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CHAPTER 3 

 

 

Role of EVERGREEN in branching of the cymose 

petunia inflorescence 
 
with Mattijs Bliek, Elske Kusters, Rob Castel, Antonia Procissi, Ilja Roobeek, Karin 

Ljung1, Erik Souer and Ronald Koes 
1 Department of Forest Genetics and Plant Physiology, SLU, SE-901 83 Umeå, 

Sweden 

To be submitted. 

 

ABSTRACT 

 

In determinate inflorescences, the apical meristem ends development 

after forming a terminal flower. The feature that distinguishes a 

cymose inflorescence from a solitary flower is the emergence of a 

sympodial meristem in a sub-apical position to form the next flower. 

We show that EVERGREEN (EVG) of petunia promotes proliferation of 

the emerging sympodial meristem and, indirectly, floral identity and 

determinacy at the apex. EVG encodes a conserved homeodomain 

protein that promotes auxin synthesis and is expressed in the 

sympodial meristem only. Our results suggest that EVG plays a role in 

the bifurcation of the IM and therefore is essential for development of 

the cymose branching pattern of petunia. 
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INTRODUCTION 

 

Higher plants display an amazing variety in size and architecture of their body plan. 

This is most dramatically seen in the inflorescence, the structure carrying the 

flowers. An inflorescence may consist of a solitary flower, or many flowers 

arranged in different patterns, for example a raceme or a cyme. Furthermore, the 

flowers show enormous variation in the number, arrangement, shape and color of 

their organs (sepals, petals, stamens and carpels). This variation in inflorescence 

architecture was used since early times as a distinguishing character in plant 

taxonomy and it is likely that the different inflorescence structures evolved from 

each other due to changes in a few master genes with a regulatory function (Coen 

and Nugent, 1994; Doebley and Lukens, 1998). 

After germination the aerial plant body is generated by the shoot apical 

meristem (SAM), a group of stems cells in the shoot apex. During vegetative 

growth the SAM gives rise to leaves and stem tissue. Upon the transition to 

flowering, the SAM converts into an inflorescence meristem (IM). Depending on the 

plants species the IM can behave in a determinate or indeterminate way. 

Arabidopsis and Antirrhinum, for example, have a typical indeterminate growth as 

the apical IM remains meristematic and generates FMs on its flanks in a spiral 

pattern resulting in a racemose inflorescence architecture. In some species with 

determinate growth, such as tulips and poppies, the inflorescence consists of a 

solitary flower, whereas in other species it consists of multiple flowers arranged in a 

variety of patterns. For example, the development of the cymose inflorescence of 

petunia and other Solanaceae is characterized by the conversion of the IM into a 

terminal FM, while inflorescence growth continues by the formation of a secondary 

IM (or sympodial meristem) at the periphery of the apical FM (Kelly et al., 1995; 

Allen and Sussex, 1996; Souer et al., 1998). As the variation in inflorescence 

architectures arises from differences in the initiation, position and identity of 

meristems in the inflorescence apex, genes controlling meristem initiation and 

identity will be primary players for the diversification of the inflorescence structure.  

Mutant analysis in petunia identified two classes of genes that specify its 

cymose inflorescence structure. Flower meristem identity (FMI) genes, such as 
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ABERRANT LEAF AND FLOWER (ALF) (Souer et al., 1998) and DOUBLE TOP 

(DOT) (Chapter 2), are required to specify floral fate of the apical FM, whereas 

branching genes, such as EXTRAPETALS (EXP) (Souer et al., 1998) and HERMIT 

(HER) (R. Castel, E. Kusters and R. Koes, unpublished results), are required for 

the initiation and/or maintenance of the sympodial meristem at the periphery of the 

flower.  

ALF encodes a plant-specific transcription factor that is the functional 

ortholog of LEAFY (LFY) from Arabidopsis (Weigel et al., 1992; Souer et al., 1998; 

Maizel et al., 2005) and highly similar proteins specify floral identity in a wide 

variety of species, including Antirrhinum (FLORICAULA (FLO), (Coen et al., 1990)), 

pea (UNIFOLIATA (UNI), (Hofer et al., 1997)), tomato (FALSIFLORA (FA), 

(Molinero-Rosales et al., 1999)), rice (RFL, (Chujo et al., 2003)) and maize (ZFL1 

and 2, (Bomblies et al., 2003)). DOT encodes an F-box protein that is required for 

the post-translational activation of ALF by a mechanism that is not fully understood 

(Chapter 2). 

Although these FMI genes encode well-conserved proteins, their expression 

patterns have diverged considerably, consistent with the different positions where 

flowers arise in distinct inflorescences. In the cymose inflorescence of petunia, 

tomato and tobacco, ALF, FA and NFL1 (NICOTIANA FLO AND LFY 1) and NFL 2 

are expressed in the apex (Kelly et al., 1995; Souer et al., 1998; Molinero-Rosales 

et al., 1999). In contrast, in the racemose Arabidopsis and Antirrhinum 

inflorescence LFY and FLO are expressed in the FMs that emerge in sub-apical 

positions (Coen et al., 1990; Weigel et al., 1992), while their expression in the 

apical IM is prevented by TERMINAL FLOWER1 (TFL1) and CENTRORADIALIS 

(CEN), respectively (Gustafson-Brown et al., 1994; Bradley et al., 1996; Liljegren et 

al., 1999; Ratcliffe et al., 1999). Mutations in TFL1 or CEN result in ectopic 

expression of LFY and FLO in the apical meristem and the conversion of the IM 

into a terminal flower (Shannon and Meeks-Wagner, 1991; Alvarez et al., 1992; 

Gustafson-Brown et al., 1994; Weigel and Nilsson, 1995; Bradley et al., 1996; 

Bradley et al., 1997; Ohshima et al., 1997; Liljegren et al., 1999; Ratcliffe et al., 

1999; Cremer et al., 2001), similar to constitutive expression of LFY or its target 

gene APETALA1 (AP1) from a transgene (Mandel and Yanofsky, 1995; Weigel and 
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Nilsson, 1995). In petunia, constitutive expression of DOT converts the cymose 

inflorescence into a solitary flower, presumably because it causes the sympodial IM 

to differentiate precociously (Chapter 2). Thus, regulatory alterations in FMI genes 

are likely to have been a major factor in the evolution of distinct inflorescence 

structures.  

In this Chapter we present a new petunia gene, EVERGREEN (EVG), which 

when mutated produces plants with similar phenotypic characteristics as alf 

mutants. In addition, evg mutants fail to separate their inflorescence stems leading 

to stem fasciation. We describe the cloning and the characterization of EVG, a 

homeodomain transcription factor that is expressed only in the IM. We show that 

EVG is important for the proper bifurcation of the inflorescence apex most likely by 

stimulating cell proliferation in the center of the IM, via auxin production, and for the 

specification of flower meristem identity through DOT. 

 

RESULTS 

 

The evergreen (evg) mutant phenotype 

The cymose petunia inflorescence consists of a virtually unlimited number of 

flowers that are arranged on a zigzag shaped stem, with at each node a flower and 

two leaf-like organs, named bracts, which bear in their axils a dormant vegetative 

meristem (Fig. 1A, B). During inflorescence development, the apical inflorescence 

meristem (IM) generates two bracts and, subsequently, bifurcates into two domes. 

One dome is the floral meristem (FM), located at the apex, and the other the 

secondary IM that emerges at the flank, which will form the next pair of bracts and 

bifurcate. Although flowers appear in an apical position and growth continues from 

a secondary IM on the flank (sympodial growth), the more vigorous growth of the 

inflorescence branch tends to push the flower to a more lateral position, resulting in 

a relatively weak zigzag shape of the mature inflorescence (Fig. 1B).   

Mutations in the flower meristem identity genes ALF or DOT result in normal 

growth during the vegetative phase and, after the switch to flowering, the formation 

of a bushy inflorescence that lacks flowers (Fig. 1C, Chapter 2; Souer et al., 1998). 
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Figure 1. Characterization of evg mutants. A. Wild type plant, W138 line; B. Wild type 
inflorescence with explanatory diagram. Flowers from young to old (f1-f5) are indicated, 
bracts have been removed to show the zigzag shaped inflorescence structure; C. alfW2167 in 
W138; D. alfW2167 inflorescence and explanatory diagram. Some bracts have been removed 
to show the branching pattern; E. evgB3292 plant, in W138, arrow indicates transition to 
flowering; F. evgD2299 inflorescence and explanatory diagram, some bracts have been 
removed to show the stem fasciation. Arrow 1-4 indicate branch separation nodes. G. Detail 
of inflorescence (F); H. evgD2299 plant, in W138. 

 

Because alf mutants fail to specify floral identity in the apical FM, the apex 

develops as an IM instead and continues growth by forming two bracts and 

bifurcating again. The reiteration of this program results in an enormous 

proliferation of bracts and branching shoots and an absence of flowers (Fig. 1D 

and 2B) (Souer et al., 1998). 

We used the petunia line W138, which contains more than 200 frequently 

transposing copies of the dTPH1 (Gerats et al., 1990; van Houwelingen et al., 

1998), in random transposon mutagenesis experiments in order to identify genes 

determining the structure of the inflorescence. Among W138 progeny we found a 

new mutant (plant B3292) with a bushy inflorescence that only occasionally 
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produced flowers (Fig. 1E). To determine whether this mutation was a new allele of 

ALF (Souer et al., 1998), DOT (Chapter 2), or a new locus, we crossed the mutant 

(making use of the occasional flowers) to ALF+/m and DOT+/m heterozygotes. None 

of the obtained progeny displayed a mutant phenotype indicating that the mutation 

defined a new locus, which we called EVERGREEN (EVG).  

evg mutants are indistinguishable from wild type plants during the vegetative 

growth phase and switch to flowering at the same time as wild type, as indicated by 

the production of bracts instead of leaves (Fig. 1E, see arrow). Similar to alf 

mutants, evg plants develop a bushy inflorescence bearing only bracts and 

occasionally a flower is formed (Fig. 1E). In contrast to alf, the inflorescence stem 

of evg mutants often fails to bifurcate after the formation of bracts and continues 

growth as a single stem that is often thicker than normal and has a fasciated 

appearance (see arrow 1 and 2 in Fig. 1F, G). After 2 to 4 nodes, the fused 

branches separate from each other (see arrow 3 in Fig. 1F, G) and the process will 

repeat it self in another branch (see arrow 4 in Fig. 1F, G).  

To determine the ontogeny of the aberrations in the evg inflorescence, we 

observed dissected apices in a scanning electron microscope (SEM). In wild type, 

the IM first forms two primordial bracts and, subsequently, bifurcates into two 

domes (Fig. 2A). The most apical one, the FM, generates floral organ primordia 

whereas the IM continues development by producing two bracts and bifurcating 

again (Fig. 2A). In alf mutants, the IM forms two bracts and, subsequently, 

bifurcates as in a wild type (Fig. 2B). However, after the bifurcation, both meristems 

behave as IMs and each produce again two bracts before bifurcating again (Fig. 

2B). 

 In evg mutant inflorescences many of the meristems domes are surrounded 

by four or more bracts, indicating that more than two incomplete bifurcations have 

occurred without physical separation of the resulting meristems (Fig. 2C). At lower 

magnification, we observe that a single evg stem holds several meristems that 

separate simultaneously, rather than in pairs as in alf mutants (compare Fig. 2B to 

2D). This observation is consistent with the mutant phenotype, in which the 

separation of the stem fails to occur producing fasciated stems (Fig. 1F, G). 
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Furthermore, none of the domes in evg apices develops any floral features, similar 

to alf mutants (Fig. 2C). 

Taken together these results indicate that EVG is required for the proper 

bifurcation of the inflorescence apex and is involved in the establishment of flower 

meristem identity. 
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Figure 2. SEM analysis of wild type, alf and evg inflorescences. A. Wild type 
inflorescence apex. The apex has just bifurcated to form an apical flower meristem (FM) and 
a sympodial inflorescence meristem (IM). The FM formed at a previous node (f1) has 
generated five sepals (se), while the next oldest FM (f2) has initiated all flower organs, 
sepals (some have been removed), petals (pe), stamens (st) and carpels (ca). B. alfW2167 
inflorescence shows that the bifurcation of alf IMs is similar to wild type, but both meristems 
behave as IMs and continue to generate bracts (br) and bifurcations; C. evgD2299 
inflorescence photographed from the top, with meristem domes surrounded by more than 
four bracts, indicating that two nodes were formed without physical separation (bifurcation) 
of the apical meristems. D. evgD2299 inflorescence photographed laterally, showing a single 
stem that gives rise to multiple apical meristematic domes (AM); ax, axillary meristem; “FM”, 
FM converted into IM; Scale bars indicate 100 mm. 
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Molecular analysis of EVG 

The occasional appearance of flowers on many of the evg mutant plants suggested 

that the evgB3292 allele might be genetically unstable (see below). When we crossed 

flowers appearing on the same parental plant, most progenies consisted of evg 

mutants only, but occasionally a family was found that contained, besides many 

evg mutants, a single revertant with a fully wild type phenotype. The four 

independent revertants (EVGR1 to EVGR4) that were isolated in the progenies were 

all heterozygous (EVGR/B3292), because self-fertilization produced progenies that 

segregated 3:1 for wild type (revertant) and evg mutants.  

Because the large majority of mutations that arose in the line W138 were due 

to insertions of the 284-bp transposon dTPH1 (Souer et al., 1996; de Vetten et al., 

1997; van Houwelingen et al., 1998; Quattrocchio et al., 1999; Spelt et al., 2000; 

Tobena-Santamaria et al., 2002; Vandenbussche et al., 2003), we anticipated that 

the evgB3292 allele might be tagged by a dTPH1 transposon (Fig. 1E). To isolate the 

EVG gene we used transposon display (Maes et al., 1999), an AFLP-based 

technique that visualizes dTPH1 flanking sequences. We identified a 445-bp 

fragment that contained a dTPH1 insertion in 7 evgB3292/B3292 mutants and 2 

EVGR1/B3292 revertants, but not in 3 homozygotes for the EVG revertant allele 

(EVGR1/R1) (Fig. 3A). Subsequent cloning and sequencing showed that this 

fragment consisted of the right side of the dTPH1 and 433-bp of flanking sequence. 

The flanking sequence on the left side of the same dTPH1 insertion was 

subsequently obtained by SOTI-PCR (see Experimental procedures). 

To prove that the isolated dTPH1 flanking sequences were part of the EVG 

gene, we analyzed a collection of wild type, revertant and mutant plants from 

different families by PCR, using primers flanking the dTPH1 element at both sides. 

