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Differential Recruitment of WOX Transcription Factors
for Lateral Development and Organ Fusion in Petunia
and Arabidopsis W

Michiel Vandenbussche,a,1 AnnekeHorstman,a Jan Zethof,a Ronald Koes,b Anneke S. Rijpkema,a and TomGeratsa

a Department of Plant Genetics, Institute for Water and Wetland Research, Radboud University Nijmegen, 6525 ED, Nijmegen,

The Netherlands
b Department of Genetics, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, The Netherlands

Petal fusion in petunia (Petunia 3 hybrida) results from lateral expansion of the five initially separate petal primordia,

forming a ring-like primordium that determines further development. Here, we show that MAEWEST (MAW) and

CHORIPETALA SUZANNE (CHSU) are required for petal and carpel fusion, as well as for lateral outgrowth of the leaf

blade. Morphological and molecular analysis of maw and maw chsu double mutants suggest that polarity defects along the

adaxial/abaxial axis contribute to the observed reduced lateral outgrowth of organ primordia. We show thatMAW encodes a

member of the WOX (WUSCHEL-related homeobox) transcription factor family and that a partly similar function is

redundantly encoded by WOX1 and PRESSED FLOWER (PRS) in Arabidopsis thaliana, indicating a conserved role for MAW/

WOX1/PRS genes in regulating lateral organ development. Comparison of petunia maw and Arabidopsis wox1 prs

phenotypes suggests differential recruitment of WOX gene function depending on organ type and species. Our comparative

data together with previous reports on WOX gene function in different species identify the WOX gene family as highly

dynamic and, therefore, an attractive subject for future evo-devo studies.

INTRODUCTION

Evolution has generated a tremendous variation in reproductive

structures within the plant kingdom. This ranges from flower-

less spore-producing ferns and plants bearing simple, wind-

pollinated flowers to highly specialized flower types exhibiting

unique interactions with specific animals acting as pollinators.

The evolutionary invention of petals, the usually brightly colored

organs of the flower, is generally believed to have played amajor

role in the evolution of pollination syndromes. In many taxa

throughout the angiosperms, petals fuse partly or completely to

form a tubular structure, thereby creating a protective barrier

enclosing the reproductive organs and nectaries in the center of

the flower.

The genus Petunia belongs to the Solanaceae, in which petal

fusion (sympetaly) is a common characteristic. Variations in petal

tube length and diameter within the genus Petunia have been

associated with distinct pollinators (Wijsman, 1983; Ando et al.,

2001; Stuurman et al., 2004; Hoballah et al., 2007), suggesting

that sympetaly may have evolved as an important component of

pollination syndromes. Sympetaly in petunia (Petunia3 hybrida)

results from a prolonged lateral expansion of each of its five

initially separate emerging petal primordia until they unite to form

a ring-like primordium, determining further fused development.

To gain insight into this process, we have analyzed two recessive

mutants called maewest (maw) and choripetala suzanne (chsu),

in which petal fusion is partly disrupted. Leaf and pistil develop-

ment are also affected inmaw and chsumutants, indicating that

MAW and CHSU play a more general role in organ development.

We further present the molecular analysis of MAW and show

that MAW encodes a member of the WOX (WUSCHEL-like

homeobox) family of homeobox transcription factors, of which

15 members have been identified in the Arabidopsis thaliana

genome (Mayer et al., 1998; Haecker et al., 2004). AllArabidopsis

WOX members characterized up to now are involved in regulat-

ing diverse aspects of development. WUSCHEL, the founding

member of the family (Mayer et al., 1998), and the orthologs

TERMINATOR from petunia (Stuurman et al., 2002) and

ROSULATA from Antirrhinum majus (Kieffer et al., 2006) are

required for maintenance of the stem cell population in the shoot.

More recently, it was shown that WOX5 performs a similar

function in the root apical meristem and thatWOX5 andWUS are

functionally equivalent (Sarkar et al., 2007).WOX6/PRETTY FEW

SEEDS2 (PFS2) is involved in ovule development (Park et al.,

2005), while PRESSED FLOWER (PRS)/WOX3 is required for the

development of lateral sepals and stamens in the flower and of

the stipules at the leaf base (Matsumoto and Okada, 2001;

Nardmann et al., 2004). The expression pattern of several other

WOX genes inArabidopsis indicated a role for these in embryonic

patterning (Haecker et al., 2004). For example, WOX2 and

WOX8/STPL act as complementary cell fate regulators in the

apical and basal lineage, respectively, of the early proembryo

(Haecker et al., 2004; Wu et al., 2007; Breuninger et al., 2008),
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while WOX9/STIMPY regulates early embryonic growth (Wu

et al., 2007; Breuninger et al., 2008) but is also required for

growth and maintenance of the shoot apical meristem, partly by

positively regulating WUS expression (Wu et al., 2005). In petu-

nia, it was recently shown that the WOX8/9 homolog EVER-

GREEN is required for the cymose branching pattern of the

petunia inflorescence (Rebocho et al., 2008). Finally, in Arabi-

dopsis, an analysis of WOX13 and WOX14 suggests roles for

these proteins in floral transition, with additional functions in root

development and anther differentiation for WOX14 (Deveaux

et al., 2008).

To provide further evidence for the involvement ofWOX genes

in lateral organ development and to investigate the extent of

functional conservation between WOX orthologs of different

species, we aimed to analyze mutants of putative Arabidopsis

MAW orthologs. Using a combined phylogenetic and structural

analysis of the WOX family, we identified Arabidopsis WOX1 as

the closest homolog to petunia MAW. In contrast with maw,

wox1 null mutants did not display obvious developmental de-

fects, suggesting that WOX1 functions redundantly. We there-

fore searched for other WOX gene candidates that might

obscure the function of WOX1 in Arabidopsis.

Interestingly in this respect, it was shown that ns1 ns2 (for

narrow sheath) mutants in maize (Zea mays) display a reduction

of the leaf blade (Nardmann et al., 2004) reminiscent of themaw

leaf phenotype. However, NS1 and NS2 belong to the PRS/

WOX3 subfamily rather than to theWOX1 subfamily. Despite the

strong leaf phenotype of ns mutants in maize, leaf development

is affected only in the lack of stipules in Arabidopsis prs null

mutants, althoughPRS is expressed in themargins of developing

leaves (Matsumoto and Okada, 2001; Nardmann et al., 2004).

The partially similar leaf phenotypes of petunia maw (WOX1

subfamily) and maize ns mutants (PRS/NS subfamily) and the

absence of such leaf phenotypes in both Arabidopsis wox1 and

prs single mutants indicated a possible overlap in function

between WOX1 and PRS subfamily members in Arabidopsis.

Consistent with this hypothesis, we found that wox1 prs double

mutants display a leaf phenotype comparable tomaw in petunia,

indicating a conserved role for MAW/WOX1/PRS genes in reg-

ulating lateral organ development.

We discuss how differences inWOX function and phylogeny in

the different model species petunia,Arabidopsis, andmaizemay

explain the deviating phenotypes of the respective orthologous

single mutants.

