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Secreted peptide ligands are known to play key roles in the regulation of plant growth, development, and environmental
responses. However, phenotypes for surprisingly few such genes have been identified via loss-of-function mutant screens. To
begin to understand the processes regulated by the CLAVATA3 (CLV3)/ESR (CLE) ligand gene family, we took a systems
approach to gene identification and gain-of-function phenotype screens in transgenic plants. We identified four new CLE
family members in the Arabidopsis (Arabidopsis thaliana) genome sequence and determined their relative transcript levels in
various organs. Overexpression of CLV3 and the 17 CLE genes we tested resulted in premature mortality and/or devel-
opmental timing delays in transgenic Arabidopsis plants. Overexpression of 10 CLE genes and the CLV3 positive control
resulted in arrest of growth from the shoot apical meristem (SAM). Overexpression of nearly all the CLE genes and CLV3
resulted in either inhibition or stimulation of root growth. CLE4 expression reversed the SAM proliferation phenotype of a clv3
mutant to one of SAM arrest. Dwarf plants resulted from overexpression of five CLE genes. Overexpression of new family
members CLE42 and CLE44 resulted in distinctive shrub-like dwarf plants lacking apical dominance. Our results indicate the
capacity for functional redundancy of many of the CLE ligands. Additionally, overexpression phenotypes of various CLE
family members suggest roles in organ size regulation, apical dominance, and root growth. Similarities among overexpression
phenotypes of many CLE genes correlate with similarities in their CLE domain sequences, suggesting that the CLE domain is

responsible for interaction with cognate receptors.

Since the discovery of systemin, the first plant
peptide ligand (Pearce et al., 1991), proteinaceous
ligands have been demonstrated to play diverse roles
in plant growth, development, and responses to envi-
ronmental stimuli (Pearce et al., 2001; for review, see
Lindsey et al., 2002), including phenomena such as
self-incompatibility (SCR), wounding responses (sys-
temin), cell division (phytosulfokine), root growth
(RALF), floral abscission (IDA), and maintenance of
the shoot apical meristem (SAM;CLAVATA3 [CLV3]).
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These ligands are all members of gene families (Cock
and McCormick, 2001; Vanoosthuyse et al., 2001; Yang
et al.,, 2001; Olsen et al., 2002; Butenko et al., 2003;
Haruta and Constabel, 2003; Ryan and Pearce, 2003).
These gene families have been defined based on amino
acid sequence similarity, with the exception of the
systemin family, whose members are functionally de-
fined by their biochemically demonstrated roles in
systemic wound responses (Ryan and Pearce, 2003).
Although the biological functions of the archetypal
members of these gene families are known, little is
known about the roles that most of the other members
of these families play in plants.

Members of the CLV3/ESR (CLE) gene family have
been found in many angiosperm species (Cock and
McCormick, 2001). With at least 27 members in Arabi-
dopsis (Arabidopsis thaliana), the CLE genes constitute
one of the larger peptide ligand families (Cock and
McCormick, 2001; Haas etal., 2002; Sharma et al., 2003b).
All but one of the Arabidopsis CLE genes are known to
be transcribed (Sharma et al., 2003b). The ESR members
of the family are found in the embryo-surrounding
region in developing maize (Zea mays) seeds (Bonello
et al., 2000). ESR proteins are secreted and interact with
an unidentified 35-kD protein (Bonello et al., 2000, 2002).

The best understood of the CLE proteins is the ligand
CLV3, encoded by the archetypal member of the CLE
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gene family (Fletcher et al., 1999; Cock and McCormick,
2001). The clv3 mutants are characterized by the expan-
sion of the SAM, fasciation of stems and leaves, and
supernumerary floral organs (Clark et al., 1995). In con-
trast, overexpression of CLV3 results in plants in which
the SAM is not maintained and organogenesis from
the shoot tip is thereby arrested (Brand et al., 2000).
CLV3is expressed in the tunica layers of the dome of the
SAM (Fletcher et al., 1999). The CLV3 protein is secreted
and interacts directly with the CLV1/CLV2 receptor
complex in the central region of the corpus (Rojo et al.,
2002). Together, these three proteins act to regulate the
size of the SAM by down-regulating the expression of
the transcription factor WUSCHEL (WUS). WUS in turn
up-regulates meristem cell formation and CLV3 expres-
sion, resulting in a dynamic feedback loop with the CLV
complex (Brand et al., 2000; for review, see Baurle and
Laux, 2003; Carles and Fletcher, 2003; Sharma et al.,
2003a). Mutants in the wus gene display arrest of growth
from the SAM, followed by resumption of growth from
axillary buds in a stop-start fashion (Laux et al., 1996), a
phenotype similar to weak-to-moderate overexpressers
of CLV3 (Brand et al., 2000).