Fig. 3B shows that all evg mutant plants were homozygous for this dTPH1 

insertion. Moreover, in the homozygous revertants the dTPH1 insertion was 

missing, whereas EVGR/B2392 heterozygotes were heterozygous for the dTPH1 

insertion (Fig. 3B). We therefore concluded that the identified dTPH1 flanking 

sequence was part of the EVG gene. 
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Figure 3. Molecular analysis of EVG. A. Detail of a transposon display gel showing a 
dTPH1 flanking sequence (arrow head) that is amplified from plants containing the mutable 
evgB3292 allele (m), but not from homozygotes for a revertant allele (R1); B. PCR analysis of 
the region surrounding dTPH1 in the mutable evgB3292 (m) and four independent germinal 
excision alleles (R1 to R4); C. Structure of EVG and mutant allele showing exons 
(rectangles), introns (thick line), regions encoding the conserved homeodomain (HD) and C-
terminus (C’) and the dTPH1 insertion in evgB3292 (triangle); D. Sequences of wild type 
progenitor, evgB3292, derived revertant (EVGR1-EVGR5) and stable recessive alleles 
(evgD2299). The target site duplication (TSD) is shown in bold. Nucleotides that were deleted 
or inserted after dTPH1 excision are indicated by dashes and italics respectively; E. 
Alignment of the homeodomain of EVG, Arabidopsis WOX proteins, WUS and WUS 
orthologs from petunia, rice, tomato and Antirrhinum. Grey shading indicates amino acid 
similarity; F. Dendrogram based on the homeodomain sequences of EVG, WOX proteins, 
WUS and WUS orthologs from petunia, rice, tomato and Antirrhinum (alignment made in 
ClustalW software and the dendogram is PHYLIP). The numbering indicates bootstrap 
values for each branch (1000 rounds); G. Protein sequence alignment of EVG C terminus 
box and the subgroup of WUS family, WOX8, 9, 11 and 12. Grey shading indicates amino 
acid residues identical to EVG. PhWUS-Petunia hybrida WUS homolog, AmWUS-
Antirrhinum majus WUS homolog, LeWUS-Lycopersicum esculentum WUS homolog and 
OsWUS-Oryza sativa WUS homolog. 
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Analysis of cDNA and genomic clones showed that EVG consists of four 

exons and encodes a protein of 345 amino acids (Fig. 3C). The dTPH1 insertion in 

evgB3292 is located in the middle of the second exon (Fig. 3C) and disrupts the 

protein coding sequence at codon 135. In the EVGR1 to EVGR4 revertant alleles, the 

excision of dTPH1 created a footprint of 3-, 6- or 9-bp, restoring the reading frame 

and, apparently, the function of EVG protein (Fig. 3D). 

In order to asses whether the flowers that occasionally appear on evg 

mutant plants are due to somatic reversions of the mutable evgB3292 allele, partial 

inactivation of EVG in evgB3292 mutants, or partial redundancy of EVG function, we 

searched for plants containing a stable evg allele. Therefore, we amplified a 133-

bp EVG fragment, which in evgB3292 contains the dTPH1 insertion, from 121 plants 

progeny of EVG+/B3292 heterozygotes and evgB3292/B3292, and analyzed the PCR 

products on high-resolution polyacrylamide sequencing gels. We identified two 

additional excision alleles, one of these was a revertant allele (EVGR5) that 

contained a 6-bp footprint (Fig. 3D) and specified a wild type phenotype. The other 

contained an 8-bp footprint that disrupts the reading frame (evgD2299), resulting in a 

stable recessive allele (Fig. 3D). Homozygous evgD2299/D2299 plants rarely developed 

flowers (Fig. 1H), indicating that most flowers on evgB3292/B3292 resulted from 

transposon excisions. Because these revertant EVGR1-R5 alleles did not transmit to 

the progeny, they did not arise from the L2 tunica layer, from which the gametes 

derive, but most likely from reversions in the L1 and L3 layers. Even though the L2, 

as well as or L1 or L3, derived tissues were mutant, they developed normally in 

revertant flowers, suggesting that EVG function is non cell-autonomous. 

Database searches revealed that EVG contains a conserved 

homeodomain in the N-terminus (N’) between amino acid 44 and 110, suggesting 

that it is a transcription factor (Fig. 3C). The EVG homeodomain shares high 

similarity with a subfamily of homeodomain proteins from Arabidopsis that includes 

WUSCHEL (WUS) (Laux et al., 1996) and 14 closely related WOX proteins (for 

WUSCHEL HOMEOBOX) (Haecker et al., 2004) (Fig. 3E). Within this subgroup, 

the EVG homeodomain clusters with WOX8 and WOX9/STIMPY (STIP), and 

somewhat more distantly with WOX11 and WOX12 (Fig. 3F) (Haecker et al., 2004; 

Wu et al., 2005). This close relation is supported by the presence of a conserved 
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C-terminus box (C’) found only in these four WOX genes and in EVG (Fig. 3C and 

G).  

 

Expression pattern of EVG gene 

To analyze the EVG expression pattern in petunia, we used in situ hybridization 

analysis. Because the phenotype of evg mutants indicated that it was involved in 

meristem development, we focused the expression analysis on meristematic 

tissue. 

In young seedlings no EVG mRNA could be detected in the shoot apex (Fig. 

4A). After the transition to flowering, EVG mRNA was detected in a zone of around 

150 cells within one hemisphere of the apical meristem (Fig. 4B-D), at the time that 

the bract primordia are just anatomically evident (Fig. 4B) and that the apex 

undergoes the bifurcation (Fig. 4C, D). Since EVG mRNA was not detected in any 

later stages of FM development (Fig. 4C) or in any of the organ primordia (Fig. 4B, 

E), including the ovules (Fig. 4F), it was hard to determine whether the EVG 

expression zone corresponded to the IM or the FM. Therefore, we compared the 

expression of EVG to that of ALF, a marker of the FM, by hybridizing alternating 

sections of a single inflorescence apex to EVG and ALF. ALF mRNA is detected in 

the FM and bracts and later its expression domain expands to all floral organ 

primordia (Fig. 4G, H) (Souer et al., 1998). As we section through the apical 

meristem, we detected EVG signal, in the L3 layer on one side of the apex the 

meristem (Fig. 4I, #2 and #4), and when the domain of EVG became smaller (Fig. 

4I, I#6), the ALF signal appeared more apical in the other side (Fig. 4I, #5 and #7). 

Because the expression domain of ALF exhibits little or no overlap with that of EVG 

(Fig. 4I), we infer that EVG is expressed within the emerging sympodial IM, but not 

in the FM. 
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Figure 4.  Expression pattern of EVG in wild type. A. EVG mRNA is not detected in the 
shoot apical meristem; B. Before the bifurcation of the IM and FM, EVG is detected only in 
the IM region and not in the FM nor in the organ primordia of the flower; C-D. Sectioning 
through a bifurcating inflorescence apex where EVG is consistently observed in the IM (C) 
and not in the FM (D), some sections further of the same inflorescence apex; E. Developing 
flower primordia with no EVG signal detectable; F. Ovary from an older flower where EVG is 
also not detectable; G. ALF expression in the FM and the developing primordia of a wild 
type apex; H. ALF expression in the floral primordia of two FM at different stages of 
development; I. Series of sections through a wild type inflorescence apex hybridized to 
either EVG (sections #2,4,6 and 8) or ALF (sections #1,3,5 and 7), showing that EVG and 
ALF expression domains hardly overlap. lp, leaf primordia; br, bract; 1, whorl 1 (sepals); 2, 
whorl 2 (petals); 3, whorl 3 (stamens); 4, whorl 4 (carpels); inf. Inflorescence apex; IM, 
inflorescence meristem (in blue); FM, flower meristem (in red); pl, placenta; ov, ovules. 
Scale bars represent 100 mm. 

 

EVG and meristem identity 

Given that evg, alf and dot mutants all fail to specify flower meristem identity, we 

addressed the question whether these genes act in a regulatory hierarchy. 

Therefore we analyzed their mRNAs in different mutant inflorescences.  
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Similarly to ALF expression in wild type apices (Fig. 4G), alf expression in alf 

mutants is restricted one hemisphere of the apical meristem, which we assume to 

be the mutated FM (“FM”) (Fig. 5A). Hence, the positional information 

distinguishing the IM and the “FM” is still intact in alf mutants.  

EVG mRNA is present in alf and dot mutants as abundant as in wild type 

and is restricted to one side of the apex (Fig. 5B, C). This region presumably 

represents the authentic IM, implying that EVG is not ectopically activated in the 

“FM”. Thus, EVG expression is not altered in alf and dot mutant apices. 

Because EVG is not down-regulated in alf mutants, we wondered if ALF 

could be downstream of EVG. In evg apices, ALF mRNA is expressed at similar 

levels as in wild type (compare Fig. 4G to 5D), but in an unusual expression 

pattern, as ALF mRNA was detected in multiple domains within one inflorescence 

apex (Fig. 5D).  

To determine whether evg mutant inflorescence apices still expressed EVG 

mRNA, we performed an in situ hybridization on stable evg mutant inflorescences. 

We were able to detect evg mRNA in evg mutants (Fig. 5E) indicating that EVG 

does not regulate its own transcription. Moreover, evg mRNA was observed in 

multiple domains in one inflorescence apex, similar to ALF mRNA. The domains 

that expressed EVG do not overlap with ALF expressing domains as observed in 

sections hybridized with ALF or EVG by double labeling in situ hybridization (Fig. 

5F, G).  

To determine whether the evg apices represent multiple fused IMs and FMs, 

or a single meristem with a mosaic IM and FM identity, we analyzed the expression 

of TERMINATOR (TER). TER is, like its Arabidopsis ortholog WUS, expressed in 

the center of the vegetative meristems and young flowers to promote meristem 

maintenance (Stuurman et al., 2002; Ferrario et al., 2006). Wild type inflorescence 

apices express TER mRNA in the FM but not (yet) in the emerging IM when EVG is 

expressed (Fig. 5H-J). If floral identity is blocked, as in dot mutants, TER 

expression is clearly not altered and only one TER expression domain is seen in 

each meristem dome (Fig. 5K-N). However, in many evg inflorescence meristem 

domes TER is expressed in multiple domains (Fig. 5O) that are distinct from the 
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Figure 5.  Expression pattern of EVG in different mutant backgrounds and ALF, DOT 
and TER expression pattern in wild type and evg mutants. A. ALF expression in an alf 
mutant inflorescence apex; B. EVG is detected in an alf inflorescence apex; C. EVG 
expression pattern in a dot inflorescence apex; D. ALF expression pattern in evg stable 
mutant inflorescence apex, where is still expressed but with in a stripped pattern; E. EVG 
expression pattern in an evg stable mutant inflorescence apex, where comparable to ALF 
expression, EVG is also detected in more than one strip per meristematic dome; F-G. 
Double label in situ hybridization of a section, through the center of an evg inflorescence 
apex. The signal of evg mRNA alone (F, in pink) is hardly overlapping with the purple ALF 
mRNA signal (G); H-J. Expression of EVG (in pink) and TER (in purple) mRNAs in three 
section through a wild type inflorescence apex. Sections are 16 mm apart; K-N. Expression 
of EVG (K and M, in pink) and TER (L and N, in purple) mRNAs in two sections of a dot 
mutant inflorescence apex; O. TER multiple expression domains in an evg inflorescence 
apex. br, bract; IM, inflorescence meristem (in blue); FM, flower meristem (in red); “FM”, 
homeotically transformed FM (in red); 1, whorl 1 or sepals. Scale bars represent 100 mm. 

 

EVG expression zones (Fig. 5H-J and K-N). Thus, the apical domes in evg mutants 

consist of several fused FM and IM domains, which may result from a failure to 

proliferate the IM cells. 

These findings are consistent with the idea that in evg multiple meristems 

are fused in one inflorescence apex due to incomplete separation of the IM, thus 

explaining the fasciated phenotype of the evg inflorescence. Additional 

observations that evg inflorescence domes are at least two to three times larger 

when compared to alf or dot inflorescence domes also support this explanation 

(data not shown). 

In summary, EVG expression levels and pattern is not transcriptionally 

regulated by ALF. On the other hand, ALF expression levels and pattern are 
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established independently from EVG and from ALF itself, placing ALF and EVG as 

intermediary steps in different pathways leading to the formation of flower in 

petunia. 

 

DOT acts downstream from EVG 

In wild type apices, DOT is expressed in a small region within the incipient FM that 

during further development enlarges to a ring of cells between whorl 1 and 2, when 

the FM specifies the first sepal primordia (Fig. 6A) and disappears after all the floral 

primordia are specified (Chapter 2). Interestingly, in evg mutant apices, DOT 

mRNA was not detectable in any in situ hybridization attempt (Fig. 6B). Because 

DOT mRNA in the wild type FM is low abundant and hard to detect (Fig. 6A) it was 

uncertain if the absence of DOT signal in evg apices is indeed due to lack of DOT 

transcripts or failure to detect them. Therefore, we used a more sensitive RT-PCR 

assay. We compared the DOT mRNA levels in inflorescence apices of alf, dot and 

evg single, double and triple mutants, rather than to wild type, to avoid 

complications due to differences in anatomy (Fig. 6C). Consistent with the in situ 

hybridization results, alf mRNA was decreased in all alf single, double and triple 

mutants, possibly due to reduced stability of the alf mRNA (Fig. 6C). DOT mRNA 

was expressed at similar levels in alf, dot and alf dot, but strongly reduced in all 

mutants containing evg (Fig. 6C). Although this does not rule out downregulation of 

DOT in alf and dot relative to wild type, it confirms that DOT mRNA is indeed 

reduced in evg, which by itself is sufficient to explain the loss of flowers in evg 

mutants. 
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Figure 6. DOT expression in WT, alf, dot 
and evg single, doubles and triple 
mutants. A. DOT expression detected in a 
wild type FM and between whorl 1 and 2 
(arrow); B. evg stable mutant inflorescence 
apex where no detectable DOT expression is 
observed; C. RT-PCR analysis of mRNA in 
alf, dot and evg single, double and triple 
mutant inflorescence apices. br, bract; IM, 
inflorescence meristem (in blue); FM, flower 
meristem (in red); 1, whorl 1 or sepals; 2, 
whol 2 or petals. Scale bars represent 100 
mm. 
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In order to test whether the downregulation of DOT is the only reason why 

evg mutants fail to form flowers, we tried to restore the evg mutation by expressing 

the DOT gene constitutively (35S:DOT). To do so, we transformed stable 

evgD2299/D2299 mutants with 35S:DOT or, as a control, the empty vector. As expected 

all the plants transformed with empty vector displayed the evg phenotype and no 

flowers were seen at all (Fig. 7A). However, four out of the five 35S:DOT 

transformants developed nearly perfect flowers (with all four floral organs) at high 

frequency (Fig. 7B, C). The typical cymose branching pattern is transformed into 

solitary flowers, which is not totally unexpected as wild type plants overexpressing 

DOT also display solitary flowers (Chapter 2). All the transformed plants were 

mosaics, as some branches were fully rescued whereas other branches lacked 

flowers and displayed the evg phenotype (Fig. 7C). The 35S:DOT transformants 

showed an increased DOT mRNA accumulation in leaves were normally is not 

present (Fig. 7D).  

Together these results show that the loss of FM identity in evg mutants is 

due to down regulation of DOT expression.  
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Figure 7. Complementation of evg mutant flower meristem identity by 35S:DOT. A. evg 
mutant plant transformed with empty vector; B-C. 35S:DOT transformants showing a non 
complemented (B) and a complemented (C) flower formation; D. RT-PCR analysis of DOT 
mRNA in leaves of control and 35S:DOT transformants.  
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Role of EVG in sympodial branching  

To study the role of EVG in the development of the sympodial IM, we generated 

double mutants with extrapetals (exp). In exp mutants, the initiation of the 

sympodial IM is blocked at an early stage and, consequently, exp inflorescences 

consist of solitary flowers, while the exp alf inflorescence is a straight stalk with 

bracts that lacks flowers (due to alf) and bifurcations (due to exp) (Souer et al., 

1998). Surprisingly, exp evg mutants generated solitary flowers, similar to exp 

single mutants (Fig. 8A, B). To test whether this effect is specific for exp, we 

examined another solitary flower mutant, hermit (her) (R. Castel, E. Kuster and R. 

Koes, unpublished results). We found that evg her double mutants generated 

solitary flowers, just like a single her mutant (Fig. 8C, D). Thus, unlike ALF (Souer 

et al., 1998) or DOT (A. Procissi and R. Koes, unpublished results), EVG is not 

required for the specification of floral identity in a genetic background (exp or her) 

producing solitary flowers.  