RESULTS

Morphological Analysis ofmawMutants

Lateral outgrowth of the leaf blade in maw mutants is severely

reduced (Figures 1A to 1C). In wild-type leaves, the palisade

parenchyma (adaxial) and spongy parenchyma (abaxial) occupy

roughly equal domains; they join at the divide of the margin

(Figure 1E). In maw mutants, leaf margins are clearly thickened

(Figure 1D), the increase in size being due to the enlargement of

the spongy parenchyma, while the size of the palisade paren-

chyma remains unchanged (Figure 1F). From early flower devel-

opmental stages onwards, the lateral expansion of the petal

primordia is strongly reduced inmawmutants (Figures 1L to 1N)

compared with the wild type (Figures 1G to 1I), resulting in a

failure of the petal primordia to fuse properly. The fusion defects

in petals are usually limited to the upper part (corolla), but

occasionally extend to the base of the petal tube. The most

severe defects can be seen at the distal ends of the petals, which

exhibit a radial organization (Figure 1M). In addition, the flanks of

these radial structures are covered with trichomes, which in the

wild type are found exclusively on the abaxial sides of petals. In

wild-type flowers, the pistil originates from two separate carpel

primordia, which during development make contact, become

flattened at the adaxial side, and fuse (Figures 1G to 1K). Pistils of

maw flowers display carpel fusion defects, with phenotypes

ranging fromapartially split stigma (Figure 1O) to a complete split

of stigma and style (Figure 1P). As a consequence, female fertility

is strongly reduced in maw mutants, although seeds can be

obtained from the occasional flowers with mildly affected pistils.

Sepals display similar defects as observed in leaves and bracts

and fail to fuse at their base (Figures 2G and 2I). No obvious

developmental defects were observed in the stamens of maw

flowers.

Morphological Analysis of chsu andmaw chsu

Double Mutants

Leaves of chsu mutants are more narrow compared with the

wild type (Figure 2A), but unlike in maw mutants, leaf margins

and palisade and spongy parenchyma develop normally (cf.

Figure 2B with 1E). The choripetalous phenotype of chsu

flowers can be easily distinguished from the maw phenotype,

as lack of fusion between the petals usually occurs at two or

three places only, while extending further to the base of the petal

tube (Figure 2H). chsu carpel fusion defects exhibit a pheno-

typic variation comparable to that ofmaw pistils, ranging from a

partially split stigma to a completely separated stigma and style

(Figure 2D). In addition, the length of chsu pistils is reduced

(Figure 2D).

Inmaw chsu double mutants (see Methods), lateral outgrowth

of the leaf blade is further diminished compared with either of the

single mutants (Figure 2A), and the partial abaxialization ob-

served at themargins ofmaw leaves is strongly enhanced (Figure

2C): maw chsu leaves are composed mainly of abaxial spongy

parenchyma, while the remaining adaxial palisade cells are

further reduced in number and become disorganized (cf. Figure

2C with 1F). Frequently, maw chsu double mutants develop

leaves with a radial structure, while a limited leaf blade outgrowth

remains at the distal end (Figure 2E). In maw chsu flowers, petal

fusion is completely eliminated, and petals develop as fully

separate radial structures covered all over by trichomes (Figures

2F and 2J). Only late in development, a limited petal blade

outgrowth occurs in the region that normally composes the

corolla (Figure 2J). Carpel fusion defects in maw chsu pistils are

also more pronounced and extend into the ovary, thereby

exposing the ovules (Figure 2D). In summary, all defects found

in maw or chsu single mutants are strongly enhanced in the

doublemutant, indicating thatMAW andCHSU function together

in lateral organ development.
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Figure 1. Phenotypic Analysis of Petunia maw Mutants.

(A) to (F) Vegetative phenotypes of petunia wild type and maw mutants at comparable stages of development.

(A) and (B) Seedlings.

(C) Top view of 7-week-old wild-type and maw plants with the first flower opening.

(D) Close-up of the leaf margins; note the thickened margins in maw leaves.

(E) and (F) Scanning electron microscopy images of freeze-fractured cross sections through wild-type and maw leaves. Adaxial palisade parenchyma

tissue has been artificially colored in green.

(G) to (P) Flower phenotypes of petunia wild type and maw mutants at comparable stages of development.

(G), (H), (L), and (M) Scanning electron microscopy images of flower primordia. Sepals have been removed to reveal inner organization. Petal primordia

are artificially colored in red and carpels in green.

(G) and (L) Stage in which carpel primordia start to emerge. Petal primordia are already flattened in the wild type and merge at their base. In maw

mutants, lateral expansion of the petal primordia is reduced.

(H) and (M) Later stage showing the fusion of the two carpels in the wild type and the development of abaxial trichomes on the petal main veins. Inmaw

mutants, carpels fail to fuse completely, while the distal ends of the petals are radial rather than flattened structures. Note the trichomes in these regions

extending toward the adaxial side.

(I) and (N) Top view of fully developed flowers.

(J) and (O) Close-up of the pistil showing stigma.

(K) and (P) Entire pistils showing ovary, style, and stigma.

(O) A maw pistil with partially unfused carpels.

(P) A maw pistil with carpels unfused all the way down to the base of the ovary.

Bars = 2 mm in (A) and (B), 1 cm in (C), (N), and (I), 1 mm in (D), (H), (K), (M), and (P), 0.5 mm in (J) and (O), and 100 mm in (E) to (G) and (L).
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Molecular Characterization ofMAW

We identified maw as a spontaneous recessive mutation segre-

gating in a small family of the W138 petunia transposon line

(Gerats et al., 1990). By transposon display (Van den Broeck

et al., 1998), we identified a dTph1 transposon that fully cose-

gregated with the original maw-1 allele and that disrupts a gene

encoding a homeodomain protein with high similarity to theWOX

family of transcription factors (see Supplemental Figure 1 online)

(Laux et al., 1996; Stuurman et al., 2002). To prove that themaw

phenotypewas caused by loss of function of this gene, we used a

reverse genetics approach (Koes et al., 1995; Vandenbussche

Figure 2. Phenotypic Analysis of Petunia chsu and maw chsu Double Mutants.

Genotypes are indicated in italics.

(A) Fully grown leaves of 5-week-old plants.

(B) and (C) Scanning electron microscopy images of freeze-fractured cross sections through fully grown leaves. Adaxial palisade parenchyma tissue

has been artificially colored in green. Note the further reduction and disorganization of palisade parenchyma in (C).

(D) Entire pistils showing fusion defects in mutant backgrounds and exposure of the ovules in maw chsu pistils (arrow).

(E) Rosette of a 4-week-old maw chsu mutant showing an almost completely radialized leaf (arrow).

(F) Scanning electron microscopy image of amaw chsu flower. Four of the five sepals have been removed to reveal inner organization. Petal primordia

are artificially colored in red, and abaxial trichomes develop on all sides.

(G) to (J) Side view of fully grown flowers.

Bars = 1 cm in (A), 100 mm in (B) and (C), 5 mm in (D) and (G) to (J), and 1 mm in (F).
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et al., 2003b; Vandenbussche et al., 2008) to identify new

insertion events in the gene. Two independent transposon in-

sertionalleleswere found (maw-2, first exon insertion; andmaw-3,

second exon insertion; Figure 3A), displaying similar phenotypes

as maw-1 when homozygous mutant. Crossing these mutants

with maw-1 demonstrated that the new insertions were allelic to

maw-1. Furthermore, two additional maw alleles (maw-4 and

maw-5), which arose in independent populations, also contained

dTph1 insertions in the same gene. We therefore conclude that

the observed phenotype is indeed caused by disruption of the

WOX gene family member MAW.