Developmental roles are suggested for some of the
other CLE proteins. Expression of CLE40 under the control
of the CLV3 promoter complements the clv3 mutant
phenotype, demonstrating the capacity for functional re-
dundancy between these two genes (Hobe et al., 2003).
However, actual functional redundancy between CLV3
and CLE40 does not appear to occur in nature because a
cle40-En insertional mutation has no apparent effect on
SAM maintenance, but rather causes alterations in root
growth (Hobe et al., 2003). Also suggesting the involve-
ment of a CLE gene or genes in root developmental
processes, overexpression of Arabidopsis CLE19 with a
root-specific promoter (Casamitjana-Martinez et al., 2003)
or the rapeseed (Brassica napus) BnCLE19 gene with a
constitutive promoter (Fiers et al., 2004) alters root growth
and development. It seems unlikely that CLE19 or
BnCLE19 act solely in root development because BnCLE19
is strongly expressed in cotyledon anlagen in embryos, in
the abaxial portions of leaf anlagen, and at the site of
presumptive pistil formation in developing flowers in
mature plants (Fiers et al., 2004).

Although the loss-of-function approach to genetics is
an extremely powerful tool in the identification of gene
function, functional redundancy of genes can complicate
this approach in some instances, at least in plants
(Alonso et al.,, 2003; discussed in Zhang, 2003). In the
case of the CLE family, it was recently shown that
Arabidopsis CLE19 insertional mutant lines failed to
yield phenotypes, suggesting the possibility of a func-
tionally redundant partner or partners to this gene (Fiers
et al., 2004). Additionally, the short physical lengths of
many genes, such as those encoding peptide ligands,
decrease the likelihood of generating mutations in such
loci. The complementary approach, gain-of-function
analysis, has been applied successfully in plants via
activation-tagging screens (e.g. Kakimoto, 1996; Kirch
et al.,, 2003; Wen et al., 2004). Expressed sequence tag
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(EST) and genome databases have allowed systematic,
gene sequence-based gain-of-function screens to be ap-
plied comprehensively to the analysis of gene function
(Stevenson et al., 2001). In Arabidopsis, sequence-based
gain-of-function approaches have led to significant
improvements in knowledge regarding the roles of trans-
cription factors in growth, development, disease resis-
tance, and other phenomena. In particular, overexpression
approaches to assess gene function have yielded useful
insights in many cases where loss-of-function approaches
have not (for review, see Zhang, 2003).

Correct identification and annotation of genes in
genome sequences is incomplete and much effort is
being invested in methods to improve gene identifi-
cation (Haas et al., 2002). Again, the short lengths of
ligand gene sequences, combined with limited regions
of similarity among members of a family, such as the
CLE family, make difficult the comprehensive identi-
fication of all members of a gene family. Therefore, we
took a systems-based approach to gene identification
and gene overexpression to identify function for the
members of peptide ligand gene families from Arabi-
dopsis and other species (Grigor et al., 2003).

We identified four previously unannotated CLE
family members in the Arabidopsis genome sequence.
Three of these genes appear to constitute a new clade
on the CLE family phylogenetic tree, grouping with
another recently identified CLE gene, CLE41 (Haasetal.,,
2002). We overexpressed CLV3 and 17 Arabidopsis L.
Heynh. cv Columbia (Col-0) CLE genes in Arabidopsis.
The resulting phenotypes we observed can be catego-
rized into four partially overlapping classes: (1) pheno-
types similar to wus mutants and plants overexpressing
CLV3 (the wus-like phenotype); (2) dwarf growth habit,
often accompanied by anthocyanin overproduction; (3)
a novel shrub-like phenotype characterized by dwarf
growth habit accompanied by a lack of apical domi-
nance; and (4) stimulation of root elongation. Addition-
ally, overexpression of all the CLE genes we tested
resulted in developmental timing delays relative to
wild-type controls. Two of the three new CLE family
members we tested displayed the shrub-like pheno-
type. The wus-like phenotypes and the shrub-like phe-
notypes strongly correlated with the sequences of
the family-defining 14-amino acid C-terminal CLE do-
mains in the transgenes, suggesting that the CLE
domain determines the overexpression phenotype. Fur-
thermore, these results suggest that genes within these
classes interact with similar receptors and/or play
functionally redundant roles in Arabidopsis, likely in
developmental processes other than SAM homeostasis.

