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In Arabidopsis, the CLE genes encode a family of at least 32
peptide ligands. Our gain-of-function studies demonstrated that
all of the 18 genes we examined caused pleiotropic and often
opposing phenotypes, including various combinations of increased
root and rosette growth, root stunting, dwarfing, shoot apical
meristem (SAM) arrest, asymmetric leaf development, and “shrub-
like” phenotypes. Many CLE genes caused similar phenotypes
that correlated with common amino acid substitutions among
subsets of the genes, suggesting key amino acids necessary for
certain phenotypes. The pleiotropic phenotypes we observed were
the results of integrated hypermorphic and global neomorphic
responses to abundant ectopic ligands through multiple signaling
pathways. The phenotypes are also suggestive of wide ranging,
often antagonistic roles played by these genes in plant develop-
ment. The interpretations of our findings and some apparently
contradictory recent results are discussed in this context.

The CLE gene family consists of 32 known members in
Arabidopsis.!# However, the developmental processes regulated by
these genes are known for but a few, with demonstrated roles in
SAM maintenance,” root nutation® and tracheary element differ-
entiation.* Although the probable functional segments of the CLE
proteins are post-translationally cleaved and modified dodecapep-
tides,*7 27 distinct dodecapeptide sequences are found in this family,
suggesting additional functions in plant developmental processes.
Effects of CLE genes on root development!>3-10 and varied locations
of expression®?!! also support this notion.

To further address the roles played by this large family of ligands,
we conducted a gain-of-function study via gene overexpression of 18
CLE family members.> The CLE overexpression phenotypes were
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pleiotropic and suggested roles in root and shoot growth, phyllotaxis,
leaf size and shape, apical dominance and developmental timing.
Similarities in phenotypes, which enabled their categorization into
four broad classes, suggested possible functional redundancies among
the CLE genes. Key functional amino acid residues were suggested
by strong correlations of certain phenotypes with specific, tandem
substitutions in CLE domain amino acid sequences. For example,
the CLE41, 42 and 44 genes identified in our study were unique in
having the combination of the three amino acids his, ile and ser at
positions 3, 12 and 13 in the CLE domain (numbering as in ref. 3),
which perfectly correlated with the distinctive “shrub-like” pheno-
type observed for the plants that overexpressed these genes (ref. 3,
unpublished results).

The pleiotropic phenotypes we observed are perhaps best
understood in the context of hypermorphy and neomorphy, key
considerations in the interpretation of phenotypes in any gain-of-
function experiment (reviewed in ref. 12). Hypermorphy can be
described as an amplification of the normal phenotypic effect that
a protein has on an organism (Fig. 1). In contrast, neomorphy is a
novel phenotype that would not normally be caused by a protein.
In peptide ligand overexpression, neomorphy could result from
abnormal signaling due to interactions with receptors in cells where
the ligand would not normally be found. Alternatively, overexpres-
sion could raise a ligand’s concentration well above a non-cognate
receptor’s dissociation constant for the ligand, thereby resulting in
a signal that would not normally occur due to low binding affinity
(Fig. 1). Finally, antimorphy (dominant negative neomorphy) could
potentially result from a ligand binding a receptor in a way that
blocks signal transduction. If antimorphy occurs in CLE overexpres-
sion, it would most likely be through competitive inhibition, given
the sequence similarities amongst the CLE peptides (Fig. 1).

Most, if not all, of the phenotypes from our CLE gene overex-
pression work are pleiotropic and thus likely neomorphic in some
respect. For example, the SAM arrest phenotypes we observed for
CLEs 2, 3, 4, 5, 6, 7 (Category Aii) and CLEs 9, 10, 11 and 13
(Category Ai)?® are probably neomorphic, since there is no evidence
that any ligand other than CLV3 is required for signal transduction
through the CLV1/2 complex.