Unrelated petunia lines display a large variation in stature (not architecture) 

and for some genes strength of a mutant phenotype (Souer, 1997; Maes et al., 

1999). In the F2 cross W138 (evgD2299/D2299) x W115 (EVG+/+), we observed that 

evgD2299/D2299 homozygotes displayed either the “classical W138 phenotype” 

described above, a solitary flower (i.e. full inhibition of the sympodial shoot and 

normal floral identity) (Fig. 8E) or intermediate phenotypes (i.e. a strongly fasciated 

inflorescence with irregularly appearing malformed flowers containing supernumery 

floral organs).  
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Figure 8. Role of EVG in branching. A-D. Inflorescences of wild type and exp (A), exp evg 
(B), her (C) and her evg (D) single and double mutants; E. Phenotype of evgD2299/D2299 
homozygotes in the F2 progeny W138 (evgD2299/D2299) x W115 (EVG+/+) displaying the 
“classical” evg phenotype (left) or a solitary flower (right). ax, axillary meristem; br, bract. 
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Together these findings indicate that the primary role of EVG is to promote 

the proliferation of the sympodial IM, whereas it promotes floral identity in the 

apical FM by an indirect mechanism that is no longer required when formation of 

the sympodial IM is abolished completely (see Discussion).  

 

Ectopic expression of EVG 

In order to further unravel the function of EVG during plant development, we 

ectopically expressed EVG in petunia, using the constitutive Cauliflower Mosaic 

Virus 35S promoter (35S:EVG). Because the W138 line in which evg arose cannot 

be easily transformed, we introduced 35S:EVG in a hybrid between W115 and 

W138, carrying one evg stable allele. We obtained 27 transgenic plants, of which 

20 displayed a phenotype that increased in strength with increased expression of 

the 35S:EVG gene (Fig. 9A and 9D). All 35S:EVG expressors developed smaller 

leaves than wild type, with inward curled edges. The stronger the phenotype was, 

the smaller and curlier the leaves got, and the more the plant decreased in size 

(Fig. 9A). Mild and intermediate 35S:EVG mutants grew as tall as wild type and 

switched to flowering at the same time (plants H7123.7 and H7123.1, respectively 

Fig. 9A). However, the flowers were smaller and developed long and loose sepals 

and a reduced corolla (Fig. 9A inset). The number of stamens and carpels was 

unaffected but fertility was reduced. Additionally, in the intermediate 35S:EVG 

mutants, the cymose inflorescence was reduced to a solitary flower (Fig. 9B, C). 

The development of new flowers in these plants relies on the axillary meristems, 

which are released from their dormancy after the apex terminated in a solitary 

flower is formed, and generate another terminal flower. Severe 35S:EVG mutants 

grow much slower than wild type and remain dwarfs (Fig. 9A). Their stems are long 

and thin, not strong enough to support the plant weight (Fig. 9A). Furthermore, the 

leaves from these plants are also smaller and more curled than those from the mild 

and intermediate mutants, and have a long petiole (Fig. 9A and inset). Eventually, 

these severe 35S:EVG mutants switched to flowering, although delayed, but the 

inflorescence consisted of a solitary flower that generates only sepals and, 

occasionally a small corolla (Fig. 9A and inset). 
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Figure 9. Overexpression of EVG in petunia. A. 35S:EVG transformants with no (#5), 
weak (#7), intermediate (#1) and strong (#25) phenotype. Inset represents detail of 
35S:EVG leaf and flower morphology; B. Inflorescence of W115 plant; C. Solitary flowers 
produced by an intermediate 35S:EVG mutant; D. RT-PCR analysis of EVG expression in 
leaves of control and 35S:EVG transformants; E. Leaf disk explants of 35S:EVG 
transformants (#1, 5, 7 and 25) and an untransformed control plant (-) grown for 5 weeks on 
media containing no hormones (none), cytokinin (CK), or cytokinin and auxin (CK+A); F. IAA 
levels in leaves and bracts of the plants in (E) (mean ± SD, n=5). Br, bract; ax, axillary 
meristem; IM, inflorescence meristem; f, flower, numbers indicate age of flower from 
younger (f0) to older (f1). 

 

To examine whether the 35S:EVG phenotypes were due to an alteration in 

hormone balances, we grew leaf explants on agar plates containing different 

combinations of cytokinins (zeatine and benzyladeninepurine-BAP) and auxin 

(naphthalene acetic acid-NAA). In the absence of hormones, wild type explants 

and explants obtained from non-expressing transformants generated a small 

amount of callus during the first two weeks, and then became growth arrested 

unless both auxin and cytokinin were added to the medium (Fig. 9E). In contrast, 

35S:EVG explants generated root tissue and on occasion some shoots in the 

absence of hormones, and abundantly generated shoots when supplied with 

cytokinin alone. The amount of root production was correlated with the severity of 

phenotype (and, therefore, with the amount of EVG transgene expression), as the 
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most extreme overexpressors produced the highest amount of roots (Fig. 9E). This 

effect of 35S:EVG on growth and differentiation is similar to that of 35S:FZY, which 

expresses the auxin synthesis enzyme FLOOZY (FZY, Tobena-Santamaria et al., 

2002). The production of roots together with the capacity to grow in the absence of 

auxin suggests that these explants have high auxin content. In literature is known 

that root production is normally associated with a high auxin:cytokinin ratio (Skoog 

and Miller, 1957; Klee et al., 1987). 

To examine whether EVG overexpressing plants are either producing or 

“sensing” more auxin, we measured the amount of the free auxin indole acetic acid 

(IAA) in leaves and bracts of 35S:EVG and control plants. The amount of IAA was 

increased by a factor of 7 in the strongest 35S:EVG mutants (Fig. 9F), which is 

comparable to the IAA increase caused by 35S:FZY (Tobena-Santamaria et al., 

2002). This suggests that EVG promotes the separation of the sympodial IM by a 

mechanism that involves local auxin synthesis, similar to the role of FZY and 

YUCCA from Arabidopsis during the initiation of floral organ primordia (Zhao et al., 

2001; Tobena-Santamaria et al., 2002). Although in 35S:EVG leaves FZY 

expression is not increased (data not shown), we cannot exclude that EVG could 

regulate a FZY-like enzyme that is expressed in wild type IM to promote auxin 

synthesis. 

 

DISCUSSION 

 

We report the identification of the EVG gene of petunia that controls the 

architecture of the petunia inflorescence. EVG is a WOX protein that promotes the 

proliferation of the sympodial IM anlagen and, indirectly, the specification of floral 

meristem identity in the terminal FM. Our findings suggest that EVG played a 

prominent role in the evolution of inflorescence branching patterns.  

 

Role of EVG in inflorescence development 

evg mutants develop a bushy inflorescence lacking flowers, similar to alf (Souer et 

al., 1998) and dot (Chapter 2), and in addition fail to bifurcate after the formation of 

bracts and continue to grow as a single stem with a fasciated appearance. The 
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apical meristems of evg mutants are chimeras of ALF, evg and TER expression 

zones, sustaining the view that the apical FM and sympodial IM meristem fail to 

separate and grow fused. The following observations suggest that the primary role 

of EVG is to promote the proliferation of the sympodial IM and that the effect on the 

specification of floral identity in the apical FM is an indirect secondary effect. First, 

EVG is expressed in the center of the sympodial IM, but not in the apical FM. 

Second, EVG affects the outgrowth of the sympodial IM in all genetic background, 

whereas the effect on FM identity disappears in genetic backgrounds that generate 

solitary flowers. Third, our results suggest that EVG promotes the synthesis of 

auxin, which is known to be required for initiation and outgrowth of various 

meristems and organ primordia (Reinhardt et al., 2000; Kuhlemeier and Reinhardt, 

2001; Benkova et al., 2003; Reinhardt et al., 2003; Chapter 5), but which has no 

known effects on meristem or organ identity. 

The finding that in the W138 genetic background evg mutants do not form 

flowers, even though EVG is not expressed in the FM, raises the question of how 

EVG regulates flower meristem identity (FMI). In situ hybridization data showed 

that ALF is not regulated by EVG. In contrast, DOT is not expressed in evg apices 

indicating that DOT functions downstream of EVG (Fig. 10). Moreover, constitutive 

expression of DOT in evg mutants was enough to rescue the formation of flowers. 

This indicates that EVG promotes FMI in the FM through the regulation of DOT 

expression. It is unclear how a gene that is expressed in the IM can influence the 

expression of a FMI gene. The development of the sympodial IM requires a strict 

temporal regulation of its identity: when it emerges it has an IM identity, but shortly 

after will acquire FM identity to form the next flower. If, for example, FM identity is 

acquired prematurely, as in 35S:DOT mutants, the sympodial IM does not develop 

and a solitary flower is formed (Chapter 2). It is conceivable that the IM produces 

early in development an IM identity signal (indicated as “X” in Fig, 10) that 

negatively regulates DOT expression. If the action of X is not cell-autonomous, X 

would also inhibit DOT expression and establishment of FM identity in the apical 

FM as long as the emerging sympodial IM has not separated (Fig. 10). Once EVG 

promotes the separation of the IM from the FM, X can no longer move to the FM 

and the expression of DOT is no longer inhibited, resulting in DOT expression and 
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in flower formation (Fig. 10). This scenario explains that in the W138 background 

evg mutants fail to form flowers because FMs and sympodial IM remain fused and 

“X” continuously blocks DOT expression (Fig. 10). In an exp or her mutant 

background formation and the sympodial IM is blocked at a very early stage and 

“X” is not made, EVG is no longer required for FM identity (Fig 10), thus explaining 

the phenotype of exp evg and exp her double mutants. 

The finding that in a mixed W115/W138 genetic background evg mutants 

display a solitary flower phenotype corroborates the view promotes FM identity 

indirectly. The simplest explanation is that the evg phenotype gets stronger in this 

background, - to become essentially similar to the exp and her phenotype - 

resulting in a (nearly) complete block of sympodial IM development and formation 

of “X” (Fig 10). Alternatively, it may be that non cell autonomous FM identity factors 

expressed in the apical FM promote floral identity in the sympodial IM and that the 

distinct evg phenotypes in a W138 and W115 background result form different 

balances of FM promoting and inhibiting (‘X’) factors (Fig 10).  

The hypothetical mobile factors that inhibit (‘X’) or promote FM identity are 

not known. As several transcription factors, including LFY, the maize 

homeodomain KNOTTED1 and the Antirrhinum DEFICIENS, are known to move 

between cells over short distances, ‘X’ need not be a classical signaling molecule, 

such as a hormone or small extracellurar protein, but may be a transcription factor 

required for IM identity (Lucas et al., 1995; Perbal et al., 1996; Sessions et al., 

2000; Kim et al., 2002; Wu et al., 2003).   

 

The EVG pathway is cyme specific 

The dependence of IM outgrowth and FM identity on EVG function is lost in 

mutants that produce solitary flowers (exp and her). These results suggest that if 

the initiation of the sympodial IM is blocked at early stages, like in exp and her, 

EVG is no longer required to prevent the inhibition of FM identity or for IM cell 

proliferation (Fig. 10).  

As our results imply that EVG is not needed in a solitary flower background, 

one can postulate that species that form solitary flowers, like poppies and tulips do 

not have an EVG ortholog. Additionally, racemous plants like Arabidopsis where 
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the indeterminate IM is maintained all through flowering while new FMs are formed 

at its flanks, most likely lack an EVG ortholog.  

Thus, EVG is essential for the maintenance of the petunia’s cymose 

architecture and that it might have played a key role in the evolution of cyme. 

 

 
Figure 10. Model explaining the phenotype of evg in distinct backgrounds. In wild type, 
the IM (in blue) converts into a FM (bordeaux) that will express flower meristem identity 
genes, like ALF and DOT, while a secondary IM forms at its flanks. This new IM expresses 
EVG and an unknown IM identity factor X that blocks the expression of flower meristem 
identity DOT. EVG promotes the separation of the secondary IM from the FM, lifting the 
inhibition of factor X over DOT, which can be expressed and trigger the development of a 
terminal flower; In evg mutants in W138 background, the separation of the IM from the FM 
fails to occur and the factor X exerts a permanent inhibition of DOT, which is not expressed, 
and therefore flowers are not formed; In a W115 background, the evg mutation leads to the 
production of solitary flowers. Although is not clear why the phenotypes between W138 and 
W115 are so different, two hypotheses can be postulated. Or the IM is not initiated, 
suggesting a role for EVG in IM initiation at least in the W115 background or that the 
inhibition of factor X by genes expressed in the FM is stronger than the inhibition of factor X 
over DOT, resulting in the conversion of all apical meristem cells into a solitary flower; In a 
solitary flower background, the secondary IM is not formed due to mutation in genes 
involved in the IM initiation/maintenance (exp and her) and EVG is no longer required for the 
separation of the IM. 
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EVG belongs to a subfamily of proteins required for meristem maintenance 

and cell proliferation  

EVG encodes for a homeodomain transcription factor belonging to the WUS HD 

subfamily. This subfamily comprises of WUS and 14 WUS homeobox related 

sequences (WOX proteins) which are generally involved in cell proliferation and 

stem cell pool maintenance (Laux et al., 1996; Matsumoto and Okada, 2001; Park 

et al., 2004; Wu et al., 2005). Among this subfamily, EVG shares high similarity to 

WOX8, WOX9 (STIP), WOX11 and WOX12, as they all share a conserved C 

terminal domain absent in other WOX genes (Haecker et al., 2004).  WOX8 and 

WOX9, together with WOX2, are expressed in different cell domains present in the 

8 cell stage embryo, suggesting that these Arabidopsis genes play an important 

role for during embryogenesis (Haecker et al., 2004) and is supported by the 

observation that single wox9 mutants are 80% embryo lethal (Wu et al., 2005). 

Furthermore, WOX9 is required in most meristematic tissues to maintain cell 

division and prevent premature differentiation, by positively regulating cell cycle 

entry and WUS expression, a stem cell proliferation promoter (Wu et al., 2005). 

However, WOX9 could not be detected in the IM or WOX9 dependence to maintain 

it, as observed in the vegetative SAM and the root apical meristem (Wu et al., 

2005).  This supports the view that Arabidopsis does not have an EVG ortholog. 

Interestingly, whereas the function of WOX9 involves the positive regulation of 

WUS, EVG does not seem to regulate TER, as their expression patterns are timely 

and spatially dissimilar and TER is still expressed in evg mutant apices. This 

suggests that EVG promotes cell proliferation directly or by a different pathway that 

WOX9. 

Other WOX genes, WOX3 or PRESSED FLOWER (PRS) and WOX6 or 

PRETTY FEW SEEDS2 (PFS2), are important to promote cell proliferation in 

specific areas of the flower (Matsumoto and Okada, 2001; Park et al., 2004; Park 

et al., 2005). PRS is involved in the proliferation of marginal cells determining the 

lateral axis in early stages of flower development and PFS delays differentiation 

and maturation of primordia and is involved in ovule patterning, by regulating cell 

proliferation of the maternal integuments and the differentiation of the megaspore 

mother cell (Matsumoto and Okada, 2001; Park et al., 2004; Park et al., 2005). 
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All these data suggests a general role for WOX genes in cell proliferation in 

specific areas of the plant body and maintenance of meristematic cell state. We 

believe that this general function is in line with the possible role of EVG in cell 

proliferation of cells in the L3 layer of the IM, promoting the separation of the IM 

from the FM. 

