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The WOX (WUSCHEL-RELATED 
HOMEOBOX) gene family of 

Arabidopsis comprises fifteen plant-
specific transcriptional factors that play 
important development roles. Genetic, 
phylogenetic and genomic analyses sug-
gest that WOX genes generally act non-
autonomously to organize stem-cell and 
initial-cell populations within plant 
meristems and organ anlagen. Previous 
cross-complementation analyses indicate 
that the functional diversification of dis-
tinct WOX paralogs may be explained 
largely by promoter evolution, although 
paralog-specific protein::protein inter-
actions are also implicated. A recent 
report described WOX4 function dur-
ing development of the procambium, 
which comprises the meristematic tis-
sues of the plant vasculature. Here we 
show that WOX4 fails to complement 
PRS1/WOX3 function, when driven 
from the PRS1/WOX3 native promoter. 
These data suggest that WOX4 identi-
fies different DNA targets and/or inter-
acting proteins during development of 
the vasculature procambium than does 
PRS1/WOX3 during the specification 
of lateral organ initial cells. The identi-
fication of super-compound leaf pheno-
types induced by overexpression of the 
SlWOX4 ortholog in tomato suggests a 
functional link between vascular pat-
terning and leaf complexity.

WUS1 and 14 WOX (WUSCHEL-
RELATED HOMEOBOX) genes are 
present in Arabidopsis, and five (WUS1, 
PRS1/WOX3, WOX5, WOX8 and 

WOX9) are shown genetically to function 
non-cell-autonomously during the orga-
nization of various stem cell populations 
within plant meristems.1-6 Functional 
equivalency has been experimentally 
demonstrated between the shoot stem 
cell organizer WUS1 and the root stem 
cell organizer WOX5,7 and also between 
WUS1 and PRS1, which is required for 
recruitment of lateral organ founder 
cells.8 Although these WOX paralogs 
are normally expressed in distinct stem 
or initial cell domains, function can be 
cross-complemented to a high degree 
when these paralogs are expressed from 
WOX gene-specific native promoters. 
Recently we reported that the orthologous 
genes AtWOX4 and SlWOX4 are expressed 
in the procambium tissues of stems and 
leaves in Arabidopsis and tomato, respec-
tively.9 Although WUS1 can fully com-
plement the leaf stipule-less and lateral 
sepal deletion phenotypes of prs1 mutants 
when driven by the PRS1 promoter,8 
AtWOX4 confers only weak rescue of these 
prs1 mutant phenotypes. As shown in  
Figure 1, although 87% of prs1 mutant 
plants transformed with pPRS1::AtWOX4 
developed flowers with four sepals, only 
2% of these developed lateral sepals of 
normal width (Fig. 2). Moreover, the 
leaves of these pPRS1::AtWOX4 trans-
formed prs1 mutant plants fail to develop 
lateral stipules (Fig. 1).

As reported in an initial survey of 
the WOX gene family in Arabidopsis,2 
amino acid sequence similarity among 
WOX family members is primar-
ily confined to the homeodomain  
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and WUS1 share three additional pre-
dicted protein motifs that are not present 
in WOX4 (Fig. 3), which may contrib-
ute to their differential ability to rescue 
PRS1/WOX3 function. These include: 
(1) a seven residue histidine-rich HIS-box 
located 52 amino acids downstream of the 
homeodomain in WUS1 and 50 amino 
acids downstream in PRS1/WOX3;  
(2) a protein kinase-C phosphorylation 
site located at position three of the home-
odomain in PRS1/WOX3 and WUS1; 
and (3) an N-myristoylation site located at 
residues 79–84 after the homeodomain in 
WUS1 and 81–86 residues downstream in 
PRS1/WOX3. These data are also consis-
tent with the detailed phylogenetic analy-
sis performed by Vandenbussche et al.11 in 
which WUS1, WOX5, PRS1/WOX3 and 
WOX1 comprise a clade that is separate 
from WOX4 and WOX2. The failure of 
WOX4 to rescue PRS1/WOX3 function 
during lateral organ founder cell initial-
ization suggests that the downstream 
transcriptional targets of the predicted 
PRS1/WOX3 transcription factor are 
more shared with WUS1 (and by impli-
cation WOX5) than with WOX4, and 
that meristem and leaf initial cells may be 
organized by different signaling pathways 
than are vascular initials.