RESULTS

Identification of Novel CLE Family Members and
Phylogenetic Analysis of the CLE Family

The central role played by CLV3 in SAM homeosta-
sis led us to systematically investigate the functional
roles taken by other CLE gene family members in
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Arabidopsis. Therefore, we searched the Arabidopsis
genome sequence for possible genes related to CLV3.
This search resulted in the identification of four novel
family members in addition to the known CLE gene
family members (Cock and McCormick, 2001; Sharma
et al., 2003b). We named these family members CLE42,
43, 44, and 45 in keeping with the existing CLE gene
nomenclature (Fig. 1A). We also identified another
CLE family member, CLE41, the predicted protein
sequence of which is most similar to CLE42 and
CLE44 (Fig. 1A). CLE41, 43, and 44 are found in
GenBank as cDNA clones (Supplemental Table I). Of
these cDNA clones, only CLE41 has been identified as
a CLE family member (Haas et al., 2002). This gene was
annotated as part of an EST-assisted genome annota-
tion effort, along with CLE44, which was annotated as
an unidentified full-length EST clone (Haas et al,,
2002). CLE43 has been annotated as an unidentified
silique EST (Supplemental Table I). None of these
genes has otherwise been described. Like most mem-
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bers of the CLE family, none of these new genes con-
tain introns (data not shown). Furthermore, analysis of
the predicted protein sequences of CLE41 to 45 sug-
gests that these are all secreted proteins, with signal
peptides as predicted by SignalP (Nielsen et al., 1997;
Fig. 1A).

As has been noted previously (Sharma et al., 2003b),
there is little sequence conservation among the CLE
genes, other than the CLE domain itself. Including the
newly identified family members, the consensus se-
quence of the CLE domain is SKRLVPSGPNPLHN
(Fig. 2). None of the predicted consensus amino acid
residues is absolutely conserved throughout the gene
family. However, predicted amino acids at positions 3,
8, 9, 10, 11, and 13 (numbering as in Fig. 2) are
conserved in >90% of the CLE domain sequences. Of
the 31 family members, CLE9 and CLE10 most closely
match the consensus, differing only at relatively de-
generate position 1 (Fig. 2). CLE7 least resembles the
consensus CLE domain, with eight differences from

CLEZ26 (D)

CLEZ25 (B)
CLE18 (D)

0.00 + T -rL‘— s

CLE41 CLE42 CLE43 CLE44
Gene

CLE45

Figure 1. Predicted amino acid sequences, tissue specificity of expression, and phylogenetic analysis of the Arabidopsis CLE41
to 45 genes in relation to the other CLE family members. A, Conceptual protein sequences of CLE4T to 45 and the archetype
CLV3 gene were aligned using ClustalX (Thompson et al., 1997). Amino acid residues that are identical in at least four of the
predicted protein sequences are highlighted in black. Hydrophobic amino acids in the predicted signal peptides are highlighted
in gray. Predicted signal peptide cleavage sites for CLE41 to 45 are denoted by arrowheads. The CLE domain sequences are
boxed. B, PAUP* 4.0 analysis of the CLE family predicted protein sequences. Bootstrap values of 40% and above from the
neighbor-joining analysis of the predicted amino acid sequences of the CLE genes are shown at the appropriate nodes of the
unrooted phylogenetic tree. The overexpression phenotypic classification (where known) as described in Figure 2 appears next to
the name of the gene. The major phylogenetic groupings are all emphasized by red, blue, and green ovals behind the branches.
C, Expression levels of CLE41 to 45 relative to an elongation factor Ta control. White bars, Inflorescence stems; black bars,
unopened flowers; green bars, developing siliques; red bars, rosette leaves; blue bars, roots; gold bars, seedlings.
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Position 1 2 3 45 6 7 8 9 1011 1213 14
CONSensus S KRLVUPSGP NP L H N secondaryphenotype
A wus-like