 

EVG is involved in promoting local auxin production  

Petunia plants overexpressing EVG developed smaller organs and the capacity to 

regenerate from leaf tissue in in vitro culture independently from auxin, suggesting 

that the hormonal balance in these plants is somehow disturbed. The 

measurements of higher free IAA levels in 35S:EVG leaves and bracts confirmed 

that overexpressing EVG leads to increased auxin levels, most likely responsible 

for the phenotype observed in these plants. Although no lower IAA levels were 

measured in evg mutant apices compared to alf and dot mutant apices (data not 

shown), the stem fasciation observed in evg plants is most probably also related 

with decreased free IAA/cytokinin ratio, as described for other plants (Nilsson et al., 

1996). 

The simplest explanation for the involvement of EVG in hormone synthesis is 

that EVG may activate “structural” auxin synthesis genes, stimulating local auxin 

production to promote cell division in the IM and, therefore, induce the separation 

of IM from the FM. It is know from literature that auxin is an essential signal to 

establish the pattern of new primordia, meaning that a gradient of auxin indicates 

the region where a new leaf, flower or, even, flower organ primordia are going to 

develop (see Chapter 1 for review).  

Additionally, another WOX gene has been implicated in auxin sensing and 

production. WOX5 is involved in maintaining quiescent center (QC) identity as it is 

expressed in the root QC (the mother cells of all root cell types) in an auxin and 

turanose (a sucrose-analogue) inducible manner (Gonzali et al., 2005). The 

accumulation of auxin near the QC by the action of PIN proteins leads to the 

induction of WOX5 expression, which, in turn, is necessary for the maintenance of 

an auxin maximum by repressing the conjugation of IAA as well as by promoting 

local auxin synthesis (Gonzali et al., 2005).  
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MATERIALS AND METHODS 
 
Genetic materials and procedures 
The evgB3292 allele arose spontaneously among progeny of the petunia line W138 
(Doodeman et al., 1984; Koes et al., 1995; Spelt et al., 2000) and was maintained 
by inbreeding in line W245, using the irregularly appearing revertant flowers. 
Revertants in which dTPH1 had excised were identified among W245 progeny by 
their wild type phenotype. These revertants were all heterozygous for a germinal 
reversion allele (EVGR1 to EVGR4) and the unstable evgB3292 allele. The reversion 
alleles were made homozygous by three subsequent rounds of self-fertilization. 
Additional excision alleles (evgD2299 and EVGR6) were identified among 121 
progeny of evgB3292/B3292 and EVG+/B3292 plants by electrophoretic analysis of a 133 
bp PCR fragment (containing dTPH1 in evgB3292 or derived footprints) on high 
resolution 6% polyacrylamide sequencing gels, as described (van Houwelingen et 
al., 1999).  

The mutants alfW2169 and expW2115 were isolated in the W138 background and 
have been described in detail (Souer et al., 1998). The mutants hermitD2413 (R. 
Castel, E. Kusters and R. Koes, unpublished results) and double top (dot) (Chapter 
2) arose spontaneously among W138 progeny by dTPH1 insertions and will be 
described in detail elsewhere.  

Segregation of expW2115, herD2413, dotA2232, alfW2167 and evgB3292 was 
monitored by phenotype and by PCR, using primers flanking the dTPH1 insertions 
in these alleles. Plants containing evgD2299 were identified with a PCR primer 
specific for the footprint in this allele (CTTCTTCTTCGTCCTCAAATAGT) and a 
normal EVG primer (GCTGAAGGAACAATGTAATCCATC). EVG+/D2299 
heterozygotes and evgD2299/D2299 homozygotes were distinguished by direct 
sequencing of PCR products obtained with primers flanking the footprint. 

ALF+/W2167, DOT+/A2232 and evgB3292/B3292 mutants were crossed to generate 
triple heterozygotes and progeny obtained by self-fertilization were screened by 
phenotype and PCR to select double and triple mutants. 

To generate evg exp and evg her double mutants, we crossed EVG+/D2299 
plants with either expW2115/W2115 or herD2413/D2413 mutants. The F1 progenies were 
genotyped by PCR and double heterozygotes were self-fertilized. The F2 
progenies segregated individuals with a wild type, evg and exp or her phenotype, 
but no new (double mutant) phenotype was seen. Subsequent genotyping by PCR 
revealed that the evg exp and evg her double mutants were in the same 
phenotypic class as the exp and her single mutants  
 
Isolation of EVG  
To identify the flanking sequences of the dTPH1 insertion in evgB3292, we used 
transposon display essentially as described (van den Broek et al., 1998; Tobena-
Santamaria et al., 2002). Briefly, genomic DNA was digested with HpyCH4 IV and 
ligated to HpyCH4 IV adaptors in a single reaction and PCR-amplified with primers 
complementary to the adaptor and dTPH1. PCR products were reamplified in a 
second round using an adapter primer extended with either a C, A, T or G 
nucleotide and a nested dTPH1 primer labeled with 33P, size-separated on 6% 
denaturing polyacylamide gels and visualized by phosphor-imaging. A 445-bp 
candidate EVG fragment was isolated from the display gel, re-amplified by PCR, 
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cloned and sequenced. The flanking sequence on the other side of this dTPH1 
insertion was obtained by somatic insertion mediated PCR (SOTI-PCR). SOTI-
PCR exploits the somatic dTPH1 insertions in the DNA from unrelated W138 plants 
to amplify genomic fragments with one gene-specific and a dTPH1 specific primer 
(Koes et al., 1995; C. E. Spelt and R.K unpublished results). An EVG cDNA 
containing the full coding sequence was isolated by screening of a W138 
inflorescence cDNA library. The corresponding genomic EVG region was amplified 
by PCR with primers complementary to the 5’ and 3’ untranslated cDNA region and 
the upstream EVG sequences by SOTI-PCR. 

Genbank accession number for EVG is EF187281 (EVG cDNA). 
 
Phylogenetic analyses. 
Multiple sequence alignments were produced with a web-based version of 
ClustalW (http://crick.genes.nig.ac.jp/homology/clustalw-e.shtml) using default 
settings. Phylogenetic tree (Fig. 3F) was calculated using the neighbor-joining 
method and bootstrap analysis (1000 replicates) using PHYLIP via the same 
website, and visualized with Treeviewer version 1.6.6 
(http://taxonomy.zoology.gla.ac.uk/rod/rod.html). The tree shown in Fig 3F was 
calculated from an alignment of the homeodomain.  Trees based on the full 
proteins had essentially the same structure. Sequences were obtained from the 
following Genbank accessions: WUSCHEL (CAA09986), WOX1 (AAP37133), 
WOX2 (AAP37131), WOX3/PRS (AAP37135), WOX4 (AAP37134), WOX5 
(AAP37136), WOX6/PFS (AAP37137), WOX8 (AAP37138), WOX9/STIP 
(AAP37139), WOX11 (AAP37140), WOX12 (AAP37141), WOX13 (AAP37142), 
PhTER (AAM90847), AmWUS (AAO23113), SlWUS (CAD61961), OsWUS 
(CAJ84138).  
 
RNA analyses 
PolyA+ RNA from the top 2-3 mm of alf, dot, evg single, double and triple mutant 
inflorescence apices was obtained using the TRIzol reagent (Invitrogen) and a 
polyAtract mRNA system III (Promega) according to the manufacturer’s 
instructions, converted to first strand cDNA with Superscript reverse transcriptase 
(Invitrogen), and made double stranded with RNAse H and DNA polymerase I 
(Promega). mRNA abundance was measured using specific primers for ALF 
(GGAATTCTGAGGAACCAGTGCAGCAG and 
CCCAAGCTTCGTTCAGAATGGCAAAG), DOT (TGGACAAGGAGGAATCCAAAC 
and CCGCTCGAGGGTACATGTTGAGGG) and ACTIN 
(AC[A/T/C]GGAATGGT[T/C/G]AAGGCTGG and 
AC[C/G]ACCTT[A/G]ATCTTCATGCTGCT) and a reduced number of amplification 
cycles as described before (Quattrocchio et al., 2006). Using cDNA-AFLP (Bachem 
et al., 1996) we measured the abundance of another >8000 mRNA fragments in 
the same preparations and found no differences (E.Kusters and R.Koes, 
unpublished data). 

Expression levels of 35S:DOT and 35S:EVG in leaf tissue were measured by 
RT-PCR on 1st strand cDNA as described (Quattrocchio et al., 2006) using primers 
complementary to DOT (CTTTGGTGTAACTCGCTTAGC and 
CTACATACTATTTTCGGACCCA) and EVG 
(GCGAATTCGCATCATCAAATAGACATTGGCCT and 
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GCGGATCCATCAAAGCAATAGTGTTGTCATG) and as a control Glyceraldehyde-
phosphate dehydrogenase (GAPDH) (GGTCGTTTGGTTGCAAGAGT and 
CTGGTTATTCCATTACAACTAC) or ACTIN .  
 
Microscopy 
In situ hybridization analysis and scanning electron microscopy was performed as 
described (Souer et al., 1996). Antisense digoxigenin-labeled RNA probes were 
synthesized from full length cDNA clones by in vitro transcription using T7 
polymerase and digoxigenin-11-UTP as recommended (Roche). The RNA probes 
were partially hydrolyzed for 50-60 min in 60 mM Na2CO3 and 40 mM NaHCO3 to 
an average length of 100-150-bp prior to hybridization. Digoxigenin-labeled probes 
were detected as described (Souer et al., 1996) using the Western Blue stabilized 
AP substrate (Promega) which produces a brownish precipitate. 

For double label in situ hybridization, a fluorescein-labeled EVG probe was 
synthesized with T7 RNA polymerase using a fluorescein labeling kit (Roche). 
Fluorescein and digoxigenin-labeled probes were hybridized simultaneously. The 
fluorescein-labeled EVG probe was detected by anti-fluorescein-antibodies linked 
to alkaline phosphatase (AP) and staining for 16 hours using Fast Red tablets as 
recommended by the supplier (Roche), resulting in a red precipitate. After 
photography, the slides were incubated for 2 hrs in 2xSSC at 65oC to inactivate the 
alkaline phosphatase, and the digoxigenin-labeled probe was detected (Souer et 
al., 1996) using a BM purple NBT/BCIP substrate for the color reaction (Roche), 
which produces purplish precipitate. 
 
Gene constructs and plant transformation. 
The 35S:DOT construct was made as described in Chapter 2. The 35S:EVG 
transgene was made by ligating the corresponding cDNAs between the 35S RNA 
promoter of Cauliflower Mosaic Virus and the 3’ end of the Agrobacterium 
NOPALINE SYNTHASE (NOS) gene of the vector pGreen II (Hellens et al., 2000). 
The 35S:DOT construct was introduced in an F2 hybrid of the petunia lines W115 
(EVG+/+) and W264 (evgD2299) (having the W138 typical phenotype) by 
Agrobacterium-mediated leaf disc transformation (Spelt et al., 2000). The 35S:EVG 
construct was introduced into an F1 hybrid of the petunia lines W115 (EVG+/+) and 
W264 (evgD2299) by Agrobacterium-mediated leaf disc transformation (Spelt et al., 
2000).  
 
Tissue culture 
Young leaves of the petunia F1 hybrid W115xW138 and 35S: EVG transformants 
in the same background, were surface sterilized and cut into small explants, each 
of them containing a vein and all sides wounded. The leaf explants were cultivated 
for 3-4 weeks in MS medium supplemented or not with auxin (NAA) and/or 
cytokinins (zeatin and BAP) as described (Tobena-Santamaria et al., 2002). 
 
Auxin measurements.  
Indole acetic acid (IAA) levels were determined by gas chromatography and mass 
spectrometry as described (Edlund et al., 1995). 
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ABSTRACT 
 
EVERGREEN (EVG) is involved in the separation of the inflorescence 

meristem from the floral meristem, essential in petunia cymose 

inflorescences. EVG belongs to a subfamily of WUS homeobox proteins and 

clusters more closely with two Arabidopsis proteins named WOX8 and 

WOX9/STIMPY. WOX9 is a meristem maintenance gene involved in the 

positive regulation of WUSCHEL and cell proliferation. As EVG and WOX9 are 

orthologous genes, the broad function of WOX9 in meristem maintenance 

throughout plant development and the specific EVG function in inflorescence 

meristem outgrowth, suggest that EVG might belong to a small family of 

proteins in petunia. Indeed, a second gene was isolated and named SISTER 

OF EVEGREEN (SOE). SOE is expressed, similarly to WOX8 and WOX9, 

during embryogenesis, in the shoot apical meristem and in ovule primordia. 

Although we could not determine the function of this gene in petunia by 

mutagenesis, its overexpression phenotype is similar to the one obtain for 

EVG indicating that these genes trigger similar downstream pathways, in a 

tissue specific manner. Our results demonstrate that EVG and SOE resulted 

from a recent gene duplication and their function by subfunctionalization. 
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INTRODUCTION 

 

Plants exhibit different strategies regarding the development of their inflorescence 

meristem (IM). Some plants, like Arabidopsis and Antirrhinum, have an 

indeterminate IM that remains undifferentiated throughout their life span and that 

forms determinate flower meristems (FM) at its periphery resulting in a racemous 

inflorescence architecture. In other species, the IM converts completely into a FM 

(i.e. it is determinate) and produces a terminal flower. In plants, like poppy and 

tulip, inflorescence growth ends with the formation of a solitary terminal flower, 

whereas in other species, for instance petunia and other Solanaceae, growth of the 

inflorescence continues with the formation of a secondary IM (sympodial meristem) 

at the periphery of the terminal flower resulting in a cymose inflorescence 

consisting of many terminal flowers. 

 In petunia several genes have been identified that control initiation and 

outgrowth of the sympodial IM. EXTRAPETALS (EXP) and HERMIT (HER) are 

required for the initiation of the sympodial IM (Souer et al., 1998; R. Castel, E. 

Kuster and R. Koes, unpublished results) whereas EVERGREEN (EVG) is a 

homeodomain transcription factor that promotes the proliferation of the IM and its 

separation from the FM, most probably by promoting cell division in the IM via 

auxin synthesis (Chapter 3). In evg mutants, the sympodial IM does not proliferate 

properly and remains fused with the FM, and, as a consequence, floral identity is 

not established resulting in a fasciated inflorescence that lacks flowers. The 

function of EVG is completely abolished in a solitary flower mutants background 

(exp or her) background, suggesting that EVG is only required for IM outgrowth in 

plants with a cymose inflorescence architecture, like petunia and other 

Solanaceae. 

EVG encodes a protein with a homeodomain that is highly similar to that of 

WUSCHEL homeobox (WOX) proteins from Arabidopsis (Chapter 3). The 

Arabidopsis genome encodes 14 WOX proteins with a homeodomain that is highly 

similar to that of WUSCHEL (WUS) (Haecker et al., 2004), which is required for 

maintenance of meristems (Laux et al., 1996). Within the WOX family, EVG 

clusters in a distinct clade together with WOX8, WOX9, WOX11 and WOX12, as 
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they all possess a conserved C’ box that is not found in any of the other WOX 

proteins.  