An interesting aspect of our findings was the apparently opposite
phenotypes that were observed amongst the CLE gene overexpressers.
While nearly all the CLE overexpressers were dwarf in stature, CLE26
overexpressers were significantly larger than wild-type by 21 days
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after germination and CLE18 did not affect
plant rosette area. Likewise, CLE9, 10, 11,
13, 19, 21 and CLV3 caused root stunting,
while CLE2, 4, 5, 6, 7, 18, 25 and 26 stimu-
lated root elongation. These results suggest
that the CLE genes play antagonistic roles
to each other in plant growth and develop-
ment. Surprisingly, the exogenous peptide
application study of Kinoshita et al.,!? in
which Arabidopsis plants were grown on
agar media or liquid media containing 31 of
the 32 Arabidopsis CLE peptides (CLE43
was omitted), yielded many SAM and root
phenotypes that appeared to contradict our
observations resulting from CLE gene over-
expression.3 For example, in roots, Kinoshita
et al., either observed no difference (CLE2
and 4-7) or even inhibition of elongation
(CLE18, 25 and 26)'3 with CLEs that we
found to be stimulatory to root elongation.
Conversely, we observed no change in root
growth with CLE42 and 44 overexpression,
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Figure 1. Ligand overexpression-mediated hypermorphy, neomorphy and antimorphy. (A) Normal
ligand-receptor signal transduction in which the ligand (black circles) interacts with its cognate receptor
(black “goblets”) at a physiologically normal effective concentration, with its concomitant signal trans-
duction (black arrows); (B) Hypermorphic response, in which receptor binding sites are more heavily
occupied due to the higher effective ligand concentration, with a concomitant increased signal; (C)
Neomorphic response, in which the overexpressed ligand (black circles) interacts with a non-cognate
receptor (gray “goblets”) to transduce a stronger than normal signal (gray arrows). The cognate ligand
(gray circles) can still interact with the receptor and thereby contributes to the total signal strength (D)
Antimorphic response, in which the ectopic ligand inferacts with a non-cognate receptor (cross-hatched
“goblets”), but in a manner that does not transduce a signal, thereby inhibiting signal transduction
from the cognate ligand (cross-hatched circles). A competitive inhibition model is shown here, but other
mechanisms of inhibition are possible.

while Kinoshita et al.,!3 observed slight root
growth stimulation with in the presence of these peptides.

The apparent contradictions between these two studies are likely
explained by differences in experimental approach. In our study, the
strong “constitutive” CaMV 35S promoter was used, so not only
were the ligands abundantly expressed, most were likely expressed
in tissues and cells where they would not normally be found. Thus,
the ligands would have been available to interact with receptors
throughout the plant at higher than normal concentrations. The
phenotypes we observed were thus likely the result of the integration
of hypermorphic and multiple neomorphic signals through multiple
receptors. Such integrated responses would presumably also be
occurring with exogenous CLE peptides. However, these responses
would presumably only be from the receptors present at (or very
near to) the epidermal cells, which would therefore only be a subset
of the receptors that would have been affected in our overexpres-
sion studies. Further work is needed to clarify the reasons for these
differences. Even so, the results of Kinoshita et al.,!® confirm our
observation that CLE peptides appear to play opposing roles to one
another in plant growth and development.?

Irrespective of whether the CLE overexpression and exogenous
application phenotypes are hypermorphic or neomorphic, they
provide valuable clues to the developmental processes that CLE’s
help regulate. The characterisation of the gain-of-function pheno-
types of the remaining CLE genes in Arabidopsis will thus provide
additional useful data. Ultrastructural phenotypic analysis will
further aid in understanding the developmental roles played by
these peptides. RNAi approaches may also yield useful data, but
this could prove difficult, given the low transcript abundances from
these genes’>®!1 and possible functional redundancies. Given the
many apparently opposing phenotypes observed in overexpression
and exogenous application studies, it appears that the CLEs may
often function antagonistically to one another in plant growth and
developmental processes such as root elongation. It will be of great
interest to determine if these antagonisms constitute components of
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dynamic feedback loops that regulate developmental processes. The
challenge will be in separating the hypermorphic from the neomor-
phic, connecting each ligand to its “true” phenotype, receptor and
thereby, developmental process.
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Note added in proof

Ogawa et al., (Science 2008; 319:294) demonstrated that the
binding affinities of CLV3 and CLE peptides to CLV1 are consistent
with our observations of the strength of CLV3’s hypermorphic or the
CLE peptides’ neomorphic SAM phenotypes conferred by ectopic
expression of the CLE ligands.’
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