The developmental defects seen in young emerging organ

primordia ofmawmutants (Figure 1) indicate thatMAW is already

active during the early stages of organ development. A quanti-

tative RT-PCR experiment indeed showed that highest levels of

MAW expression are found in the youngest tissues sampled (see

Supplemental Figure 2 online). To examine the temporal and

spatial MAW expression pattern in more detail, we performed in

situ hybridization experiments. In young emerging bract and leaf

primordia (Figures 3B and 3C),MAW expression is confined to a

central narrow zone (arrows) corresponding to the provascular

tissue. At the base of the bract primordium shown in Figure 3B,

transcripts are detected in a broader region restricted to the

adaxial side (asterisk). In further expanded leaves, expression is

also found in a central zone (Figure 3C). In developing flower

buds (Figure 3D), MAW transcripts are found in all emerging

primordia. Expression in petals is localized centrally at the distal

ends, while expression in stamen primordia is more uniformly

distributed, as it is in the emerging carpel primordia. During later

stages of flower development (Figure 3E), expression levels

remain highest in the pistil, on the adaxial side of the two carpels

where fusion occurs. Lower expression levels remain in a central

zone and in the lateral margins of the petals and more uniformly

distributed in the stamen loculi.

The presence of a homeodomain in MAW suggests a function

as a transcriptional regulator. This is supported by the finding

that a green fluorescent protein (GFP)-MAW fusion is targeted

exclusively to the nucleus of tobacco (Nicotiana tabacum) BY-2

cells (Figure 3F).

Phylogenetic and Structural Analysis of theWOX Gene

Family IdentifiesWOX1 as the Putative Arabidopsis

MAWOrtholog

To provide further evidence for the involvement ofWOX genes in

lateral organ development and to investigate the extent of

functional conservation between WOX orthologs of different

species, we aimed to analyzemutants of (a) putative Arabidopsis

MAW ortholog(s). To identify these and to obtain more insight in

the evolutionary relationship between members of the different

subfamilies, we performed a combined structural and phyloge-

netic analysis of the Arabidopsis WOX family, including addi-

tionally isolated petunia members (see Methods), a selection of

functionally characterizedWOX proteins from other species, and

allWOXproteins detected in the fully sequenced genomes of two

additional eudicot species, grapevine (Vitis vinifera; Jaillon et al.,

2007; Velasco et al., 2007) and poplar (Populus spp; http://

genome.jgi-psf.org/), and of the twomonocot species rice (Oryza

sativa; International Rice Genome Sequencing Project, 2005)

and sorghum (Sorghum bicolor; Paterson et al., 2009).

The neighbor-joining tree (Figure 4; see Supplemental Figure 4

online), based on the homeodomain region (see Supplemental

Figure 3 online), and species distribution within the tree indicate

the division of the family into different subfamilies with well-

supported probabilities. These subfamilies can be classified

further into large groups composed of either WUS/WOX1-7,

WOX8, or WOX13 homologs as described previously (Haecker

et al., 2004; Deveaux et al., 2008). BecauseMAW belongs to the

WUS/WOX1-7 group, we analyzed this class in more detail first

by comparing gene structure. In general, the number of exons

within each subfamily defined by the tree architecture is strongly

conserved but varies between the different subfamilies (Figure

4). In addition, we noticed the occurrence of several small

peptide motifs that are specific to one or conserved between a

few subfamilies only. Besides the previously identified WUS box

(Haecker et al., 2004), we could identify small N-terminal (WOX1/4

subfamilies) and C-terminal motifs (all subfamilies) that are surpris-

ingly well conserved within subfamilies, given the evolutionary

distance between dicots and monocots (Figure 4). We named

these conserved motifs after the subfamilies in which they are

found, using Arabidopsis protein names as a reference (Figure 4).

Thus, theobtained tree topology is fully supportedbothby thegene

structure analysis and distribution of conserved peptide motifs.

According to this combined analysis, MAW is classified as a

member of theWOX1 subfamily, which harbors both WOX1 and

PFS2/WOX6 genes from Arabidopsis. All WOX1 members are

encoded by four exons, while the other analyzed WUS/WOX1-7

subfamilies are encoded by either two or three exons (Figure 4).

Notably, none of themonocotWOX genes classify into theWOX1

subfamily, confirming previous studies (Nardmann and Werr,

2006; Nardmann et al., 2007). The tree topology identifiesWOX1

as the closest Arabidopsis relative to MAW, while WOX6/PFS2

together with poplar WOX6 are more distantly related members

of theWOX1 subfamily. This conclusion is also supported on the

level of peptide motif conservation: in the first exon, we identified

a motif called the 59 WOX1/4 box, which is strongly conserved

among WOX1 and WOX4 subfamily members, but is lacking in

both Arabidopsis and poplar WOX6 genes. Therefore, WOX1 is

the most likely Arabidopsis WOX gene candidate to encode a

similar function as defined for MAW.

This conclusion is also consistent with the previously reported

expression patterns of WOX1 (Haecker et al., 2004; Nardmann

et al., 2004) and WOX6/PFS2 (Park et al., 2005). WOX1 expres-

sion in developing embryos is confined to a central zone

corresponding to the initiating vascular primordium of the cot-

yledons, similar to the expression of MAW in developing leaves

and bracts. By contrast, WOX6/PSF2 is most abundantly ex-

pressed in developing ovules but is also expressed in young leaf

primordia, where transcripts are more uniformly distributed

compared with MAW and WOX1.

Thewox1 prs Double Mutant Displays a Phenotype

Comparable to Petuniamaw, Except for Pistil Development

To compare the function of the Arabidopsis MAW ortholog

WOX1 with petunia MAW, we analyzed four independent wox1

WOX Genes in Lateral Organ Development 2273



transposon insertion lines from the ZIGIA collection (see Sup-

plemental Figure 5 online). Two of these lines contain insertions

disrupting the first exon and the homeodomain, respectively, and

were therefore expected to represent full knockout alleles.

However, we did not observe an obvious phenotype in homozy-

gous mutants of these lines nor for the two homozygous intron

insertion mutants (see Supplemental Figure 6 online). To further

investigate this, we analyzed WOX1 transcripts in wox1 homo-

zygousmutants (line 8AAJ85; see Supplemental Figure 5 online),

showing complete absence of wild-type transcripts. This dem-

onstrates that the EN1 transposon is stably inserted and ex-

cludes the possibility that the absence of a clear phenotype in

wox1 mutants would be due to active excision of the EN1

transposon. Together, this indicates that WOX1 functions re-

dundantly in Arabidopsis, in contrast with its ortholog in petunia.

Because WOX6/PFS2 is the closest relative of WOX1 (Figure

4), we tested if WOX6/PFS2 might act redundantly with WOX1

despite its divergent expression pattern, its reported function in

ovule development (Park et al., 2004, 2005), and its divergent

sequence characteristics (Figure 4). We could not observe a

maw-like phenotype in wox1 wox6/pfs2-2 mutants; leaves, se-

pals, petals, and carpels developed normally in the double

mutants (see Supplemental Figures 5 and 6 online). This indi-

cates that the absence of a maw-like phenotype in wox1 single

mutants cannot be explained by a functional redundancy of

WOX1 with WOX6/PFS2. Either WOX1 plays a different role

compared with MAW in petunia, or WOX1 does encode a maw-

like function but shares that function with a gene(s) other than

WOX6/PFS2.

