (no-RT) and secondly, the sizes of the RT-PCR products of 

Arabidopsis actin 2 (At3G18780) showed that they were amplified from the cDNA in 

which the 78 bp intron was spliced from the RNA sample (resulting in a 492 bp RT-PCR 

fragment, but not a 570 bp PCR fragment [Fig. 2]). We conclude that high pH (pH 9.5) 

extraction buffers containing 5 mM DTT or 0.5% -ME and 1% sarkosyl, can effectively 

inhibit RNase activity and remove most of polysaccharides and polyphenols. This 

approach, combined with further purification with TRIzol reagent and ethanol precipitation 

results in obtaining high quality, DNA-free RNA from Arabidopsis siliques and dry seeds. 

Due to the very efficient inactivation of RNase by the high pH extraction buffer, and the 

TRIzol reagent, this procedure minimizes the use of DEPC-treatment, resulting in a simple, 

rapid, and effective method for RNA extraction from Arabidopsis dry seeds and fresh 

siliques. Although this procedure is targeted to Arabidopsis seeds, we have applied the 
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approach successfully to the extraction of RNA from pollen, developing endosperm, and 

mature and germinating whole seeds of barley (Hordeum vulgare) (data not shown). We 

therefore believe that this procedure reported here could be used for the extraction of RNA 

from polyphenol-, polysaccharide-rich plant tissues in a broad range of plant species.   

 
Tables 
 
Table 1. Yield (μg/100 mg) and purity of Total RNA isolated from Arabidopsis (Col-0) 

seeds and siliques by two-step TRIzol-based method   

  Organ A260/A230 ratio A260/A280 ratio RNA Yield 

5 mM DTT Fresh Siliques/Dry Seeds 1.96/2.01 1.82/1.91 107/103 

10 mM DTT Fresh Siliques/Dry Seeds 2.05/1.98 2.03/1.86 111/98 

15 mM DTT Fresh Siliques/Dry Seeds 1.87/2.03 1.79/1.85 92/102 

0.5% b-ME Fresh Siliques/Dry Seeds 2.11/2.05 1.91/1.94 54/97 

1% b-ME Fresh Siliques/Dry Seeds 1.94/1.99 1.83/1.92 83/89 

2% b-ME Fresh Siliques/Dry Seeds 2.03/1.92 1.90/1.88 91/87 

 
Figures 
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Figure 1. RNA isolations from Arabidopsis fresh siliques and dry seeds 

using the two-step TRIzol-based method. The RNA samples were analyzed 

in 1.0% RNA agarose gel stained with ethidium bromide.  

 

 
Figure 2. The RNA samples extracted from Arabidopsis fresh siliques and dry seeds were 

analyzed by RT-PCR for the Arabidopsis actin 2 gene (At3G18780). M: 1 Kb DNA ladder 
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(Promega, Madison, WI, USA); : PCR negative control (no cDNA, but water was added). 

5 and 10 represent for 5 mM and 10 mM DTT respectively, while 0.5% and 1.0% for 0.5% 

and 1.0% of -ME. 
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Conclusion 

  

 For the first time, the 3D structures of 12-amino-acid CLV3 peptide and CLV1 and CLV2 

receptors, and their interacting models were predicted in this study. My results suggest that the 

CLE motif likely determines much of the functional tissue-specificity of the proteins. However, 

the results also support a view that sequences outside the CLE motif contribute to CLE function, 

and show that the CLE signal peptides are required for the entrance of CLE proteins into the 

secretory pathway and for their functionalities in vivo. My results subsequently demonstrate that 

neither the CLE motif nor the CLE signal peptide controls the localizations of the GFP signals of 

the CLE proteins. Rather, the results show that the variable region determines the localization, 

implying that the variable region influences where the CLE-GFP is processed. Using CLE 

promoter::CLE-GFP translation fusions, my results show CLE14 and CLE20 are expressed in 

highly specific domains. Both CLE14 and CLE20 peptides inhibit irreversibly root growth by 

reducing cell division rates in the RAM. Intriguingly, it was found that exogenous application of 

cytokinin, but not auxin was able to partially rescue the short-root phenotype induced by over-

expression of CLE14/CLE20 in planta, but there was no rescue by in vitro application of the 

synthesized CLE peptide, suggesting a requirement for a condition provided only by the living 

plants.  

 The efforts to isolate loss-of-function mutants for CLE14/CLE20 by screening the T-DNA 

insertion lines and using the RNAi silencing approach were however unsuccessful. This result 

may be explained by the fact that CLE genes have a small coding region with a low expression 

level, and thus may be less likely to be the targets for T-DNA insertion or for the RNAi silencing 

mechanism. Moreover, seven suppressors showing resistance to the application of the 

CLE14/CLE20 peptides were isolated using EMS mutagenesis, and 34 candidate genes were 

identified from Illumina sequencing of one suppressor (M-59).  

 In addition, a CLE-like putative peptide family, which shares an overall similar domain 

structure with the CLE family was identified, and designated as CLEL family. Exogenous 

application of a synthetic 12-/13-amino-acid peptide derived from the CLEL motif of this family 

caused wavy roots. Similar phenotypes were observed when two CLEL genes are over-expressed 

individually in the Arabidopsis plants.  

 Finally, a loss-of-function phenotype for a membrane-associated thioredoxin (Trx h9) 

characterized by dwarf plants with shortened root meristems and small yellowish leaves. Trx h9 

was found to be able to move from cell to cell. Glycine at position 2 (Gly
2
) was required for its 

membrane binding, possibly via myristoylation. Both Gly
2
 and a cysteine in position 4 (Cys

4
) 

were needed for the movement, the latter seemingly for protein structure and palmitoylation.  
 Further work will focus on identifying each gene that is responsible to the corresponding 
phenotype(s) in the CLE peptide suppressors by complementation testing and/or analysis the 
phenotypes of the T-DNA insertion lines in each specific gene. It will be of interest to see how 
CLEL gene family contributes to plant growth and development, especially in root development 
and cell signal transduction. Thus the future work will also focus on the isolation and 
characterization of the loss-of-function CLEL gene mutants and the suppressors of CLEL 
pathway(s). 