WOX2, WOX8 and WOX9 (also known as STIMPY, STIP) are expressed in 

specific domains of the embryo as early as zygote stage and, most likely, play a 

role in cell type specification (Haecker et al., 2004). wox9 mutants display for 80% 

seed lethality (Wu et al., 2005), suggesting a possible redundant function with 

another WOX gene, most likely WOX8. During the vegetative phase the surviving 

wox9 mutant plants show a reduction in stem cell population of the shoot apical 

meristem (SAM). Interestingly, all these defects can be rescued by growing wox9 

seeds in the presence of sucrose, a promoter of the cell cycle, suggesting that 

WOX9 might be involved in inducing cell division of stem cells. Moreover, WOX9 is 

a positive regulator of WUS, indicating that WOX9 is involved in maintaining the 

shoot apical meristem (SAM) cell pool and the ability for cells to divide (Wu et al., 

2005). Interestingly, other WOX genes have also been proposed to promote cell 

division in specific tissues, like WOX3 or PRESSED FLOWER (PRS) and WOX6 or 

PRETTY FEW SEEDS2 (PFS2) (Matsumoto and Okada, 2001; Park et al., 2004; 

Park et al., 2005). 

The function of the WOX genes in cell proliferation in specific tissues and 

meristems is in line with our hypothesis that EVG is promoting cell proliferation in 

the sympodial IM of petunia. However, WOX9, the putative ortholog of EVG, is 

expressed in most meristems during plant development where it has a common 

function in meristem maintenance. This seems paradoxal, because in petunia EVG 

is only expressed in the IM, and raises the question why evg mutants do not show 

meristem defects during vegetative growth and how the function of EVG got 

restricted to the sympodial IM.  

Here we show that EVG and WOX9 encode functionally similar proteins and 

that the different functions of EVG and WOX9 result from divergence of their 

expression patterns. Furthermore, we show that petunia possesses, like 

Arabidopsis, a small family of genes with similarity to EVG. One of these genes is 

SISTER OF EVERGREEN (SOE), which encodes a WOX protein with high 

similarity to EVG, both in sequence and in function. Phylogenetic studies suggest 

that EVG, SOE, WOX8 and WOX9 genes share the highest similarity within their 
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plant of origin indicating that they result from gene duplications that took place after 

the separation of petunia and Arabidopsis. We determined that SOE is expressed 

during embryogenesis, in vegetative apices and in ovule primordia, similar to 

WOX9 in Arabidopsis. Interestingly, SOE is not expressed in the sympodial IM, 

where EVG is expressed placing EVG as a critical gene for cymose development. 

 

RESULTS AND DISCUSSION 

 

EVG and WOX9 protein function in similar pathways 

The overexpression of EVG in transgenic 35S:EVG petunia plants triggered auxin 

production leading to decrease in plant size, leaf and flower size and leaf curling 

(Fig. 1A, B; Chapter 3). In contrast, Arabidopsis plants overexpressing WOX9/STIP 

developed lobed leaves (Wu et al, 2005). To determine if EVG and WOX9 proteins 

could trigger the same phenotypic alterations in petunia and Arabidopsis, we 

compared the phenotypes of petunia and Arabidopsis plants overexpressing 

WOX9 and EVG. 

WOX9 overexpressors in petunia had a phenotype that is similar to the 

phenotype of strong 35S:EVG mutants, i.e. smaller plant size with small curled 

leaves and very occasionally an incomplete flower (Fig. 1A-D).  

The overexpression of EVG in Arabidopsis thaliana Columbia resulted in 

plants with lobed leaf margins (Fig. 1E, F) as described by Wu et al. (2005) for 

STIP. However, 35S:EVG in Arabidopsis produced several additional phenotypic 

alterations (Fig. 1F). Firstly, while selecting for primary transformants, we obtained 

a high number of plants that survived in kanamycine for the first two weeks and 

then arrested in growth at the first pair of leaves stage and died. We were not able 

to determine if these plants were the highest overexpressors but they formed long 

epinastic cotyledons (Fig. 1G), as described for WOX9 overexpressors, indicating 

that high constitutive EVG expression could lead to seedling death (Wu et al., 

2005). The most striking morphological alteration occurred in plants that developed 

leaf-like structures where ectopic meristems generated on the stem or the adaxial 

side of the leaf (Fig. 1I-J). In some cases, the ectopic meristems developed into 
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plantlets with normal leaves, in others a profusion of yellowish, naked leaves with 

profound lobes or even pin-shaped shaped leaves.   

Although, the overexpression of EVG in Arabidopsis leads to more 

phenotypic effects than WOX9 overexpression, including lethality of seedlings and 

formation of ectopic meristems, both genes were able to trigger similar phenotypic 

alterations. These results indicate that the proteins produced by WOX9 and EVG 

function in similar ways, triggering the same downstream pathways. 
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Figure 1. Comparison of 35S:EVG and 35S:WOX9 phenotype in petunia and 
Arabidopsis. A-B. Phenotype of young petunia transformants non expressing (A) and 
expressing the 35S:EVG transgene (B); C-D. Phenotype of young petunia transformants 
non expressing (C) and expressing the 35S:WOX9 transgene (D); E-F. Phenotype of 
Arabidopsis plants non expressing (E) and expressing the 35S:EVG transgene (F). Note the 
formation of lobed leaves (inset in F); G. Primary 35S:EVG transformant with epinastic 
cotyledons; H-I. Primary 35S:EVG Arabidopsis transformants with ectopic meristems (em) 
forming from the leaf (H) and from the stem (I); J. SEM micrograph of ectopic meristems 
(em) on a 35S:EVG Arabidopsis leaf (lf). Size bar, 100 µm.  
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Petunia contains several EVG paralogs 

It has been shown that Arabidopsis has two EVG orthologs, WOX8 and WOX9. In 

order to test whether paralogs of EVG are present in petunia, we performed a DNA 

blot analysis using the complete EVG cDNA as a probe (Fig. 2A). The EVG probe 

detected two strongly hybridizing HinDIII fragments (Fig. 2A). Because the EVG 

gene is not cut by HinDIII (Fig. 2B), this indicates that petunia contains at least one 

other gene with high similarity to EVG. In XbaI/BamHI digestion, the EVG probe 

detected six bands. Because XbaI cuts twice in EVG, three of these bands contain 

EVG fragments (Fig. 2A, B). The 1.0-Kb fragment contains exon 1 and 2 of EVG 

and shifts, as expected, to 1.3-Kb in evgB3292/B3292 mutants, whereas exon 3 is on 

an XbaI/BamHI fragment of unknown size (Fig. 2A, B). Given that the XbaI/BamHI 

fragment carrying the 5’untranslated region (UTR) and promoter of EVG has little 

overlap with the cDNA probe, it is expected to light up very weakly, if at all. Thus, 

the other three or four XbaI/BamHI fragments derive from one or more genes with 

high similarity to EVG. 

PCR experiments with one particular pair of EVG primers resulted in the 

efficient amplification of two PCR products of distinct sizes from genomic DNA 

(data not shown). Sequencing showed that one of these fragments derived from 

EVG while the other belonged to a distinct but closely related gene that we named 

SISTER OF EVERGREEN (SOE). The full SOE ORF sequence was isolated by 

PCR on a W138 inflorescence cDNA library and is 1173-bp long in comparison to 

the 1034-bp of EVG, and shares 66.8% of identity at DNA level to EVG ORF (Fig. 

2C). The genomic SOE sequence was obtained by PCR on W138 genomic DNA 

and has one XbaI site (exon 2) but no HinDIII site (Fig. 2B). Thus, two of the 

XbaI/BamHI fragments in the DNA gel blot derive from SOE leaving one or two 

bands for one or more EVG like genes. 

SOE encodes a 391-aminoacid protein and shares the highest similarity with 

EVG (56%) and WOX8 and WOX9, (37% and 40%, respectively) and somewhat 

less with WOX 11 and 12 (Fig. 3A).  
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Figure 2. Identification of SOE. A. DNA gel blot analysis of genomic DNA from WT 
(EVG+/+), evgB3292/B3292 and evgD2299/D2299, probed with the full EVG cDNA (65oC and washed 
with 2xSSC). Asterisks indicate partial digestion fragments; B. Schematic view of the 
genomic EVG and SOE fragment after digestion with XbaI/BamHI (XbaI sites indicated by 
X). Neither EVG nor SOE have HinDIII recognition sites. Black boxes indicate exons and 
thin lines indicate introns and untranslated regions. The grey triangle indicates the 
transposon insertion in EVG; C. Alignment of SOE and EVG cDNA sequence, grey boxes 
indicate identity. The ATG and STOP codons are indicated in bold. 
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Figure 3. Characterization of SOE. A. Alignment of SOE, EVG and WOX8, 9, 11 and 12 
amino acid sequence. The homeodomain and the C’ domain are marked with a black and a 
grey bar, respectively. Grey shading indicates amino acid residues identical to SOE; B. 
Dendrogram based on the HD amino acid sequence identity between of the WUS subfamily. 
Bootstrap values are given (1000 rounds). SOE and EVG are indicated in bold. The rice 
sequences are represented by the accession numbers obtained from TIGR 
(http://www.tigr.org/tdb/e2k1/osa1/). PhWUS, AmWUS, SlWUS and OsWUS are WUS 
orthologs in petunia, Antirrhinum, tomato and rice, respectively; C. Genomic map of SOE, 
EVG, WOX8 WOX9, WOX11 and WOX12 genes. Thick boxes represent exons and thin 
intron/untranslated sequences. The HD and the C’ conserved boxes are indicated. The 
position of the dTPH1 insertion in EVG is indicated by the grey triangle. 
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To obtain more detailed insight in the phylogeny of these genes, we aligned the 

homeodomain sequences of all Arabidopsis WOX proteins and homologs from 

other species and constructed a phylogenetic tree (Fig. 3B). SOE clustered 

together with EVG, WOX8 and WOX9, and three rice ESTs (Fig. 3B). Interestingly, 

the proteins of this clade were more similar intraspecifically than interspecifically, 

suggesting that one gene was present in an ancestor before the separation of 

monocots and dicots and that later duplications occurred independently in each of 

the analyzed species. This is further supported by the finding that the homology 

between EVG and SOE expands into the 3’ UTRs (Fig. 2 C). The SOE cluster also 

includes two somewhat more distantly related Arabidopsis proteins (WOX11 and 

WOX 12) that share with SOE, EVG, WOX8, WOX9/STIP a conserved C’ domain 

that is not found in other WOX proteins, confirming that these protein are more 

closely related among each other than to any of the other WOX proteins (Fig. 3A, 

B). EVG, SOE, WOX8 and WOX9 proteins share in addition a conserved N’ 

domain that is absent in WOX11 and WOX12 (Fig. 3A), confirming the 

phylogenetic tree derived from the homeodomain sequences. 

Analysis of the gene structures revealed that SOE, EVG, WOX8 and STIP 

have a similar intron-exon structure that is different from the intron-exon structure 

of WOX11 and WOX12 (Fig. 3C). SOE, EVG, WOX8 and WOX9 contain three 

introns in similar positions: just before the homeodomain, just before the C’ domain 

and 3 nucleotides before the stop codon (Fig. 3C). Although, the last intron is 

exactly at the same position in all these genes, the precise position of the other two 

introns is more difficult to pinpoint, because they are located in less conserved 

regions (Fig. 3A, C). In contrast, the three introns in WOX11 are in different 

positions than those in the SOE group and WOX12 has only 2 introns. These 

results are consistent with the idea that the genes belonging to the SOE clade 

derived from a common ancestor. 

Together these analyses show that petunia has at least two EVG-like genes 

and that EVG and SOE are more closely related to each other than to any of their 

orthologs in Arabidopsis, suggesting that they are the result of a recent duplication. 
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SOE and EVG have similar functions in petunia 

To determine whether SOE and EVG encode functionally similar proteins we 

compared their constitutive (over) expression phenotypes. Therefore, we placed 

the SOE genomic DNA under the control of the viral 35S promoter and transformed 

the 35S:SOE transgene into the W115 line. We obtained a range of plants showing 

from wild-type phenotypes to phenotypes similar to the EVG intermediate 

overexpressors (Fig. 4A, Chapter 3). These last plants showed curled and smaller 

leaves, thin stems and smaller flowers, although even the most extreme 35S:SOE 

plants (e.g. plant number 22) (Fig. 4A) were not as severely affected as the 

strongest 35S:EVG mutants. The slight variation between plants with less or more 

severe alterations was correlated with the transgene expression level (Fig. 4B). 

The strongest 35S:SOE mutants accumulated higher amounts of free IAA, 

similar to 35S:EVG mutants (Chapter 3), indicating that both genes can promote 

auxin biosynthesis (Fig. 4C). 

These results indicate that SOE is able to trigger the same phenotypic 

effects as EVG although less severely, suggesting that EVG and SOE have similar 

functions in petunia. 
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Figure 4. Overexpression of SOE in petunia. A. Phenotypes of SOE overexpressors; B. 
Semi-quantitative RT-PCR of SOE mRNA in leaf tissue of W115 and various 35S:SOE 
transformants. C. Free IAA levels (pg/mg tissue) in leaves and bracts of W115 and five 
different SOE overexpressors. 
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SOE and EVG have diverse expression domains  

To compare the expression patterns of SOE and EVG, we localized their mRNAs in 

meristems during the vegetative and flowering phase, by in situ hybridization. Fig. 

5A shows that SOE is expressed between the shoot apical meristem (SAM) and 

the leaf primordia while EVG is not expressed in this tissue (Fig. 5B). During flower 

development, SOE mRNA is not detectable in either the sympodial inflorescence 

meristem (IM) or the flower meristem (FM) (Fig. 5C), whereas EVG is expressed in 

the emerging IM (Fig. 5D). At a later stage of flower development, SOE is 

expressed in the transmitting tract, which connects the stigma to the placenta (Fig. 

5E, F). During ovule development, SOE mRNA is detected in the outermost 

placenta cells where the ovules are formed (Fig. 5G) and later seems to get 

restricted to the region around the microphyle (Fig. 5I), although a weak 

hybridization signal can be observed in the integument. On the other hand, EVG is 

not detectable in any of the floral organs (Fig. 5D, H). The expression pattern of 

SOE differs completely from that of EVG (Chapter 3), suggesting that during the 

vegetative and reproductive phase these genes are not redundant. 

To evaluate whether SOE and EVG are expressed during embryo 

development, we measured the amount of EVG and SOE transcript by semi-

quantitative RT-PCR. As a control, we measured the mRNAs of the floral meristem 

identity gene ALF (ABBERANT LEAF AND FLOWER), and two genes expressed in 

the SAM, HER (HERMIT, the STM ortholog of petunia) and NAM (NO APICAL 

MERISTEM) (Souer et al., 1996; Souer et al., 1998; R. Castel, E. Kuster and R. 

Koes, unpublished results). We detected both EVG and SOE mRNA during 

embryogenesis in similar temporal patterns. SOE mRNA was detected in ovaries 

and not in earlier stages during flower development, consistent with the in situ 

hybridization results (Fig. 5C, 6). After pollination, SOE transcripts continue to be 

expressed in ovaries 2 days after pollination (dap), peaking at 8 dap (Fig. 6). In situ 

hybridization of 8 dap embryos confirmed that SOE mRNA accumulates in the 

suspensor cell of 2-8 cell stage embryos (Fig. 5J). EVG transcripts are detected in 

inflorescence apices but are absent from unfertilized ovaries, corroborating the in 

situ hybridization results (Fig. 5D, 6). Similar to SOE, EVG mRNA is detected after 

pollination in ovaries, as early as 2 dap. However, in situ hybridization of 2, 5 and 8 
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dap ovaries and embryos did not show any EVG signal, suggesting that EVG 

mRNA might be expressed throughout the tissue and/or below the detection limit 

(Fig. 5K).  