The observed leaf blade reduction in both petuniamaw (WOX1

subfamily) and maize ns mutants (PRS subfamily) and the ab-

sence of leaf phenotypes in both Arabidopsis wox1wox6 and prs

mutants suggested a possible overlap in function between

WOX1 and PRS subfamily members in Arabidopsis (see Intro-

duction). Consistent with this, we found thatWOX1 expression in

leaf primordia overlaps with PRS in the lateral margins (see

Supplemental Figure 5 online), similar to what we observed for

MAW expression in young developing petunia leaves (cf. with

Figure 3C, arrows).

To test the hypothesis of a functional overlap between WOX1

and PRS genes, we crossed the obtained wox1 wox6 double

mutants with homozygous prs mutants. In all resulting F2 pop-

ulations derived from these crosses, in addition to wild-type-

appearing seedlings, seedlings were found at a frequency close

to 1/16 (27/504) that displayed a reduction of the leaf blade in

combination with thickened leaf margins, very reminiscent of the

phenotype observed in petuniamawmutants (Figures 5A to 5C).

A segregation analysis for wox1, wox6, and prs insertion alleles

revealed that all phenotypically selected individuals with amaw-

like phenotype were plants homozygous mutant for both wox1

and prs, while all wild-type-appearing seedlings were genotyped

Figure 3. Cloning and Molecular Characterization of Petunia MAW.

(A) Genomic structure of the petunia MAW gene. Exons are represented

by green boxes, introns by a single line, and dTph1 transposon insertions

by red triangles. Allele names are indicated with insert positions in

superscript as number of base pairs downstream of the ATG start codon

in the genomic sequence. Blue box marked with HD indicates the

homeodomain.

(B) to (E) In situ localization of petunia MAEWEST transcripts in de-

veloping leaves and flower buds. Sections were hybridized with a

digoxigenin-labeled antisense MAW RNA probe (red staining).

(B) and (C) MAW expression in vegetative organs (leaves and bracts).

(B) Longitudinal section through a meristem with an emerging bract

primordium. Expression is localized to the adaxial side at the base of the

emerging bract (asterisk) and, more distally, confined to a narrow stripe

corresponding to the provascular tissue (arrow).

(C) Cross-section through developing leaves, including a young still

round-shaped leaf stage and a further expanded leaf. Sections are

oriented with the adaxial side above. MAW is detected in a central stripe

in the youngest leaf cross section (arrows), and this pattern is maintained

during later stages.

(D) and (E) MAW expression in developing flowers.

(D) Longitudinal section through a young flower bud with just emerging

carpel primordia. At this stage, MAW transcripts are found central at the

distal ends of emerging petal primordia (arrow) and more uniformly

distributed in the developing stamens and emerging carpel primordia.

(E)Cross section through an almost fully developed flower bud sectioned

at the height of the stigma. Strongest expression remains at the adaxial

side of the carpels where fusion occurs, in the stamen loculi, and the

margins of the petals. Identity of the floral organs in (D) and (E) are

indicated as follows: s, sepal; p, petal; st, stamen; and ca, carpel. Bars =

200 mm in (C) to (E) and 100 mm in (B).

(F) Subcellular localization of the 35S:GFP-MAW construct in tobacco

BY cells analyzed by confocal laser microscopy. Left, nuclear-localized

GFP signal; middle, differential interference contrast image; right,

merged image of GFP and differential interference contrast images.
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Figure 4. Phylogenetic and Structural Analysis of the WOX Gene Family.

For the neighbor-joining tree, 1000 bootstrap samples were generated to assess support for the inferred relationships. Local bootstrap probabilities are

indicated near the branching points. Species names precede protein names and are abbreviated as follows: Vv, Vitis vinifera; At, Arabidopsis thaliana;

Am, Antirrhinum majus; Ph, Petunia hybrida; Pt, Populus trichocarpa; Os, Oryza sativa; Sb, Sorghum bicolor; Zm, Zea mays. Accession codes are

provided in Supplemental Table 2 online. An asterisk after the gene name indicates a deviating gene model compared with automatic predictions in the

database. Short conserved peptide motifs are shown right from the tree and are named after their position relative to the homeodomain: 59, upstream;

39int, downstream internal; 39c, C-terminal, combined with the name of subfamily(ies) for which they are diagnostic. Asterisks after C-terminal motifs

represent stopcodons; in all other cases, the numbers after motifs indicate the number of remaining nonconserved amino acid residues before the stop

codon is encountered. Exon/intron structures for members of theWUS/WOX1-7 subclass are shown at the right. Exons are represented by green boxes

and introns by black lines. HD, homeodomain region. Yellow and purple boxes indicate position of the 59 WOX1/4 box and the 39int WUS box,

respectively.
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as any of the other possible genotypes derived fromawox1wox6

x prs cross. Comparison of cross sections of thewild type (or any

of the single mutants) with wox1 prs double mutant leaves

revealed a similar increase in abaxial tissue as found in maw

leaves (Figures 5F and 5G). In addition, flowers of wox1 prs

mutants have very narrow petals (Figures 5D and 5E). Scanning

electron microscopy analysis of these petals (Figures 5H and 5I)

shows a radial-like organization at the distal ends, while flattened

petal epidermal cells normally present only on the abaxial side,

now extend beyond the leaf margin to the adaxial side with only a

few of the typical adaxial conical petal cells remaining. In

addition, all sepals are narrower, and the lateral petals are often

missing or reduced as can be observed in single prs mutant

flowers (Figure 5E). In contrast with petunia maw mutants, the

fusion of the carpels and further pistil development and fertility

are unaffected in wox1 prs double mutants (Figures 5D and 5E).

Finally, the leaf and flower phenotype of thewox1 wox6 prs triple

mutants was not distinguishable from that of wox1 prs double

mutants (see Supplemental Figure 6 online), suggesting that

WOX6 is not involved in the same function(s). Nevertheless, we

Figure 5. Leaf and Flower Phenotypes of Arabidopsis Wild-Type and wox1 prs Mutants.

Genotypes are indicated in italics below the images.

(A) Seedling stage.

(B) Rosette at the beginning of flowering.

(C) Flowering plants.

(D) Inflorescence top view.

(E) Side view of individual flowers.

(F) to (I) Scanning electron microscopy images.

(F) and (G) Freeze-fractured cross sections through wild-type and wox1 prs leaves. Adaxial palisade parenchyma tissue has been artificially colored in

green.

(H) Epidermis of wild-type petals showing the typical conical petal cells at the adaxial side.

(I) wox1 prs petals showing the flattened abaxial petal epidermis cells extending to the adaxial side. A small group of normal conical cells remains in the

middle (arrow).

Bars = 0.25 cm in (A) and (D), 1 cm in (B) and (C), 500 mm in (E), and 100 mm in (F) to (I).
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cannot exclude that WOX6 has an overlapping function with

WOX1 andPRS that remains hidden because of redundancywith

yet another WOX subfamily member. Further analysis including

otherWOX (sub)family members should answer this question. In

summary, the phenotype of wox1 prs mutants indicates that a

maw-like function in Arabidopsis is encoded in a largely redun-

dant fashion by WOX1 and PRS.