Ai. Dwarf at 14 and 21 dag; >50% mortality; stunted root

R WA 2 P L H
R vV P P L H
R vV P P L H
R VvV P P L H
Ai consensus E K BRY L BMGEE P L H H/N

Aii. Dwarf onl

Aii consensus

no data on rosette size
CLV3 E L
high mortality (CLV3, CLE40*)
low mortality, long root (CLE4)

B dwarf

CLE19 S K R V . P T/IG P N/P L H N anthocyanin
CLE21 E K R S P TGP NUP L HN anthocyanin
CLE2S S KIR K VP NGPDPHEEHN

COnsensus S K R X . P T EGPY N BPESEHE N

C shrub-like

COnsensus

D long root

CLE18 V DIR QB P T/G P DP L HN

CLE 26 S KR KWVPRGPTDEP H N

consensus X X R X — Kl H N

No data Predicted phenotypic class

L B8 SHEJGEES ESREN Aii

CLE8 T MESE R BVENES T SGEEEN N SESNISHE H ID**

CEEENEN R I v P PP L H Ai

CLE14 S AQBRN L RUEEN K EGEERE N BRSNS N ID

CLE16 D KR L V TG P NP L HN ID

CLE17 D KR V V T G P NP L HN ID

CLE20 D KR K V TGESINP L HN ID

CLE22 G K R R V TG P NP L HN ID

CLE27 S KR I VP SEIPDPLUHN ID
Vi P G P P C

CLE45 S K R R V R G D B H N ID

*Greater than 50% of the plants overexpressing this gene never developed past the initial seedling SAM arrest phenotype (Hobe, 2003),
which we equate with the >50% lethality phenotype
**Insufficient data to predict phenotype

Figure 2. Comparison of the predicted CLE domains of the Arabidopsis CLE genes. The predicted protein CLE domains of the
Arabidopsis CLE family members are aligned. Amino acid numbering of the CLE domain appears at the top. A consensus
sequence of all the CLE domains is shown below the amino acid numbering. A, CLE domain sequences of the CLE genes that
cause the wus-like phenotype. Ai, CLE domain sequences of the wus-like CLE genes that showed dwarfing only at 21 d DAG,
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the consensus (Fig. 2). The conceptual CLE41 to 45
proteins are found within these extremes of diver-
gence from the CLE domain consensus. Only CLE41,
42, and 44 differ from the consensus at positions 3 and
13, with His in place of Arg at position 3 and Asn
in place of His at position 13 (Fig. 2). Despite their
divergence from two of the best-conserved amino
acids in the CLE domain, CLE41, 42, and 44 all have
an uninterrupted core of seven conserved amino acids
(positions 5-11) and are less divergent from the main
consensus than CLE7. The predicted CLE43 protein
also diverges from the consensus at the otherwise
perfectly conserved Pro residue at position 11 with an
Arg residue, but is nonetheless a good match to the
main consensus. The predicted CLE45 is one of only
three predicted proteins that diverge at position 9,
substituting a Pro with a Ser, but the same substitution
is also found in CLE20 and CLE40.

We examined the phylogenetic relationship of the
new putative CLE family members to the rest of the
CLE proteins. Like Sharma et al. (2003b), we observed
that the predicted CLE1 to 7 proteins all group in a
single clade and that the CLE3/4 and CLE5/6 pairs
both group with 100% bootstrap values in a 1,000-
iteration neighbor-joining analysis (Fig. 1B). Unlike
Sharma et al. (2003b), our analysis grouped CLE9 to 13
in a single clade, with a bootstrap value of 60% (Fig.
1B). Bootstrap values of 100% and 97% were generated
for the CLE9/10 and CLE12/13 pairs, respectively
(Fig. 1B). Our analysis also grouped the conceptual
CLE41, 42, 43, and 44 proteins in a single new clade
(Fig. 1B). The strongest relationship was suggested for
CLE41, 42, and 44, with bootstrap values of 88% for
these three predicted proteins and 100% for the
CLE41/CLE44 pair (Fig. 1B).

To determine whether the four newly identified CLE
gene family members and CLE41 were expressed
genes, we conducted real-time PCR experiments
with gene-specific primers for CLE41 to 45. We also
examined the tissue and organ specificity of expres-
sion of these genes. As seen in Figure 1C, all of the new
family members were found to be transcribed. CLE41
was the most abundantly expressed gene of the five in
all organs examined. No amplification was observed
from mock reactions that lacked reverse transcriptase
(data not shown). The bioinformatic and molecular
data together suggest that CLE41 to 45 are genuine,
transcribed members of the CLE family.