The expression of both genes rises as the embryos reach the late torpedo 

stage (16-18 dap) (Fig. 6). However, the in situ hybridization of heart to torpedo 

stage embryos, failed to detect SOE (Fig. 5L) or EVG mRNA. Because we also 

failed to detect NAM mRNA by in situ hybridization (Souer et al., 1996), it is likely  
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Figure 5. In situ hybridization results comparing the SOE and EVG expression 
patterns in different tissues. A-B. SOE and EVG expression in SAM, respectively; C-D. 
SOE and EVG expression after the transition to flowering in the IM, FM and developing 
flower primordia, respectively; E-F. SOE is detected in the transmitting tract; G-H. SOE and 
EVG expression in ovule primordia, respectively; I. SOE in ovules of 8 cm flower buds; J. 
SOE expression in the suspensor cell of a 8 dap embryo; K. EVG mRNA is not detectable in 
a 8 dap embryo; L. SOE transcript is not detected in a heart stage embryo; lp, leaf 
primordium; br, bract; AM, apical meristem; 1, Whorl 1 (sepals); op, ovule primordia; pl, 
placenta; sg, stigma; se, sepal; pe, petal; st, stamen; it, integument; mp, microphyle; ep, 
embryo proper; sp, suspensor; ct, cotyledons; Scale bars 100 � m or if variable indicated 
above the scale bar. 
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that the conditions at which the tissue was treated were most probably not ideal for 

in situ hybridization. As expected ALF mRNA was not detected during 

embryogenesis while HER expression was very low but detectable in unfertilized 

and fertilized ovules (Fig. 6). NAM was detected in later stages of embryo 

development, from heart stage on, consistent with the in situ hybridization data 

available (Souer et al., 1998) (Fig. 6).  
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Figure 6. SOE and EVG expression during embryo development. Semi-quantitative RT-
PCRs of SOE, EVG, ALF, HER and NAM mRNA in inflorescence apices, unfertilized ovules 
and in ovaries 2, 5, 8, 10, 12, 14, 16, 18 and 20 days after pollination (DAP) and in mature 
seeds (all in W115 background). ACTINE was used as control for the amount of mRNA in 
each tissue. 
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WOX9 is expressed in meristems during the vegetative and reproductive 

phase. In the SAM and FM, WOX9 expression is detected throughout the meristem 

and is absent from the IM. WOX9 is also expressed in ovule primordia (Wu et al., 

2005). Although, the WOX9 expression pattern differs completely from EVG IM 

expression, it is in some extent similar to SOE expression pattern, suggesting that 

SOE can exert a WOX9-like function in some meristems, while in other meristems 

that do not express EVG or SOE  (e.g. FM) a third petunia gene might be involved. 

WOX8 and WOX9 are expressed during embryogenesis from the zygote and 

1-cell stage on, respectively (Haecker et al., 2004). wox9 mutants arrest during 

embryonic development although not in all cases, suggesting a possible 

redundancy with another WOX gene, most likely WOX8. Although we were unable 

to determine where SOE and EVG are expressed during embryogenesis, SOE 

expression in 2-8-cell stage suspensor is similar to what was reported for WOX8 

(Haecker et al., 2004), again suggesting that SOE and WOX8/9 might be orthologs. 

All together these results suggest that SOE and EVG are not redundant 

during the vegetative and reproductive phases, although they might have 

redundant functions during embryogenesis.  

 

CONCLUSION 

 

SOE codes for homeodomain transcription factor that shares high sequence 

similarity to EVG in petunia and WOX8 and WOX9 in Arabidopsis. Furthermore, 

the function of SOE, EVG and WOX9 are conserved, as their overexpression in 

petunia trigger similar phenotypes. Our results suggest that EVG and SOE arose 

by a recent gene duplication and subsequently evolved by subfunctionalization, a 

phenomenon characterized by the acquisition of different subsets of the 

functionality of the ancestral gene (Force et al., 1999). Although we did not isolate 

a SOE mutant yet, our results suggest that SOE maintained the ancient role during 

embryogenesis, vegetative growth and ovule development, similar to WOX9, 

whereas EVG has diverged and acquired a specialized function in sympodial 

inflorescence branching,  
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MATERIAL AND METHODS 
 
DNA gel blot analysis 
Genomic DNA of wild type (EVG+/+), unstable evgB3292/B3292 and stable evgD2299/D2299 
mutants was isolated as described in Souer et al (1995). 10 � g of genomic DNA 
was digested with HinDIII or XbaI/BamHI restriction enzymes for 16 hours at 37 oC, 
in a total volume of 300 � l. The digested DNA was purified by phenol extraction 
(phenol:chlorophorm 1:1) and precipitated to concentrate the DNA in 50 � l of 1x 
DNA loading buffer. The DNA was loaded dry in a 0,7% agarose gel (Sigma) and 
run for 1 hour at 30 millivolts, in 0,5x TAE (100 mM Tris, 2,5 mM EDTA, 2,9 mM 
NaOH, pH8,3). After covering the gel with 0.5x TAE, the DNA was run overnight at 
25 millivolts. The DNA was blotted onto a Hybond-N+ membrane (Amersham) 
according to manufacturer’s instructions. The hybridization was performed with 
EVG full cDNA probe at 65 oC in 50 ml of hybridization mix (0,5M NaPi pH7,2, 7% 
SDS, 2 mM EDTA, 1% BSA) and washes were performed with 2xSSC/0.1%SDS at 
65oC. 
  
Isolation of SOE cDNA and genomic DNA sequences 
EVG and SOE genomic sequences were amplified by PCR from W138 genomic 
DNA, with primers EVG8 (GCGAATTCGCATCATCAAATAGACATTGGCCT) and 
EVG17 (GGTTTACTGAAGCAGTAGGAG) complementary to exon 1 and 2 of 
EVG, respectively. The resulting two PCR fragments were cloned in pGEMTeasy 
(Promega) and sequenced with vector specific primers, identifying the first 400 bp 
of SOE genomic sequence, starting from the ATG. The 3’ end of the SOE mRNA 
was obtained by nested PCR with SOE 1F / SOE 2F 
(CCATCATCACCACCAATGGCAAC / GCAAAACTTCAAGAATATGGTC) and a 
vector specific primer complementary to the T7 promoter primer 
(GTAATACGACTCACTATAGGG) on DNA from a cDNA library made from W138 
inflorescence apices (for more details see R. de Bruin, Chapter 4 (2002)). To 
isolate the 5’ end of the SOE mRNA we performed the same procedure using 
vector-specific primers and SOE 5R/ SOE 3R (GTTGATTAACTTTGGTGCTTTG / 
GACTTGTGATGATGACCAGTTG). To isolate the SOE genomic DNA sequence a 
PCR on W138 genomic DNA was performed using SOE ATG and SOE trailer 
primers (GCCAAGCTTATGGCTTCATCAAATAGACACTGGC and 
GCCCTACTTCCTCCATTTTCAAAGACG). 
Genbank accession number for SOE is EF187282 (SOE cDNA). 
 
Phylogenetic analyses 
Multiple sequence alignments were produced with a web-based version of 
ClustalW (http://crick.genes.nig.ac.jp/homology/clustalw-e.shtml) using default 
settings. The unrooted phylogenetic tree (Fig. 2B) was calculated using the 
neighbor-joining method and bootstrap analysis (1000 replicates) using PHYLIP via 
the same website, and visualized with Treeviewer version 1.6.6 
(http://taxonomy.zoology.gla.ac.uk/rod/rod.html). The tree shown in Fig. 2 C was 
calculated from an alignment of the homeodomain amino acid sequence. 
Sequences were obtained from the following Genbank accessions: WUSCHEL 
(CAA09986), WOX1 (AAP37133), WOX2 (AAP37131), WOX3/PRS (AAP37135), 
WOX4 (AAP37134), WOX5 (AAP37136), WOX6/PFS (AAP37137), WOX8 
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(AAP37138), WOX9/STIP (AAP37139), WOX11 (AAP37140), WOX12 
(AAP37141), WOX13 (AAP37142), PhTER (AAM90847), AmWUS (AAO23113), 
SlWUS (CAD61961), OsWUS (CAJ84138). Sequences from rice WOX gene 
homologs, indicated by their Osxgxxx identifiers, were taken from TIGR rice 
genome annotation database (http://www.tigr.org/tdb/e2k1/osa1/). 
 
In situ hybridization 
In situ hybridization was performed according to Souer et al (1996). Antisense 
digoxigenin-labeled RNA probes were synthesized from full length EVG and SOE 
cDNA clones by in vitro transcription using T7 polymerase and digoxigenin-11-UTP 
as recommended (Roche). The RNA probes were partially hydrolyzed for 50-60 
min in 60 mM Na2CO3 and 40 mM NaHCO3 to an average length of 100-150 bp 
prior to hybridization. Digoxigenin-labeled probes were detected as described 
previously (Souer et al., 1996) using the Western Blue stabilized AP substrate 
(Promega) which produces a brownish precipitate. 
 
RNA analysis 
RNA from inflorescence apices, unfertilized ovules was isolated by TRIzol method 
(Invitrogen) and RT-PCR analysis was performed as described in Quattrocchio et 
al (2006). RNA from fertilized ovaries and ripe seeds was isolated using the hot 
borate method (Wan and Wilkins, 1994). RT-PCR analysis was performed as 
described in Quattrocchio et al (2006). Expression levels of SOE, EVG, ALF, HER 
and NAM were measured by RT-PCR on 1st strand cDNA (Quattrocchio et al., 
2006) using primers complementary to SOE (CCATCATCACCACCAATGGCAAC 
and GTTGAACCAATTGAGAAAGTTAAA), EVG 
(GCTGAAGGAACAATGTAATCCATC and CACAAGCAACAACGCCACCTTC), 
ALF (GCCGCTGCAGCTGCTTCCACCTC and 
GATATAGAGGCAAAGTCAGAAAG), HER (GGGTAGCCTTAAGCAAGAGTTC 
and CTACTGCATACAAGTAAATGC), NAM 
(GCTCTAGATTTGCCACCATTTGAAGTG and 
CGGGATCCCATGGAGAACTACCAGCATTTC) and as control ACTIN 
(AC[A/T/C]GGAATGGT[T/C/G]AAGGCTGG and 
AC[C/G]ACCTT[A/G]ATCTTCATGCTGCT). 
The expression level of 35S:SOE was measured by RT-PCR on 1st strand cDNA 
as described previously (Quattrocchio et al., 2006) using primers complementary to 
SOE (CCATCATCACCACCAATGGCAAC and 
GTTGAACCAATTGAGAAAGTTAAA) and as a control ACTIN 
(AC[A/T/C]GGAATGGT[T/C/G]AAGGCTGG and 
AC[C/G]ACCTT[A/G]ATCTTCATGCTGCT). 
 
Gene constructs and plant transformation 
The 35S:EVG and 35S:WOX9 transgenes were made by ligating the 
corresponding cDNAs between the 35S RNA promoter of Cauliflower Mosaic Virus 
and the 3’ end of the Agrobacterium NOPALINE SYNTHASE (NOS) gene of the 
vector pGreen II (Hellens et al., 2000). These constructs were introduced into 
petunia W115 by Agrobacterium-mediated leaf disc transformation (Spelt et al, 
2000). Arabidopsis thaliana Columbia was transformed by the floral dip method 
(Clough and Bent, 1998).  
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35S:SOE was made by ligating the genomic SOE open reading frame (exons and 
introns) in the Gateway vector pEntry (invitrogen) and recombining it in between 
the 35S promoter and NOS 3’ end of pK2FGW7.0 (Karimi et al., 2002). This 
construct was introduced into W115 by Agrobacterium-mediated leaf disc 
transformation (Spelt et al., 2000).  
 
IAA measurements 
Auxin levels were determined by gas chromatography and mass spectrometry 
(GC-MS) as described by Edlund et al (1995). 
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ABSTRACT 

 

Auxin is a plant hormone involved in a wide variety processes, including the 

positioning and formation of new organs. However, the biosynthesis of auxin 

in plant tissues is poorly understood. Only a few enzymes have been 

identified that are involved in the synthesis of indole acetic acid (IAA), the 

most abundant plant auxin. Petunia floozy mutant plants fail to develop 

secondary veins in leaves and lack floral organs. The identification of FZY, 

the ortholog of Arabidopsis YUCCA, as a flavin monooxygenase-like protein 

suggested the involvement of this enzyme in the biosynthesis of a signalling 

molecule in higher plants, most likely auxin. To assess if the fzy mutant 

phenotype is due to a failure in local auxin synthesis, we tested whether the 

leaf venation and the floral organ formation could be restored by auxin. Here 

we show that expression of the Agrobacterium gene IAAM under the control 

of both FZY and NAM promoter was sufficient to complement the fzy 

mutation. These results demonstrate that organ formation depends on local 

auxin synthesis, and support the view that FZY is directly involved in auxin 

synthesis. 
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INTRODUCTION 

 

Darwin first postulated the existence of a substance responsible for the bending of 

stems towards the light in 1880 (Darwin, 1880). Since then this substance – auxin 

– was found to be involved in many aspects of plant growth and development, such 

as: the division, expansion and differentiation of cells, the inhibition of axillary 

meristem outgrowth (apical dominance), the patterning of embryos (axis formation), 

leaves (venation), and roots (formation of lateral and adventitious roots) and tropic 

responses (gravitropism and phototropism).  

One of the best studied phenomena concerns the role of auxin in 

organogenesis. The plant meristems are formed and maintained at both apical and 

basal ends of the embryo and are responsible for the initiation of new organ 

primordia. The signalling molecule implicated in the initiation and positioning of 

organ primordia is auxin. Experiments using inhibitors of polar auxin transport 

(PAT), such as NPA (1-N-naphthylphthalamic acid), and the identification of 

mutants impaired in auxin transport showed that auxin regulates developmental 

processes during embryogenesis, root, leaf and flower development (Okada et al., 

1991; Reinhardt et al., 2000; Benkova et al., 2003). The identification of genes 

encoding efflux (PIN FORMED gene family) and influx (AUX gene family) carriers 

demonstrated that their gene products display a cellular polar localisation and 

some can be rapid cycled from one cell side to the other (Galweiler et al., 1998; 

Casimiro et al., 2001; Geldner et al., 2001; Friml et al., 2002). Together these 

features control the flow of auxin and the creation of local maxima and minima, 

which will determine the initiation and position of the organ primordia (Reinhardt et 

al., 2000; Kuhlemeier and Reinhardt, 2001; Reinhardt et al., 2003).   

Although much is known about auxin function and transport, its biosynthesis 

is still unclear. In bacteria, such as Agrobacterium tumefaciens and Pseudomonas 

syringae, the pathway of auxin synthesis has been identified. The bacterial genes 

TMS1 (tryptophan monoxygenase – IAAM) and TMS2 (indoleacetamide hydrolase 

– IAAH) genes act sequentially to convert tryptophan (Trp) to indole-3-acetamide 

and, subsequentially, into indole-3-acetic acid (IAA) (Kosuge et al., 1966; Schroder 

et al., 1984; Thomashow et al., 1984; Thomashow et al., 1986). In plants IAA is 
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synthesized from chorismate, a precursor of Trp synthesis, by multiple pathways 

that are Trp-dependent and Trp-independent. Mutant analysis in Arabidopsis 

indicated that both pathways bifurcate before Trp, as trp3 and trp2 (encoding TRP 

SYNTHETASE �  and � , respectively) mutants still accumulate IAA conjugates (Fig. 