Expression Analysis of Organ Polarity Determinants in

Arabidopsis and Petunia Mutants

The proliferation of abaxial tissue at the leaf margins of petunia

maw and maw chsu mutants and of Arabidopsis wox1 prs

mutants suggests a defect in organ polarity regulation. In

Arabidopsis, organ polarity regulation has been characterized

extensively at the molecular level. We therefore have monitored

the expression levels of a selection of Arabidopsis genes known

to be involved in abaxial/adaxial patterning. The selection of

genes comprises FILAMENTOUS FLOWER/YABBY1 (YAB1)

(Sawa et al., 1999; Siegfried et al., 1999; Eshed et al., 2004),

KANADI (KAN) (Kerstetter et al., 2001; Emery et al., 2003; Wu

et al., 2008), AUXIN RESPONSE FACTOR4 (ARF4) and ETTIN

(ETT) (Pekker et al., 2005) promoting abaxial cell fate, and

REVOLUTA (Emeryet al., 2003; Priggeet al., 2005),ASYMMETRIC

LEAVES1 (AS1) (Li et al., 2005; Garcia et al., 2006; Xu et al., 2006),

AS2 (Iwakawa et al., 2002; Lin et al., 2003), and the ribosomal

gene RPL28A (Pinon et al., 2008; Yao et al., 2008) promoting

adaxial identity. Wild-type and wox1 prs samples consisted of

pooled shoot samples including emerging leaf primordia. None

of the monitored Arabidopsis genes exhibited significant

changes in transcript levels between wox1 prsmutant samples

and the wild type, except for the ARF4 gene, which was

moderately upregulated in wox1 prs mutants (Figure 6A). Al-

though only a subtle effect, upregulation of the abaxial cell fate–

promoting ARF4 gene is consistent with our morphological

observations. The other ARF member ETT exhibited a similar

upregulation, but with a low statistical significance. We iden-

tified petunia homologs of the set of Arabidopsis abaxial de-

terminants and monitored their expression in the wild type,

maw, chsu, and maw chsu double mutants (Figure 6B). Inmaw

single mutants, ARF4 and ETT homologs are upregulated to a

similar degree as observed in Arabidopsis wox1 prs mutants

but with a low statistical significance. In chsu mutants, the

upregulation of ARF4 and ETT homologs is more pronounced

compared with maw mutants, whereas in maw chsu double

mutants, the expression of the petunia ARF4 and ETT homo-

logs is further enhanced compared with the wild type andmaw

and chsu single mutants and is statistically well supported. In

addition, a moderate upregulation of KAN homolog expression

in maw chsu mutants also becomes statistically significant.

DISCUSSION

MAWandCHSUAreRequired forLaminarGrowth inPetunia,

andMAW Encodes a Member of theWOX1 Subfamily of

WUSCHEL-Like Homeodomain Transcription Factors

To start to dissect the molecular basis of petal fusion in petunia,

we analyzed maw and chsu mutants, in which petal fusion is

disrupted. Morphological analysis shows thatmaw petals exhibit

a reduced lateral development from early stages onwards,

ultimately resulting in petal primordia that fail to fuse. Similar

developmental defects were observed in leaves, bracts, and

sepals and carpels, demonstrating that MAW plays a role in

lateral development of plant organs in general. While petal and

carpel fusion are also severely affected in chsu mutants, leaf

blade outgrowth is only mildly diminished, and no dorsoventral

patterning defects seem to occur at the leaf margins (Figure 2).

Blade reduction of all organs is strongly enhanced in maw chsu

double mutants (Figure 2), indicating that MAW and CHSU play

overlapping roles in laminar growth. This is also supported by the

similar downstream molecular effects observed in the single

Figure 6. Organ Polarity Gene Expression Analysis in the Wild Type and Mutants by Quantitative RT-PCR.

The y axis shows x-fold expression with respect to the lowest encountered value equal to one. Error bars represent SD calculated from two technical

replicates done on two biological replicates. Gene names of measured transcript levels are indicated below the bars.

(A) Expression levels in shoot samples, including leaf primordia of 2-week-old Arabidopsis wild type (white bars) and wox1 prs mutants (black bars).

(B) Expression levels in shoot samples, including leaf primordia of 30-d-old petunia wild type (white bars),mawmutants (light-gray bars), chsumutants

(dark-gray bars), and maw chsu mutants (black bars). AB, abaxial determinants; AD, adaxial determinants. Differential expression values between

mutant and wild-type samples were tested for statistical significance (see Methods). Differences with a P < 0.05 (one asterisk), and P < 0.001 (two

asterisks) resulting from a one-way analysis of variance test are indicated.
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mutants (Figure 6) and enhancement thereof in the double

mutants (see below).

While the identity of CHSU remains to be determined, we

found that MAW encodes a member of the WOX family of

homeobox transcription factors (Mayer et al., 1998; Haecker

et al., 2004). To identify a putative MAW ortholog in Arabidopsis

and to obtain a better insight into the evolutionary diversification

of the WOX gene family, we combined a phylogenetic analysis

with a structural analysis. WOX proteins belonging to different

subfamilies in general display very low sequence similarity out-

side of the highly conserved homeodomain region. Phylogenetic

reconstructions of the complete WOX family are therefore re-

stricted to this region, which unfortunately does not contain

sufficient information to resolve evolutionary relationships be-

tween different subfamilies. As a consequence, WOX trees are

obtained displaying poorly supported bootstrap values between

subfamilies (Figure 4; Haecker et al., 2004; Nardmann and Werr,

2006; Nardmann et al., 2007). We tried to overcome this problem

by combining the tree topology with data on exon/intron struc-

tures and the detection of small conserved peptide motifs

that are diagnostic for specific subfamilies (Deveaux et al.,

2008). Such signatures have proven already useful to under-

stand better the evolution of other transcription factor families

(e.g., Vandenbussche et al., 2003a; Jiang et al., 2004) and can

enhance the accuracy of gene structure and function prediction

(see Supplemental Table 2 online).

Haecker et al. (2004) previously identified in WUS orthologs

and in Arabidopsis WOX1-7 proteins a short motif called the

WUSbox, located downstreamof the homeodomain in the highly

divergent C-terminal region. We found this motif to be well

conserved in all proteins of the WUS/WOX1-7 group analyzed

(Figure 4), suggesting that this motif is required for the general

functioning of WUS/WOX1-7–like proteins. Moreover, we found

that all subfamilies terminate with subfamily specific C-terminal

motifs that are surprisingly well conserved between dicots and

monocots in contrast with what was previously reported

(Deveauxet al., 2008). Although these short peptidemotifs usually

differ between different subfamilies, indicating functional diver-

gence, they are in some cases (partially) shared between differ-

ent subfamilies (Figure 4), possibly reflecting a putative common

origin or function. For example, the C-terminal motif of all WUS

orthologs contains an EAR-like motif (LELxL), which is proposed

to function as a transcriptional repressor (Kieffer et al., 2006).

Interestingly, WOX5members terminate with a very similar motif,

in line with the recently demonstrated homologous function of

WOX5 compared with WUS (Sarkar et al., 2007). By contrast, the

tree topology in itself does not provide any clue of a functional

relationship between WOX5 and WUS subfamilies. Likewise, the

structural and peptide motif analysis reveal a closer sequence

relationship between WOX1 and WOX4 members than to other

subfamilies, which could not have been concluded based on the

topology of the WOX tree alone: WOX1 andWOX4 proteins within

the WUS/WOX1-7 group uniquely share an exon upstream of the

homeodomain, and in this exon a small peptide motif (named 59
WOX1/4motif) is found that is well conserved betweenWOX1 and

WOX4 members (Figure 4). Such a combined phylogenetic and

structural analysis therefore might be helpful to provide a frame-

work for future studies involving othermembers of theWOX family.