Overexpression Phenotypes of CLE Gene Family Members

CLE Gene Transgenic Arabidopsis Plants Overexpressed
the Transgene and Displayed Strong Penetrance
of Phenotype

Seventeen of the 31 Arabidopsis CLE genes repre-
senting the three major phylogenetic clades (Fig. 1B),
other family members, as well as CLV3 were cloned
downstream of the cauliflower mosaic virus 35S pro-
moter and transformed into Arabidopsis (Table I). A
maximum of 24 individual kanamycin-resistant T,
plants from a transformation cohort were used for
further phenotypic analysis. In cases where fewer than
24 transformants were available, no fewer than 12
plants were examined. Plants from independent floral-
dip experiments revealed no differences in phenotype
with a given transgene (data not shown).

Although there was variability in the severity of the
phenotypes, we observed that, within a cohort, 90% to
100% of the plants displayed similar phenotypes in all
18 lines examined. To determine that the observed
phenotypes were due to overexpression of the gene,
rather than gene silencing, we performed RNA-blot
analysis on plants displaying a range of phenotypic
strengths from each line. We observed that the trans-
genes were expressed in most of the plants that we
examined, but a few plants did not display detectable
levels of the transgene (Fig. 3). However, we were
never able to detect expression of any of the endoge-
nous CLE genes or CLV3 on the blots (Fig. 3). Further-
more, these plants displayed phenotypes consistent
with those of plants with detectable transgene expres-
sion, so our inability to detect expression of the CLE
transgenes in these plants cannot be interpreted as
evidence of gene silencing.

Overexpression of the CLE Genes Results in
Developmental Timing Delays

We conducted a detailed examination of the pheno-
types of the CLE gene-overexpressing lines based on
the developmental staging scheme of Boyes et al. (2001).
Key developmental stages were logged as were mor-
phological abnormalities. Developmental timing delays
were observed consistently in all of the CLE transgene
cohorts relative to empty-vector controls (Fig. 4A). The
average time to the first floral bud (stage 5.10; Boyes
et al, 2001) in empty-vector control plants was ap-
proximately 16 d after germination (DAG) under the

Figure 2. (Continued.)

long roots, and low mortality of the transformed plants prior to developmental stage 5.10. Aii, CLE domain sequences of the wus-
like CLE genes that showed dwarfing at 14 and 21 DAG, short roots, and had >50% mortality of the transformed plants prior to
flowering. B, Dwarf phenotype. C, Shrub-like phenotype. D, Long-root phenotype. Predicted phenotypic classes for CLE genes in
a 35S promoter overexpression experiment appear to the right of the CLE domain sequences for which there are presently no
data. Amino acid residues in these conceptual sequences that are found in 20 or more CLE domain sequences are highlighted in
light gray. Amino acid residues that differ from the consensus sequence found in 20 or more CLE domain sequences are
highlighted in dark gray. Amino acid residues that differ from the main consensus and that correlate with a specific phenotypic
class are highlighted in black. The major phylogenetic clades are highlighted with red, blue, and green backgrounds as in

Figure 1.
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Figure 4. Developmental timing, rosette areas and root lengths of plants overexpressing CLV3, and various CLE genes. All plants
were of the Col-0 genetic background unless otherwise specified. A, Times to stage 5.10 (gray portions of bars) and 6.00 (black
portions of bars; Boyes et al., 2001) are shown. Transgene overexpressers are compared to EV control and CLV3OE positive
control. CLE4 (clv3; Len signifies the overexpression of the 355-CLE4 gene in a clv3-2 mutant in the Ler genetic background.
Error bars represent the st. B, Rosette areas were derived from image analysis data acquired 14 (black bars) and 21 DAG (gray
bars). Transgene overexpressers are compared to EV control. CLE4 (clv3; Ler) signifies the overexpression of the 35S-CLE4 gene in
a clv3-2 mutant in the Ler genetic background. The other plants in the figure are of the Col-0 ecotype. Error bars represent the sE.
C, Root lengths were measured 8 DAG (black bars) and 11 DAG (gray bars). Transgene overexpressers are compared to EV control
and CLV3OE positive control. The major phylogenetic clades are highlighted with blue, red, and green backgrounds as in Figure
1B. EV control, Empty-vector control.
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