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Abstract

According to the classical ABC model, B-function genes are involved in determining petal and stamen development.
Most core eudicot species have B class genes belonging to three different lineages: the PI, euAP3, and TM6
lineages, although both Arabidopsis and Antirrhinum appear to have lost their TM6-like gene. Functional studies
were performed for three gerbera (Gerbera hybrida) B class MADS-box genes—PI/GLO-like GGLO1, euAP3 class
GDEF2, and TM6-like GDEF1—and data are shown for a second euAP3-like gene, GDEF3. In phylogenetic analysis,
GDEF3 is a closely related paralogue of GDEF2, and apparently stems from a duplication common to all Asteraceae.
Expression analysis and transgenic phenotypes confirm that GGLO7 and GDEF2 mediate the classical B-function
since they determine petal and stamen identities. However, based on assays in yeast, three B class heterodimer
combinations are possible in gerbera. In addition to the interaction of GGLO1 and GDEF2 proteins, GGLO1 also pairs
with GDEF1 and GDEF3. This analysis of GDEF1 represents the first functional characterization of a TM6-like gene in
a core eudicot species outside Solanaceae. Similarly to its relatives in petunia and tomato, the expression pattern
and transgenic phenotypes indicate that GDEF1 is not involved in determination of petal identity, but has a redundant
role in regulating stamen development.
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Introduction

In core eudicots, the identity of petals and stamens is known
to be specified by B class MADS-box genes. The best studied
model species, Arabidopsis (Arabidopsis thaliana) and Antir-
rhinum (Antirrhinum majus), have two B genes: PISTIL-
LATA (PI) and APETALA3 (AP3), and GLOBOSA (GLO)
and DEFICIENS (DEF), respectively. The two proteins
interact to form a heterodimer that is required for their
function in DNA binding (Schwarz-Sommer et al., 1992;
Trobner et al., 1992; Goto and Meyerowitz, 1994). Phyloge-
netic reconstructions show that PI/GLO- and AP3/DEF-like
genes form separate gene lineages that arose from a duplica-
tion event that occurred before the rise of modern angio-
sperms (Kim ez al, 2004; Hernandez-Hernandez et al.,

2007). The AP3/DEF lineage has undergone another dupli-
cation event at the base of core eudicots, resulting into two
paralogous lineages, eudP3 and TOMATO MADS BOX
GENE6 (TM6). The eudP3 and TM6 lineage genes encode
specific C-terminal motifs, called the euAP3 and paleoAP3
motif (Kramer et al., 1998, 2004; Kramer and Irish, 2000).
The novel euAP3 motif seems to have originated from the
ancestral paleoAP3 motif via a simple frameshift mutation
close to the gene duplication event (Vandenbussche et al.,
2003; Kramer et al.,, 2006). Though the C-terminal motifs
are highly conserved within the gene lineages, suggesting
a functional importance, their exact function remains un-
clear (Piwarzyk et al., 2007; Su et al., 2008).
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Members of the TM6 lineage are the most poorly studied
B class genes as neither Arabidopsis nor Antirrhinum have
TM6 gene copies (Lamb and Irish, 2003). The most
thorough functional studies on 7M6 lineage genes so far
have been performed in Solanaceae, on Petunia hybrida
TM6 (PhTM6) (Rijpkema et al., 2006) and tomato (Sola-
num lycopersicum) TM6 (de Martino et al., 2006). The
expression patterns of these 7M6 lineage genes differ
from those of PI/GLO and eudP3 lineage genes in that they
have a broader expression domain. Their transcripts are
detected not only in petals and stamens, but also in carpels
and ovules (Vandenbussche et al., 2004; de Martino et al.,
2006). The petunia and tomato TM6 genes are involved in
stamen development and not in petal development, while
the eudP3 genes play a role in both petal and stamen
development. The petunia PhTM6 and PhDEF act com-
pletely redundantly in stamen development, while the
tomato TAP3 and TM6 are only partly redundant: the
TAP3 gene has unique functions in stamen development
that cannot be fulfilled by TM6 (de Martino et al., 2006;
Rijpkema et al., 2006).