Here, we used this approach to determine a putative Arabi-

dopsis MAW ortholog: All investigated criteria (position in the

tree, conservation of exon/intron structure, and occurrence of

small conserved peptide motifs) independently determine

WOX1 as the putative MAW ortholog in Arabidopsis, while

PFS2/WOX6 together with poplarWOX6 encodemore divergent

members of theWOX1 subfamily (Figure 4). Due to divergence in

their homeodomain, phylogenetic positioning of these WOX6

genes to the WOX1 subfamily is not well supported in our

study and has remained unresolved in earlier published WOX

phylogenies (Haecker et al., 2004; Nardmann and Werr, 2006;

Nardmann et al., 2007; Deveaux et al., 2008). Nevertheless,

conservation of genomic structure (four exons) and the presence

of a WOX1-specific C-terminal motif make it highly improbable

that WOX6/PFS2 and poplarWOX6 would classify to a different

subfamily.

WOX1 and PRS Redundantly Encode a Function Similar to

MAW in Petunia

To compare WOX1 function with MAW, we analyzed wox1

knockout alleles, but surprisingly, no obvious phenotype could

be observed. This demonstrates that in contrast with its ortholog

in petunia, loss of WOX1 function can be fully compensated for

by other factors under the applied growth conditions. Subse-

quently, we tested for a possible genetic redundancy between

WOX1 and WOX6/PFS2 (Park et al., 2004, 2005), since WOX6/

PFS2 represents another (though divergent) member of the

Arabidopsis WOX1 clade (Figure 4). However, wox1 wox6 mu-

tants also did not display a maw-like phenotype, showing that a

putative redundancy between the two WOX1 clade members in

Arabidopsis is not sufficient to explain the wild-type appearance

of wox1 mutants compared with maw in petunia. This is in

accordance with the divergent characteristics of WOX6/PFS2

compared with the other members of the WOX1 subfamily.

The observed leaf blade reduction in both petuniamaw (WOX1

subfamily) and maize ns mutants (PRS subfamily) together with

the absence of a clear leaf blade phenotype in Arabidopsis wox1

wox6 and prs mutants suggested a possible overlap in function

betweenWOX1 andPRS subfamilymembers inArabidopsis. The

phenotype ofwox1 prsmutants indeed confirms this hypothesis,

showing that WOX1 and PRS redundantly encode a function

similar to MAW and that the broader function of PRS in leaf and

flower development has so far been obscured by redundancy

with WOX1.

Interestingly, this finding also offers a logical explanation for

the absence of a leaf blade phenotype in prs compared with

maize ns1 ns2 mutants (Nardmann et al., 2004): Combined with

the observation that theWOX1 subfamily seems to be lacking in

grasses such as maize, rice, Brachypodium (Nardmann and

Werr, 2006; Nardmann et al., 2007), and sorghum (Figure 4), this

indicates that the differences in phenotype can be attributed to

the activity of the MAW/WOX1 subfamily in Arabidopsis. Re-

markably, poplar does contain two clear WOX1 orthologous

sequences but seems to lack a WOX3/PRS-like gene (Figure 4;

Nardmann and Werr, 2006; Nardmann et al., 2007). This further

indicates that theWOX gene family has been subject to intensive

diversification during evolution (see also last paragraph).
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A Putative Role forWOXGenes in Dorsoventral Patterning?

Petunia maw, chsu, and maw chsu mutants and Arabidopsis

wox1 prs mutants display a reduction of lateral outgrowth of the

leaf blade and floral organs, a phenotype previously reported for

the maize ns1 ns2mutant (Scanlon et al., 2000; Nardmann et al.,

2004). Based on fate mapping and the phenotype of ns1 ns2

mutants (Scanlon et al., 2000), the NS genes have been pro-

posed to be involved in the recruitment of leaf founder cells from

a lateral compartment of maize meristems, as such explaining

the deletion of a lateral region of the leaf blade (Nardmann et al.,

2004).

In addition to the observed blade reduction in the petunia and

Arabidopsis mutants analyzed here, we also observed morpho-

logical changes that suggest polarity defects along the abaxial/

adaxial axis. These defects occur mainly at the organ margins of

maw and wox1 prs mutants but are dramatically enhanced in

maw chsu double mutants, which frequently develop nearly fully

radialized leaves and floral organs.

Leaf development has been studied extensively in Arabidopsis,

and it has been demonstrated that lateral outgrowth of the leaf

blade (and floral organs) depends on an equilibrated interaction

between adaxial and abaxial growth promoting factors. With

some exceptions, these polarity determinants exhibit a polarized

expression pattern along the dorsoventral axis. These include,

among others, members of the homeodomain leucine zipper III

(HD-ZIPIII) family, which are expressed adaxially where they

promote adaxial fate (McConnell and Barton, 1998; McConnell

et al., 2001; Emery et al., 2003; Prigge et al., 2005), while KAN

genes (Kerstetter et al., 2001; Emery et al., 2003;Wu et al., 2008),

YAB genes (Sawa et al., 1999; Siegfried et al., 1999; Eshed et al.,

2004), and specific members of the ARF (Pekker et al., 2005)

gene family are expressed abaxially, where they specify abaxial

fate. In addition, ARF4 and ETT are also expressed in the

provascular tissue (Pekker et al., 2005) during leaf development

(see below).

Expression of PRS andNS genes is restricted to themargins in

developing leaves and floral organs. MAW and WOX1 are ex-

pressed in a stripe across organ primordia and overlap with PRS

in the marginal regions in Arabidopsis (the expression pattern of

petuniaWOX3/PRS remains to be determined). Given this spatial

expression pattern, it is unlikely thatPRS andMAW/WOX1 genes

act as primary abaxial/adaxial identity determinants. Neverthe-

less, the observed marginal abaxialization events indicate that

these genes interfere with the balance between adaxial and

abaxial domains, which normally converge at the margin of

developing organs. This suggests that an abaxial/adaxial dise-

quilibrium at the margin might also contribute to the observed

reduction in lamina outgrowth. We have investigated this by

monitoring the expression level of a number of dorsoventral

determinants in wild-type and mutant backgrounds. In the pe-

tunia singlemaw and chsumutants and in Arabidopsis wox1 prs

double mutants, only a subtle upregulation of the abaxial deter-

minants ARF4 and ETT is observed. By contrast, this upregula-

tion is well pronounced in maw chsu double mutants, while

enhanced KAN expression also becomes apparent. This fully

correlates with the severity of the respective phenotypes ofmaw

chsu mutants compared with the petunia single mutants and

Arabidopsis wox1 prs mutants. It further indicates that the leaf

phenotype ofmaw and prs wox1mutants might be too subtle to

analyze all the molecular downstream effects of these mutations

in a straightforward fashion. The maw chsu mutant clearly is

better suited for such an approach, but unfortunately, the reg-

ulatory network for dorsoventral patterning remains to be char-

acterized in petunia. The identification of additional factors

acting redundantly with WOX1 and PRS in Arabidopsis leaf

development to obtain a stronger mutant phenotype might be a

more straightforward approach to facilitate such a downstream

analysis. Nevertheless, the analysis of maw chsu mutants has

provided a first clue how WOX genes might be involved in the

regulation of dorsoventral patterning. Upregulation of the abaxial

determinantsARF4, ETT, andKAN is consistent with the strongly

abaxialized maw chsu organs and suggests that WOX genes

might repress the activities of these genes. As the expression of

WOX1 in the provascular tissues of developing leaves and of

PRS in the leaf margins resides completely within the ETT and

ARF4 expression domains (Pekker et al., 2005), this implies that

such a putative repression function of ARF4 and ETT (directly or

indirectly) should act in a quantitative matter.