Overexpression of the tomato WOX4 
ortholog SlWOX4 alters the vascu-
lar development of leaves and stems in 
tomato.9 Another intriguing phenotype 
observed in 35S:SlWOX4 tomato plants 
is the development of supercompound 
leaves in which the numbers of primary, 
intercalary, secondary and tertiary leaflets 
are all increased (Fig. 4A–C). In addi-
tion, supernumery leaflets are produced 
from the middle of rachis of SlWOX4 
overexpressing plants, a phenotype that is 
not observed in wild type (VF36) leaves 
(Fig. 4D). To investigate the mechanisms 
underlying the formation of these highly 
compound leaves, we examined whether 
the transcript accumulation of the class 
I KNOX gene SlT6 is altered in SlWOX4 
overexpresssing plants. In tomato, over-
expression of SlT6 promotes leaf com-
plexity and renders supercompound 
phenotypes.12,13 Unexpectedly, transcript 
accumulation of SlT6 in 35S:SlWOX4 
plants is downregulated to 23–65% 
of level observed in wild type plants  

acids of the PRS1/WOX3 homeodomain, 
WOX4 also shares 66% identity but just 
76% similarity to PRS1/WOX3. WOX4 
is slightly more similar to PRS1/WOX3 
within the WUS box, wherein WOX4 
shares 7/8 identical and 7/8 similar resi-
dues with PRS1/WOX3 and WUS1 con-
tains just 5/8 identical and 6/8 positive 
amino acids. However, PRS1/WOX3 

(66 amino acids in WUS1; 65 residues in 
all other WOX proteins) and the WUS 
box, a shorter motif of eight amino acids 
that is conserved in 14 of the 15 WOX 
proteins and which mediates both repres-
sor and activator functions of the bifunc-
tional WUS protein.10 Whereas WUS1 
contains 66% amino acid identity and 
80% similarity within the 65 amino 

Figure 1. pPRS1::AtWOX4 only partially rescue the phenotype of prs1 mutant. (A) Whole plant phe-
notype of non-mutant Ler, prs1 mutant, and a transgenic pPRS1::AtWOX4 expressing AtWOX4 cod-
ing region under the native PRS1 promoter (2,742 bp) in prs1 mutant.8 (B–D) Stage 12 floral phe-
notypes of plants shown in (A). Ler (B) flowers have four sepals of normal width and prs1 mutant 
(C) flowers typically lack lateral sepals. Although four sepals form in pPRS1::AtWOX4 transgenic (D) 
flowers, the lateral sepals are narrow and the underlying floral organs exposed. (E–G) Transverse 
sections of shoot apices from vegetative seedlings show development of lateral stipules (arrows) 
in rosette leaves of Ler, but not in prs1 and pPRS1::AtWOX4 transgenic.
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clarify the genetic mechanisms underly-
ing the SlWOX4 supercompound leaf 
phenotypes.
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(Fig. 5). Our data suggest a close con-
nection between vascular patterning and 
leaf complexity in tomato, and that over-
expression of SlWOX4 renders supercom-
pound leaf phenotypes either in a separate 
pathway than, or downstream of, SlT6. 
Further characterization of SlWOX4 
function in SlT6 mutant plants may help 

Figure 2. Sepal number but not sepal size in prs1 mutant is rescued by pPRS1::AtWOX4. Total sepal 
number initiated (A) is reduced in prs1 mutant flowers, but is restored to near normal levels in 
pPRS1::AtWOX4 transgenic mutant plants. However, sepal size reduced in prs1 mutant relative to 
Ler floral buds (B) is not complemented by pPRS1::AtWOX4.
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Figure 3. Shared motifs in WUS1, PRS1/WOX3 and WOX4 homologous proteins. Alignment of the full-length amino acid sequences of the WUS1, PRS1/
WOX3 and WOX4 proteins. Shared residues found in all three proteins are shown in red; residues shared in two of the three proteins are shown in blue. 
The WOX homeobox region is bracketed, and comprises 66 amino acids in WUS1 and 65 amino acids in PRS1/WOX3 and WOX4. The HIS-box motifs are 
boxed in red; the WUS boxes are boxed in blue; the blue asterisks designate shared predicted Protein Kinase-C phosphorylation sites; the red triangles 
designate predicted shared N-myristoylation sties.

Figure 4. Overexpression of SlWOX4 confers 
highly compound leaves. (A) Wild type VF36 
plant. (B) SlWOX4 overexpressed VF36 at the 
same stage. (C) Mature leaves from wild type 
VF36 (left) and SlWOX4 overexpressed VF36 
(right). (D) Leaflets (arrows) develop from 
the middle of rachis (arrowhead) in SlWOX4 
overexpressed VF36.
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Figure 5. Gene expression levels in the leaves of tomato SlWOX4 overexpressors. Young leaves at the same stages (1 cm long) from three independent 
transformants (T1-T3) overexpressing SlWOX4 transcripts and from non-transformant VF36 were collected. Quantitative real-time RT-PCR data of SlT6 
transcript accumulation is shown relative to the level in the leaves of VF36, which were set to 100%. Three biological replicates were assayed for all 
samples and normalized to SlACTIN transcript level as described in Ji et al.9