1) (Normanly et al., 1993; Ouyang et al., 2000). On the other hand, earlier 

intermediates of these pathways are common since in trp1 mutants IAA conjugates 

are lacking (Fig. 1) (Last and Fink, 1988; Normanly et al., 1993; Ouyang et al., 

2000). Interestingly, studies done in an aquatic plant, Lemna gibba, showed that 

the Trp-dependent pathway synthesis predominates at low temperatures and the 

Trp-independent at high temperatures (Rapparini et al., 2002). Studies with two 

Arabidopsis cytochrome P450s, CYP79B2 and CYP79B3, thought to be involved in 

conversion of Trp into indole-3-acetaldoxime (IAOx), indicates that temperature 

might also regulate the choice of IAA biosynthetic pathway in Arabidopsis (Hull et 

al., 2000; Mikkelsen et al., 2000; Zhao et al., 2002).  

How Trp is converted into IAA is largely unknown. Several hypothetical 

pathways have been postulated, but direct evidence for their existence is lacking 

(for review see Woodward and Bartel (2005)). Indole-3-acetaldoxime (IAOX) is at 

the branch point between the indole-3-methylglucosinolates and IAA biosynthesis 

(Fig. 1) and the conversion of Trp to IAOX involves CYP79B2 and CYP79B3 (Hull 

et al., 2000; Mikkelsen et al., 2000). The indole-3-acetonitrile (IAN) pathway is 

found in several plant families and involves the conversion of IAN to IAA by 

nitrilases (Arabidopsis NIT genes) (Fig. 1) (Bartling et al., 1992; Bartel and Fink, 

1994; Bartling et al., 1994; Park et al., 2003).  

Genetic evidence suggested that a flavin-monooxygenase-like enzyme, 

encoded by FLOOZY (FZY) in petunia and YUCCA (YUC) in Arabidopsis, is 

involved in auxin synthesis (Fig. 1). Ectopic expression of FZY or YUCCA resulted 

in increased root formation, narrow and epinastic leaves and auxin independent 

growth in tissue culture (Zhao et al., 2001; Tobena-Santamaria et al., 2002). These 

phenotypic characteristics were also observed in petunia, tobacco and Arabidopsis 

plants overexpressing bacterial genes involved in auxin synthesis (Klee et al., 

1987; Boerjan et al., 1994; Barlier et al., 2000; Eklof et al., 2000; Bak et al., 2001). 

Moreover, FZY and YUC overexpressors show elevated free IAA levels. 
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Figure 1. Simplified diagram of hypothetical IAA biosynthetic pathway in plants. Only 
the enzymes referred to in the text are depicted in the scheme (in grey the gene name and 
mutant name). All the genes depicted were identified in Arabidopsis except for FLOOZY, a 
petunia gene. Scheme based on a more complex pathway described Woodward and Bartel 
(2005). 
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The overexpression YUC phenotype was lost in plants overexpressing the 

Pseudomonas syringae INDOLEACETIC ACID-LYSINE SYNTHETASE (IAAL), 

which inactivates free IAA by conjugation to lysine, reducing the levels of free IAA. 

These observations indicate that the higher levels of free IAA were responsible for 

the overexpression YUC phenotypes (Zhao et al., 2001). However, the only 

evidence that the effect of these genes in auxin synthesis is direct is that 

recombinant YUC protein could convert tryptamine into N-hydroxyl tryptamine, a 

hypothetical step in auxin synthesis (Fig. 1). However, this reaction was relatively 

inefficient leading to the production of relatively small amounts of product and 

required large amounts of enzyme.  

Petunia fzy mutants show decreased apical dominance and fail to form 

secondary veins in leaves and bracts. Furthermore, the initiation of flower organ 

primordia in the three outer flower whorls is abolished and the fertility of the female 

organ is compromised (Tobena-Santamaria et al., 2002). However, no decrease in 

auxin levels were measured in fzy mutants, indicating that the effect of FZY in 

auxin biosynthesis might be indirect or that FZY synthesizes only a small fraction of 

the total auxin pool (Tobena-Santamaria et al., 2002).  

To test whether the failure in floral organ formation in fzy mutants is due to 

local depletion of IAA, we examined whether organ formation could be restored by 

auxin application. Therefore, we expressed Agrobacterium tumefaciens IAAM gene 

from various promoters in fzy mutants, to asses the ability of the auxin to overcome 

the mutation. Our results show that the fzy mutation was restored in plants 

expressing IAAM under the control of FZY and NAM promoters, proving that FZY is 

involved in local auxin synthesis essential for the formation of secondary veins and 

floral organs.  

 

RESULTS AND DISCUSSION 

 

To determine if the phenotypic alterations in fzy mutants were the result of a local 

decrease or depletion of IAA, the external application of auxin (IAA or NAA) onto 

fzy mutant inflorescence apices was performed. The failure to rescue the 

phenotype could be explained by the fact that auxin does not reach the cells where 
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it is missing (Tobena-Santamaria et al., 2002). As the overexpression of FZY was 

able to complement the fzy mutation (Fig. S1), we questioned if overexpressing the 

IAAM gene would have a similar effect. However, most of the plants 

overexpressing IAAM developed a severe phenotype and died during in vitro 

regeneration and only the weaker expressors survived. Even so, these plants grew 

very tall, with extreme apical dominance and leaf curling, due to an increase of 

almost 50 times in the amount of free IAA (Fig. S2). To overcome this problem, we 

decided to use tissue-specific promoters to drive the Agrobacterium tumefaciens 

IAAM gene and examined whether this could complement the fzy phenotype. 

 

Promoter activity of FZY, NAM and FBP1 

We chose to use the promoter of FZY, NAM and FBP1, as the latter share similar 

expression patterns with FZY at certain developmental stages. Thus, we isolated 

1.5 kb of 5’ flanking sequence of the FZY gene and 1.0 kb of 5’ flanking sequence 

of the B-type gene FBP1 and used 1.8 kb NAM promoter described previously 

(Souer, 1997). To determine whether these 5’ flanking sequences were sufficient to 

recapitulate the expression patterns of FZY and FBP1, we linked them to a GUS 

reporter gene and transformed them into W115 petunia line. 

FZY mRNA expression is found in the vegetative phase, in a thin layer of 

cells in the centre of the leaf blade and bract primordia (leaf-like structures 

subtending the inflorescence apex and flower), and in the centre of the flower 

meristem (FM) (for description of petunia inflorescence development see Chapter 

3). During flower organ primordia formation, FZY mRNA concentrates in petal and 

stamen primordia and later in ovule primordia (Tobena-Santamaria et al., 2002). 

However, FZY:GUS expression could not be detected during the vegetative phase 

either in the shoot apical meristem, leaf primordia (Fig. 2A) or in expanded leaves 

(Fig. 2B). After the transition to flowering, FZY:GUS expression was found at the 

basis of the bracts and inflorescence stem (Fig. 2C, D) but not in the apical 

meristem itself (Fig. 2D), in contrast to the endogenous FZY gene (Tobena-

Santamaria et al., 2002). In young flowers, the FZY:GUS was active in stamen 

primordia just before they became visible (Fig. 2E), similarly to the endogenous 

FZY gene (Tobena-Santamaria et al., 2002). As the flower develops, the GUS 
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staining was visible in the anthers as a band at the circumference of anthers 

(where the stromium will appear in later stages) (Fig. 2F-H and inset), at the basis 

of the stamens filament (Fig. 2H) and in the ovules (Fig. 2F-H). The FZY:GUS 

expression pattern in later stages of flower development fits perfectly with the FZY 

mRNA pattern described by Tobeña-Santamaria et al (2002). However, the lack of 

FZY:GUS expression during the vegetative phase, and in young flower meristems, 

suggests that cis-acting regulatory elements responsible for expression in these 

tissues are located outside the 1.5 Kb promoter fragment used. 
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Figure 2. FZY promoter expression pattern visualized by GUS staining. A. Vegetative 
shoot apex with three visible leaf primordia lacking FZY:GUS expression; B. Expanded leaf 
cleared with chloral hydrate to visualize the primary leaf venation pattern. Note the lack of 
GUS staining; C. Overview of an inflorescence apex with FZY:GUS expression at the bases 
of the bracts (that were removed, see inset for the adaxial side of a removed bract, where a 
corresponding stripe can be visualized), flower and apical meristem stems; D. Similar to C 
but a clear stripe is visible at the base of the apical meristem stem; E. Young flower where 
the petal and stamen primordia are hardly visible but FZY expression is already observed in 
the third flower whorl (stamens); F. A further developed flower in comparison to E, vertically 
cross-sectioned showing GUS staining in the anther tips and ovule primordia; G. Flower in 
similar stage to F transversally cross-sectioned showing the same FZY expression pattern 
as in F; H. Flower bud where FZY expression is observed at the base of the filaments, as a 
band that circumflexes the anther (see inset), and in ovule primordia. SAM, shoot apical 
meristem; lp, leaf primordium; am, apical meristem; br, bract; f, flower (numbering indicates 
flower age from younger to older); se, sepal; pe, petal; st, stamen; ca, carpel; an, anther; pl, 
placenta; ov, ovule primordia. 
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The 1.8 Kb NAM promoter expression pattern was determined by Souer 

(1997) with the use of NAM:GUS transgenic plants. NAM:GUS expression was 

detected in vegetative meristems at the base of leaf primordia and during flowering 

in both the inflorescence and floral meristems, and later on in developing ovules 

and placenta. The expression pattern of NAM:GUS in stamen primordia and in 

developing anthers, and in ovule primordium is similar to the one obtained with the 

FZY promoter.  
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Figure 3. FBP1:GUS expression pattern visualized by GUS staining. A. Overview of an 
inflorescence apex with two flowers (f1 and f2) and the bifurcated IM and FM (future f0). 
Notice the GUS expression in the centre of the FM; B. Overview of a dissected 
inflorescence apex with two flowers (f1 and f2). In f1 the sepals have been removed to 
visualize the strong staining in the second (petal primordia) and third (stamen primordia) 
whorl; C. Flower vertically sectioned showing that only the petals and stamens (specially the 
filament) stain for GUS; D. The same stage flower as in C but cross-sectioned, confirming 
the pattern observed in C; E. A further developed flower showing strong GUS staining in 
petals and stamen filaments; F-G. Same stage flower than E transversally sectioned 
(numbers indicate section level in E) to visualize FBP1 promoter activity at the base of the 
petals and stamens (F) and the absence of its activity in almost mature anthers (G); H. 
Detail of a maturing anther where a stripe across the anthers tip and the filament stain for 
GUS activity. IM, inflorescence meristem; FM, flower meristem; f, flower (numbering 
indicates flower age from younger to older); am, apical meristem; se, sepal; pe, petal; st, 
stamen; ca, carpel; an, anther; fl, filament; pl, placenta; ov, ovule primordia. 
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FBP1 mRNA is detected in petal and stamen primordia (Angenent et al., 

1992). In fzy FMs, FBP1 is expressed in a ring at the site where in wild type petal 

and stamens primordia emerge, but its mRNA levels remain very low (Tobena-

Santamaria et al., 2002). FBP1:GUS expression was detected only after the 

transition to flowering (Fig. 3A), more specifically in the centre of the FM (Fig. 3A) 

and later in petal and stamen primordia (Fig. 3B, C). As the flower develops, the 

GUS staining becomes restricted to the petals edges (Fig. 3D, G), to the stamens 

filament (Fig. 3E, F and H) and to a band at the circumference of anthers (Fig. 3H). 

The expression pattern in stamens is similar to the expression observed for FZY. 

 

Phenotypes of primary transformants 

The promoters used to drive GUS were linked to the IAAM gene to create 

FZY:IAAM, NAM:IAAM and FBP1:IAAM. Because fzy mutants were difficult to 

transform, we introduced the transgenes into FZY+/X2267 heterozygotes, and 

transferred them to a fzyX2267/X2267 homozygote background by crosses. The 

primary transformants of NAM:IAAM and FBP1:IAAM displayed no phenotypic 

alterations (data not shown). In contrast, FZY:IAAM expressors grew taller than 

untransformed plants (Fig. 4A), showed epinastic leaves with rolled edges (Fig. 4B) 

and larger flower organs (Fig. 4C). As the plants grew older, the stems became 

woody and developed numerous lateral protrusions (Fig. 4D). In order to study the 

nature of these organs, we examined them under a scanning electron microscope 

(SEM) and observed that these organs were protruding from inner layers of the 

stem (Fig. 4E). Cross-sections demonstrated that these protrusions possess a root 

organization, similar to adventitious roots (Fig. 4F, G). 

These alterations are consistent with traits observed in petunia and tobacco 

IAAM overexpressors (Fig. S2; Klee et al., 1987; Eklof et al., 2000). Together these 

observations confirm that the FZY promoter is active and that the IAAM gene is 

expressed.  

The primary transformants were backcrossed to untransformed FZY+/X2267 

heterozygotes and homozygous fzyX2267/X2267 progeny plants were selected by 

PCR, to assess complementation.  
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Figure 4. Phenotypes of FZY:IAAM primary transformants, in FZY+/X2267 background. 
A. Untransformed FZY+/X2267 plant (left) and transformant expressing the IAAM gene under 
the FZY promoter (right); B. Wild type (left) and FZY:IAAM leaves (right); C. Wild type (left) 
and FZY:IAAM (right) flowers; D and E. Adventitious root protruding from a FZY:IAAM stem, 
observed under stereomicroscope and the scanning electron microscope (scale bar 100 
mm), respectively; F and G. Toluidine blue stained sections of an younger and older 
adventitious roots, respectively; sm, stem; ar, adventitious root; rt, root tip. 
 

Partial complementation of the fzy mutation by FZY:IAAM 

fzy mutant plants (Fig. 5A) look bushier than wild type (WT) (Fig. 5F) because of 

reduced apical dominance and precocious outgrowth of the axillary meristems. In 

leaves and bracts, the secondary veins fail to develop (Fig. 5B, C and see arrow in 

Fig. 5G, H). In wild type, two bracts subtend the inflorescence apex (Fig. 5I,J), 

containing the inflorescence meristem (IM) and flower meristem (FM), whereas in 

fzy mutants the bract subtending the flower is missing (Fig. 5D). Additionally, 4 of 

the 5 sepals and all petals and stamens are lost (Fig. 5D and detail) because their 
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primordia are not established in early stages of flower development (Fig. 5E). As a 

result, fzy flowers bear only 1 sepal and two carpels (Fig. 5E) in comparison with 

the usual 5:5:5:2 sepals, petals, stamens and carpels in wild type flowers (Fig. 5I, 

J). Lastly, fzy mutant flowers are sterile, most likely due to the formation of infertile 

ovules. 

The FZY:IAAM expressors in fzyX2267/X2267 showed normal apical dominance 

(Fig. 5K) compared to untransformed fzy mutants, indicating that the expression of 

IAAM under the FZY promoter was able to suppress outgrowth of the axillary 

meristems after the transition to flowering. However, the FZY:IAAM transgene was 

unable to complement the lack of secondary veins in the leaves and bracts of fzy 

mutants (Fig. 5L, M). After the transition to flowering these plants produced two 

bracts and the first, second and third flower organ whorls were restored (Fig. 5N, 

O), although most of the time not completely (often 1 sepal, 3-4 petals and 3 

stamens). The female sterility was not fully restored (Fig. 5N detail).  

The inactivity of the FZY promoter in leaves, shown by lack of GUS staining, 

could explain why the formation of secondary veins was not restored in fzy mutants 

expressing FZY:IAAM. Nevertheless, leaves of these expressors have an auxin 

phenotype (curling and epinasty of leaves) indicating that, at some point, the auxin 

does reach the leaf. The often incomplete restoration of floral organ primordia may 

be due to the FZY promoter being weakly, if at all, active in the young FM (Fig. 2D). 

In contrast, the formation of two bracts instead of the typical one in fzy mutants is 

most likely the result of the expression of FZY:IAAM at the bases of the bracts, 

observed in FZY:GUS plants.  