Finally, comparison of pathways regulating leaf development

has revealed a surprising divergence between dicots and mono-

cots in several aspects (Kidner and Timmermans, 2007). Thus,

the extent of the similarity between the functions of NS, on one

hand, and PRS together withWOX1, on the other hand, remains

to be investigated.

Functional Divergence in the WOX Gene Family

While developmental defects in leaves, bracts, sepals, and

petals are comparable between maw and wox1 prs mutants,

there is a striking difference in pistil phenotypes. In petunia, loss

of MAW function has a direct effect on reproductive success

because carpel fusion defects in the pistil strongly reduce female

fertility. By contrast, pistil development and fertility seem unaf-

fected in wox1 prs double mutants, despite the pronounced

phenotype observed in the other floral organs and leaves. The

complete absence of a phenotype in wox1 single mutants,

together with the absence of a pistil phenotype in wox1 prs

double mutants, demonstrate that MAW has evolved toward a

more unique role compared with its orthologWOX1. To establish

fully the molecular mechanism of this diversification will require

the additional comparative analysis of other WOX genes poten-

tially involved in this process and swapping experiments be-

tween petunia and Arabidopsis. This should also elucidate to

what extent the complete set of target genes regulated by either

MAW or PRS/WOX1 have been conserved.

In addition, it is clear that the putative petunia WOX3/PRS

homolog (which remains to be characterized; Figure 4), cannot

rescue wild-type leaf development in a maw genetic back-

ground, in the way that PRS does in Arabidopsis wox1 mutants.

The latter observation in Arabidopsis is quite remarkable be-

cause synergistic phenotypes, such as those seen in prs wox1

mutants, normally occur between mutants of closely related

genes, whereas members of theWOX1 and PRS subfamilies are

structurally quite divergent (Figure 4). This study indicates that

despite their sequence divergence, a basal function in lateral
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organ development has been redundantly maintained in both

subfamilies. This begs the question whether other members of

the WUS/WOX1-7 clade perhaps share (other) redundant func-

tions with either WOX1 and/or PRS clade members. Recently, it

was shown that PRS andWOX1 act redundantly withWOX2 and

WOX5 in patterning of the shoot during embryo development

(Breuninger et al., 2008).

Together, our results indicate a conserved role for MAW/

WOX1/PRS genes in regulating lateral organ development; they

also suggest differential recruitment of WOX gene function

depending on species and organ type. Our comparative data

together with previous reports on WOX gene function and

phylogeny in different species identify the WOX gene family as

highly dynamic and, therefore, an attractive subject for future

evo-devo studies.

METHODS

Plant Material and Growth Conditions

Petunia (Petunia 3 hybrida) lines were grown in soil in a greenhouse. All

petunia mutants described in this work arose spontaneously among

progeny of theW138 line (Gerats et al., 1990). We identified the recessive

maw-1, maw-4, maw-5, and chsu mutants in a forward screening for

petal fusion defects and the maw-2 and maw-3 mutants by screening

three-dimensionally pooled W138 insertion libraries (Koes et al., 1995;

Vandenbussche et al., 2003b) for new independent insertions in MAW.

dTph1 transposon insert positions for maw-1 to -5 alleles were deter-

mined by sequencing and are indicated in Figure 3A.

All Arabidopsis thaliana mutants were in the Columbia background,

and plants were grown on soil under a long photoperiod (16 h light/8 h

dark) at 228C in a growth chamber. The T-DNA insertion mutants wox6

(SALK_033323) and prs (SALK_127850) were obtained from the SALK

collection (Alonso et al., 2003). The SALK_033323 line corresponds to the

earlier described pfs2-2 allele (Park et al., 2005). wox1 En1 transposon

insertion lines (lines 7AAF56, 8AAJ85, 7AAH104, and J37/41) were

obtained from the ZIGIA transposon collection of theMax Planck Institute

for Plant Breeding Research (Steiner-Lange et al., 2001). A graphic

representation of allArabidopsis insertion lines used in this study is shown

in Supplemental Figure 5 online, indicating exact insert positions as

determined by sequencing of these lines.

Cloning ofMAWby TransposonDisplay andGenotyping ofmaw and

chsuMutants

By transposon display (Van den Broeck et al., 1998), we identified a single

220-bp dTph1 transposon-flanking fragment present in 10 homozygous

and 11 heterozygousmaw-1mutants and absent in 15 homozygous wild-

type plants (see Supplemental Figure 1 online). This fragment was cloned

in pGEM-T (Promega) for sequencing and was further extended to obtain

full-length genomic and cDNAclones by rapid amplification of cDNA ends

(RACE)-PCR (Clontech) and Genome Walking (Clontech).

To identify newmaw insertion alleles, we screened three-dimensionally

pooled insertion libraries with a MAW-specific primer m227 in combina-

tion with the IR88 primer complementary to the terminal inverted repeat of

the dTph1 transposon (see Supplemental Table 1 online). Segregation

analysis of the five independent maw alleles (maw-1 to -5) was done by

PCR using gene-specific primer pairs flanking the insertion sites (see

Supplemental Table 1 online). For maw chsu double mutant analysis, we

crossed maw-3 and maw-4 alleles with chsu mutants, yielding identical

phenotypes for maw-3 chsu and maw-4 chsu double mutants in the F2

generation. Genotyping of F2 individuals derived from these crosses was

done by PCR formaw alleles and by backcrossing with homozygous chsu

mutants.

Characterization of Arabidopsis WOX1,WOX6/PFS2, and

PRS/WOX3 Insertion Alleles and Genotyping

All primers used for the following work are listed in Supplemental Table

1 online. The effect of the various En1 transposon and T-DNAWOX gene

insertions on transcription levels was monitored by RT-PCR (see Sup-

plemental Figure 5 online) using gene-specific primers flanking the

insertion sites. RNA for this analysis was isolated from young developing

flowers, and equal RNA amounts were used for cDNA synthesis as

described earlier (Vandenbussche et al., 2004). Expression of ACTIN

(ACT2) was used as a positive control for cDNA synthesis (25 cycles).

Results of reactions (35 cycles) for wox1, wox6, and prs expression are

shown in Supplemental Figure 5 online. Genotyping of the wox6 and prs

lines was done by PCR using insertion flanking gene-specific primer pairs

in combination with the T-DNA Lba1 primer. Of the four wox1 insertion

alleles (see Supplemental Figure 5A online), only the two exon insertion

lines (l7AAF56 and 8AAJ85) were used for further crosses. Genotyping of

these lines was done by PCR using insertion flanking gene-specific

primer pairs in combination with an En1 transposon primer.

Electron Microscopy

Samples for cryoscanning electron microscopy were first frozen in slush,

prepared in an Oxford Alto 2500 cryo-system (Catan), and then analyzed

in a JEOL JSM-6330F field emission electron scanning microscope. Leaf

cross sections were obtained by fracturing the leaf blade after freezing.

False colors were added using Paint Shop Pro 6 (Jasc Software).

Quantitative Real-Time RT-PCR Analysis

Relative expression levels in various tissues were determined by quan-

titative real-time RT-PCR analysis (see Supplemental Figure 2 online and

Figure 6) in a MyiQ single-color real-time PCR machine (Bio-Rad) as

described earlier (Rijpkema et al., 2006) and normalized against ACTIN

expression levels using MyiQ software (Bio-Rad) with default settings.

Primers used for the expression analysis were designed using Beacon

Designer (www.PremierBiosoft.com) and are shown in Supplemental

Table 1 online. Differential expression values between mutant and wild-

type samples were tested for statistical significance by a one-way

analysis of variance test in SPSS 15.0 for windows, using Tukey HSD

as post hoc test.

In Situ Hybridization

For in situ hybridization, MAW and WOX1 probes were chosen derived

from the region downstream of the conserved homeodomain to prevent

cross-hybridization to other homeobox genes. The probe templates were

generated by PCR using gene-specific primers (see Supplemental Table

1 online) and subsequently cloned in pGEM-T (Promega), containing T7

andSP6 transcription sites. Probesynthesis and in situ hybridizationswere

performed as described previously (Cañas et al., 1994; Vandenbussche

et al., 2004). Images were recorded with an AxioCam digital camera

(Zeiss).

Subcellular Localization of Petunia eGFP-MAW Fusion Proteins

The full coding sequence of MAW was amplified using gene-specific

primers containing partial Gateway recombination sites (see Supplemen-

tal Table 1 online) and cloned in pdonR221 (Invitrogen) and introduced

into p7WGF2 (Karimi et al., 2002) This plasmid was transformed into

Agrobacterium tumefaciens strain LBA4404.pBBR1MC-5-virGN54D (van
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der Fits et al., 2000) for the transfection of tobacco (Nicotiana tabacum)

BY-2 cells as described earlier (Geelen and Inze, 2001). Images were

made with a confocal laser scanning microscope (LSM510; Carl Zeiss),

using a 363 water immersion objective (numerical aperture of 1.2). The

excitation light was provided by the 488-nm light of an argon laser set at

full power (8.1 A; 15 mW). A 488-nm dichroic beam splitter was reflecting

the excitation light, while the emission light was transmitted and passed

through a 505- to 530-nm band-pass filter. Zeiss LSM510 software

(version 2.01) was used to analyze the images.

Cloning of Additional Petunia WOX Family MembersWOX2,WOX3,

andWOX4

WOX2 and WOX4 were amplified from cDNA derived from young floral

buds using the degenerate primer M544 in a 39 RACE-PCR (Ambion). A

fragment ofWOX3 was amplified using the degenerate primer pair m974

and m469. Full-length sequences were obtained by 59 and 39 RACE-PCR

(Ambion). Sequences of the primers used for cloning are in Supplemental

Table 1 online.

Phylogenetic Analysis and Structural Annotation of theWOX

Gene Family

In a first step, we extracted all available putative WOX proteins from the

fully sequenced genomes of three eudicot species (Arabidopsis, Populus

trichocarpa, and Vitis vinifera) and of two monocot species (Oryza sativa

and Sorghum bicolor) using the National Center for Biotechnology Infor-

mation (http://www.ncbi.nlm.nih.gov/), Joint Genome Initiatve (http://

genome.jgi-psf.org/), GRAMENE (http://www.gramene.org/), and the

Orygene (http://orygenesdb.cirad.fr) databases. The automatic predic-

tion of the corresponding gene models and putative proteins was

individually checked and compared between orthologous sequences

from the different species. In a limited number of cases, erroneous

annotation was suspected based on strongly aberrant gene structures or

peptide sequences. We reannotated these sequences using Genemark.

hmm (Lomsadze et al., 2005), which resulted in all cases in newly

predicted putative proteins fitting much closer the expected structural

conservation between orthologs. Reannotated sequences that deviate

from predictions in the databases have been marked by an asterisk in

Figure 3, and annotation remarks have been added in Supplemental

Table 2 online. A comparison between old and newly predicted protein

sequences can be found in Fasta format as Supplemental Data Set

1 online. Next, all sequences representing the petunia WOX proteins

isolated in this study were added, together with a selection of functionally

characterizedWOX proteins from other species (see Supplemental Table

2 online). We named the grapevine sequences and the additional petunia

proteins according to their homology with members of the Arabidopsis

WOX family. For poplar, 12 of the 18 identifiedWOXproteins corresponded

to partial sequences described earlier (Nardmann and Werr, 2006;

Nardmann et al., 2007), for which we have maintained their original

nomenclature. The remaining poplar sequences were named based on

their phylogenetic position. All protein sequences were subsequently

aligned using ClustalW (Thompson et al., 1994) using default settings.

This alignment was checked manually and edited using BioEdit (Hall,

1999) to refine the alignment of the short conserved peptide motifs

upstream and downstream of the conserved homeodomain (see Sup-

plemental Data Set 1 online). For the phylogenetic analysis, only the

homeodomain region was used, and it was aligned independently (see

Supplemental Figure 3 and Supplemental Data Set 2 online). The

neighbor-joining tree based on this homeodomain region was computed

with Treecon software (Van de Peer and De Wachter, 1994) using default

settings. To assess the support for the inferred relationships, 1000 boot-

strap samples were generated. Structural organization of the WOX1-7

clade members included in the tree was determined by comparing

predicted coding sequences with genomic sequences when available.

Accession Numbers

Sequence data described in this article can be found in the GenBank data

libraries under the following accession numbers: Ph-MAW, EU359004;

Ph-WOX2, EU359005; Ph-WOX3, FJ628172; Ph-WOX4, EU359006;

Ph-YAB1, EU359007; Ph-KAN1, GQ475532; Ph-ARF4, GQ475533; and

Ph-ETT, GQ475531. Genome Initiative locus identifiers and accession

codes for the genes mentioned in this article are shown in Supplemental

Tables 1 and 2 online. Seeds from homozygouswox1 andwox1 prsmutants

have been deposited at the Nottingham Arabidopsis Stock Centre (NASC).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Cloning of the MAW Locus by Transposon

Display.

Supplemental Figure 2. MAW Expression Analysis by qRT-PCR.

Supplemental Figure 3. Alignment of the Homeodomain Region

Used for the Construction of the NJ Tree.

Supplemental Figure 4. Full NJ Tree of the WOX Homeodomain

Family.

Supplemental Figure 5. Characterization of Arabidopsis WOX Inser-

tion Lines Used in This Study.

Supplemental Figure 6. Overview of all Arabidopsis Phenotypes

Obtained in This Study.

Supplemental Table 1. Oligo Sequences Used in This Study.

Supplemental Table 2. Accession Code Table of the Sequences

Used in the Phylogenetic Analysis

Supplemental Data Set 1. Full Protein Sequences of All WOX Family

Members Described in the Tree.

Supplemental Data Set 2. Alignment of the Homeodomain Region

Used for the Construction of the NJ Tree.
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