To evaluate the levels of IAA in FZY:IAAM plants, the amount of free IAA in 

leaf and inflorescences were measured by Gas Chromatography-Mass 

Spectrometry (GC-MS). The levels of IAA in inflorescences were not altered in 

FZY:IAAM expressors compared to fzy mutants containing a silent transgene or no 

transgene at all (Fig. 6A). Nevertheless, the formation of the bract supporting the 

flower as well as the formation of the three floral whorls was restored suggesting 

that increases in very local IAA contents are enough to promote organogenesis. 
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Figure 5. Complementation of fzyX2267/X2267 mutants with a FZY:IAAM or NAM:IAAM 
transgene. A-E. fzy mutant: A. Plant phenotype; B. and C. Venation pattern of leaf and 
bract, respectively, where the secondary veins do not develop; D. Inflorescence apex, the 
inset shows a fzy flower, which contains a single sepal and the carpel; E. Inflorescence 
under a scanning electron microscope, where the carpel is most apparent; F-J. FZY 
heterozygote: F. With wild type phenotype; G and H. Venations pattern of leaf and bract, 
respectively, where arrow head indicates the secondary veins; I. Inflorescence apex; J. 
Inflorescence under a scanning electron microscope, showing the bifurcation of the 
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inflorescence apex and all the flower organ primordia; K-O. FZY:IAAM expressors in fzy 
mutant background: K. Bearing almost wild type flowers; L and M. Venations pattern of leaf 
and bract, respectively, non complemented; N. Inflorescence, with two bracts supporting the 
inflorescence apex, which develops flowers with 1 sepal, 3-4 petals, 3 stamens and 2 
carpels, in detail a seldom successful seed pod; O. Inflorescence under a scanning electron 
microscope, showing the bifurcation of the inflorescence apex and some organ primordia; P-
T. NAM:IAAM expressor in fzy mutant background: P. fully complemented plant; Q and R. 
Venation pattern of leaf and bract, respectively, where the secondary veins are formed 
(arrow heads); S. Inflorescence apex with all wild type features; T. Inflorescence under a 
scanning electron microscope, showing the two inflorescence bracts, the bifurcation of the 
inflorescence meristem and a young flowers bearing basically all flower organ primordia; br, 
bract; f, flower (numbering indicates flower age from younger to older); am, apical meristem; 
ax, axillary meristem; se, sepal; pe, petal; st, stamen; ca, carpel; sg, stigma; ov, ovary; IM, 
inflorescence meristem; FM, flower meristem; A, F, K and P scale bar 15 cm; E, J, O and T , 
Scale bar 100 mm. 

 

On the other hand, FZY+/X2267 and fzyX2267/X2267 plants expressing the 

FZY:IAAM transgene show an increase of 4.5-fold and 10-12-fold in leaf IAA levels, 

respectively. These higher amounts of free IAA in FZY:IAAM leaves can be 

correlated with the innerward and downward curling of the leaves (Fig. 6A), as in 

plants showing no curling of the leaves, wild type amounts of free IAA were 

measured (Fig. 6A). However, FZY:GUS is not expressed in leaves and FZY:IAAM 

does not restore leaf venation, suggesting that the extra auxin in mature leaves is 

due to transport from other tissues and has a wrong spatial-temporal distribution 

pattern to trigger vein formation.  

 

Full complementation of fzy mutation by NAM:IAAM 

fzy mutants bearing the NAM:IAAM transgene showed full complementation. 

The leaf and bract venation were essentially back to wild type patterns and the 

apical dominance was restored (Fig. 5P-R). After the transition to flowering these 

plants formed the two bracts at all nodes (Fig. 5S) and basically all the flower organ 

were rescued (Fig. 5S, T). Even the female sterility was complemented (data not 

shown). The only residual fzy mutant feature that remained was the lack of 

secondary veins in the very first leaves formed after germination, which was fully 

restored as the plant grew older. Even though the NAM promoter is only active at 

the base of the leaf primordia and not in the leaf primordia itself, the formation of 

secondary veins in NAM:IAAM plants is restored. This suggests that auxin most 

probably diffuses or is transported into the leaf primordia. Presumably this happens  
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Figure 6. Measurements of free indole acetic acid (IAA) (pg/mg of tissue). A. Graphic 
showing the levels IAA in leaves and inflorescence (inf.) of a fzy mutant (J2048.2), a 
FZY:IAAM in a FZY heterozygote background (J7095.14), a non complemented FZY:IAAM 
in fzy mutant background (J7095.1) and two partial complemented FZY:IAAM expressors in 
fzy mutant background (J7095.4 and a pool of H7099 plants); B. graphic showing the levels 
IAA in leaves and inflorescence of a fzy mutant (J2048.2), a NAM:IAAM in a FZY 
heterozygote background (J7101.27), a non complemented FZY:IAAM in fzy mutant 
background (J7101.3) and three fully complemented FZY:IAAM expressors in fzy mutant 
background (J7101.4, J7103.1 and J7101.6); m, X2267 allele. 
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 very early during venation pattern initiation, since in FZY:IAAM plants, the auxin 

accumulation in the leaf is not enough or happens too late to restore the fzy 

venation problems. Although both FZY and NAM promoters are expressed in ovule 

primordia, only NAM:IAAM was able to restore the female sterility of fzy mutants. 

In NAM:IAAM complementants, a 1.5 to 2.5-fold increase of free IAA levels in 

inflorescences was observed compared to fzy mutants containing a silent 

transgene (non complementing) (Fig. 6B). Although NAM:IAAM increased the IAA 

levels in leaves only slightly, it fully rescued the venation pattern.  

Together, the measurements of slight increases in IAA levels in NAM:IAAM 

inflorescences and leaves and FZY:IAAM inflorescences and the restoration of the 

fzy phenotype indicate that the timing and spatial production of IAA is functionally 

more important than the amount of IAA. 

 

FBP1:IAAM is not able to complement the fzy mutation 

Lastly, we tested if the FBP1:IAAM transgene was able to complement the fzy 

mutation, bearing in mind that FBP1 expression is decreased in fzy mutant apices 

(Tobena-Santamaria et al., 2002). FBP1 is expressed in petals and stamens 

(Angenent et al., 1992). Its initial activation in the anlagen of these organ depends 

on flower meristem genes like ALF and DOT (Chapter 2), whereas its later 

expression is maintained and upregulated by autoregulation (Schwarz-Sommer et 

al., 1992; Jack et al., 1994). However, this upregulation, apparently, does not occur 

in fzy mutants suggesting that it is somehow FZY or auxin dependent. 

In contrast to FZY:IAAM and NAM:IAAM, the FBP1:IAAM transgene was not 

able to rescue the fzy phenotype at any level (data not shown). Based of the 

expression pattern of FBP1 promoter it would be expected that the slight IAA 

production in FBP1:IAAM fzy plants would be sufficient to upregulate the FBP1 

promoter and trigger the production of more IAA, leading to the complementation of 

at least the second and third whorls. However, the upregulation of FBP1 does 

apparently not occur, which can be explained in several ways. One of the 

explanations is that the upregulation of FBP1 is FZY and not auxin dependent, 

suggesting that FZY produces some other signalling compound than auxin 

involved in the regulation of the FBP1 promoter. However, this seems unlikely as in 
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NAM:IAAM complementants FBP1 expression is upregulated as both petals and 

stamens are normally formed, indicating that in this case IAA was able to promote 

the upregulation of FBP1. Therefore, it seems more likely that the initial amount of 

IAA produced from the FBP1:IAAM transgene is not enough to trigger the 

upregulation of the FBP1 promoter or that the cells where it is expressed lack the 

proper substrate essential for the production of IAA. 

 

FZY is a key auxin biosynthesis enzyme 

Together our observations demonstrate that IAA is the molecule responsible for the 

formation of secondary veins, the apical dominance and the development of two 

bracts, sepals, petals and stamens in petunia. The complementation of the fzy 

mutants by the expression of the IAAM gene shows that the FZY gene is 

responsible for the production of IAA in specific pattern in the leaf to form the 

secondary veins. According to the leaf venation hypothesis of Aloni (Aloni, 2001; 

Aloni et al., 2003), the establishment of venation patterns and vascular 

differentiation in leaves depends on shifts in the sites of free auxin production and 

its concentration. FZY could be involved in the production of higher free IAA 

amounts in a specific domain of the leaf, determining were secondary veins will be 

formed, whereas other FZY-like genes would be involved in the development of 

primary, tertiary and higher complex venation patterns. However, NAM is not 

expressed in leaf primordia but in the border between them and the vegetative 

meristem. This is enough to promote the formation of secondary veins which is in 

agreement with the canalization model, that proposes that auxin induces vein 

formation and differentiation and is transported in a polar manner, channelled into 

narrow strands (Sachs, 1969, 1981). Recently, it has been shown that the auxin 

efflux carrier PIN-FORMED1 (PIN1) (for more information Chapter 1) subcellular 

polarity in the procambial cells (the vascular meristematic tissue) coincides with the 

site of vein formation (Scarpella et al., 2006). Additionally, Scarpella et al. (2006) 

showed that the most proximal region of the leaf primordium is the most responsive 

to auxin. Therefore, the production of auxin from the NAM promoter, just next to the 

leaf primordium proximal region is most probably enough to be correctly distributed 

by the PIN1 “highways” and promote secondary vein formation.  
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During flowering, FZY is essential for the formation of the bract neighbouring 

the FM and, in later stages, for the formation of sepals, petals and stamens. Here 

we show that all the phenotypic alterations in fzy mutants can be rescued by 

expressing IAAM in a temporally and spatially controlled manner, even if at very 

low amounts. Thus, FZY is involved in the biosynthesis of IAA in a tissue-specific 

manner and FZY and auxin act as signals for patterning of the leaf and 

inflorescence as well as for the initiation of organ primordia formation. 

Our conclusions are in agreement with a recent publication describing the 

isolation of three new YUC genes, highly redundant in Arabidopsis (Cheng et al., 

2006). YUC1, YUC4, YUC2 and YUC6 are the most closely related YUC genes to 

FZY, from the predicted 11. The combination of these yuc mutants revealed the 

function of these genes in leaf vein formation and floral organ patterning similar to 

FZY. Theses authors also took the same approach to prove that YUC genes are 

involved in IAA biosynthesis and complemented double and triple mutants by 

expressing the IAAM gene under the YUC6 promoter (Cheng et al., 2006).  

 

MATERIAL AND METHODS 
 
 
Isolation of FZY promoter and construction of binary vectors 
As the petunia W138 line has more than 200 active copies of the dTPH1 
transposon, novel sequences can be isolated by performing a SOTI-PCR as 
described in Chapter 4 with transposon primers (out11-
CGAAGGGGTGTCAATGCTG, out15-TATTTGAACGTTGTCCTCTTGAA) and two 
gene specific nested primers on W138 genomic DNA. The FZY promoter was 
isolated by nested PCR using two FZY reverse primers that anneal near the ATG 
(FZY7-GTCCATTAACCCATAGCCATTTTTGTTGAG, FZY5-
TGAACCCATGGTGACAAAAAGAATATGG) and transposon primers. A fragment 
of 1.5Kb was isolated, cloned into pGEMT-easy (Promega) and fully sequenced.  

The IAAM gene was obtained by PCR on pICUAS:IAAM (kind gift from Dr. 
Dolf Weijers) and cloned into EcoRI and BamHI sites in the pGreen 1K vector 
(Hellens et al., 2000) between the nopaline synthetase 3’ untranslated region and 
the CAMV 35S promoter giving rise to 35S:IAAM. The FZY:IAAM construct was 
made by substituting the 35S promoter with the FZY promoter using a SacI/XbaI 
digestion. The NAM promoter, obtained by PCR on ABC60 (Souer, 1997) was 
cloned substituting the 35S promoter in 35S:IAAM, by SacI/EcoRI digestion, to 
generate NAM:IAAM.  

The sequence of the FBP1 promoter used in the existing FBP1:GUS 
construct (Angenent et al., 1992) was not totally concordant with the Genbank 
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sequence. So we decided to determine which was the real FBP1 sequence using 
SOTI-PCR with FBP1 reverse primers (FBP1+70bp-
GTAAGTTACTTGTCTGTTGCTTG; FBP1+28bp- 
CTCTATCTTTCCTCTCCCCATATTTTCC) and transposon primers (out11 and 
out15). The obtained 1,0 Kb fragment was cloned in pGEM-T-easy (Promega) and 
fully sequenced. The sequence of our FBP1 promoter was matching the Genbank 
sequence. The FBP1:IAAM construct was made by substituting the 35S promoter 
in 35S:IAAM by the FBP1 promoter fragment, in a SacI/XbaI digestion. 

The FZY and the FBP1 promoter were ligated as a SacI/XbaI fragment in 
front of GUS coding sequence and nopaline synthetase 3’ untranslated region in 
pGreen1K backbone (Hellens et al., 2000). The complete insert was transferred as 
a NotI fragment into pBIVM2, a binary T-DNA vector derived from pBIN19. 

The DNA constructs were transformed into petunia by leaf disc 
transformation protocol (Spelt et al., 2000), making use of Agrobacterium 
tumefaciens AGL0. 

 
Microscopy 
The toluidine blue sections were made as described in Souer et al (1996). The 
leaves and bract tissue were cleared with a chloral hydrate solution as described 
by Tobeña-Santamaria et al (2002). 
 
Scanning electron microscopy 
Inflorescence apices were dissected under a stereomicroscope and prepared for 
SEM as described in Souer et al (1996). 
 
GUS assay 
Plant material was dissected and stained for GUS activity as described in by 
Kristen Bomblies in Weigel and Glazebrook (2002) using X-Glu (5-bromo-4-chloro-
3-indolyl-B-D-glucuronic acid sodium salt trihydrate) obtained from Duchefa.  

 
IAA measurements 
Auxin levels were determined by gas chromatography and mass spectrometry 
(GC-MS) as described by Edlund et al. (1995). 
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SUPLEMENTARY MATERIAL 
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Figure S1. Phenotypes of 35S:FZY primary transformants. A. An untransformed FZY+/m 
plant (left), a FZY+/m plant overexpressing the FZY gene (middle) and an 35S:FZY in a fzym/m 
background (right); B and C. FZY heterozygous (left), 35:FZY in FZY+/m (second left), 
35S:FZY in fzym/m (second right) and fzym/m leaves (right), adaxial (B) and abaxial (C) sides, 
arrows indicate secondary veins; D. 35S:FZY in fzym/m inflorescence apex; E. fzym/m apex; F. 
Graphic showing the levels of free IAA (pg/mg f tissue) in leaves of a FZY heterozygous 
plant (J2048.13), fzy mutant plant (J2048.2) and two complemented 35S:FZY expressors 
(J7163.2 and J7163.4). br, bract; f, flower (numbering indicates flower age from younger to 
older); am, apical meristem; se, sepal; ax, axillary meristem; m, X2267 allele. 
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Figure S2. Phenotypes of 35S:IAAM primary transformants in FZY+/m background. A. 
untransformed FZY+/m plant (left) and transformant overexpressing the IAAM gene (right); B. 
Wild type (left) and 35S:IAAM leaves adaxial and abaxial sides (right); C. Adventitious root 
protruding from a 35S:IAAM stem (arrow); D. Graphic showing the levels of free IAA (pg/mg 
f tissue) in leaves of a FZY heterozygous plant (J2048.13), fzy mutant plant (J2048.2) and 
two 35S:IAAM expressors (a higher expressor J7161.9 and a lower expressor 
J71631.22).ar, adventitious root; m, X2267 allele. 
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