To obtain a better understanding of the functional
differentiation of B class MADS-box genes, PI/GLO- and
AP3/DEF-like genes have been analysed in gerbera. Ger-
bera belongs to the large sunflower (Asteraceae) family,
which lies in a lineage of asterids distinct from the position
of Solanaceae (Angiosperm Phylogeny Group II, 2003).
Typical of Asteraceae, the inflorescence comprises hundreds
of tightly packed flowers with specialized structures
and functions. Three distinct flower types can be distin-
guished: the outermost ray and trans flowers have showy
petals and non-functional rudimental stamens, whereas
the disk flowers in the centre are smaller and hermaphro-
ditic with functional stamens. Three gerbera B class genes
that belong to different subfamilies have previously been
identified. GERBERA GLOBOSA-LIKEI (GGLOI) is a PI/
GLO lineage gene, GERBERA DEFICIENS-LIKE?
(GDEF2) is a eudP3 gene, and GDEFI is a TM6-like gene
(Yu et al, 1999). Here functional analyses for these
genes are presented and, furthermore, data are shown for
a fourth gerbera B gene, GDEF3, which appears to be the
result of an Asteraceae-specific gene duplication in the
euAd P3 subfamily. The data indicate that the PI/GLO and
eudP3 lineage genes GGLOI and GDEF2, respectively,
function in petal and stamen development and encode the
classical B-function in gerbera. An additional novel pheno-
type, the conversion of petals into ovary wall-like tissues,
was also observed when B-function genes were down-
regulated. Expression of the 7TM6 lineage gene GDEFI
differs from that of the other gerbera B class genes in
several aspects, such as being absent during the early petal
primordia initiation. However, transgenic phenotypes do
not show a unique function for GDEFI but instead suggest
it to be mainly redundant with other gerbera B class genes.
Functional redundancy is further supported by the yeast
two- and three-hybrid assays which show that the gerbera B
class proteins form three kinds of heterodimers with parallel
multimeric protein interaction capacities.

Materials and methods

Isolation of full-length GDEF3

Based on the expressed sequence tag (EST) sequence of GDEF3
(G0000700006 A02), primers for standard 5’ rapid amplification of
cDNA ends (RACE) were designed. Ray flower petals (developmen-
tal stages 2 and 3; Helariutta et al 1993) were used as starting
material and cDNA was synthesized as described in Laitinen et al.
(2008). Full-length cDNA amplification by RT-PCR (with a forward
primer 5'-ATCCAAATCAATGGCGAGAG-3' and a reverse
primer 5'-CCGTCATAATCCAAA-TCAGACA-3') was performed
to ensure that the 5’ fragment originated from the same transcript.
The cDNA was cloned into ZeroBlunt vector and sequenced in both
directions. The full-length sequence for GDEF3 has been deposited
in GenBank (http://www.ncbi.nlm.nih.gov) under accession number
FJ817421.

Phylogenetic analysis

Phylogenetic analyses were performed on corresponding nucleotide
and amino acid alignments for the MADS and K domains of
selected class B MADS-box factors. Both parsimony and maxi-
mum likelihood methods were used on nucleotide and amino acid
alignments. Since the analyses were largely congruent, only the
maximum likelihood results from the nucleotide sequence align-
ment are described and presented. For these analyses, the options
used with the PHYML (Guindon and Gascuel, 2003) web interface
(Guindon et al., 2005) were: (i) a starting tree constructed with the
BIONJ (Gascuel, 1997); (ii) best of NNI- and SPR-swapped trees;
(iii) a random tree from five data addition sequences; (iv) the
HKYS85 evolutionary model (Hasegawa et al., 1985); (v) estimated
proportion of invariable sites=0.122; (vi) six substitution rate
categories; (vii) estimated gamma distribution parameter=1.170;
(viii) transition/transversion ratio: 2.883; (ix) empirical base
frequencies; (x) tree topology optimization; and (xi) branch length
and rate parameter optimization. A total of 500 boostrap
resampling replicates were used to estimate support for clades
(Felsenstein, 1985).

RNA blot and in situ hybridizations

RNA blots were done as previously reported by Broholm et al
(2008). The floral organs were collected from ray and disk flowers
at different developmental stages (pooled at stages 3, 5, 7, and 9
for ray; and at stages 6 and 8 for disk flowers). The developmental
stages of the gerbera inflorescence have been described in
Helariutta et al. (1993). For gene-specific probes, the 3’ end of the
cDNA was used (for GGLOI, 217 bp). The plasmid pGGLOlas
was digested with Xhol and Bgl/ll; for GDEF2 (423 bp)
pHTT664.3 with EcoRI and BamHI; for GDEF3 (335 bp)
G0000700006A02 with SacIl and Kpnl; and for GDEFI (283 bp)
pHTT661.2 with EcoRI and BamHI. In situ hybridization analyses
using gene-specific probes were performed as in Elomaa et al
(2003). Probe concentration for GGLOI, GDEF2, and GDEF3 was
0.4 pg ml~! kb™!, and for GDEFI 0.5 pg ml~! kb~!. Detection
time was 16 h for GGLO! and GDEF2, and 4045 h for GDEF3
and GDEFI.

Plant transformation and analysis of transgenic lines

Agrobacterium-mediated transformation of the full-length gene
constructs 35S-GGLOI, 35S-GDEF2, and 35S-GDEF]I into gerbera
was performed as previously described (Elomaa and Teeri, 2001).
Integration of the transgene was verified using standard DNA
hybridization. Scanning electron microscopy (SEM) analysis of the
transgenic flower organs was performed as described by Uimari
et al. (2004).

Yeast assays

Full-length gerbera B class MADS-box cDNAs (GGLOI, GDEFI,
GDEF2, and GDEF3) were introduced into the Gateway system
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using PCR (PCR Cloning System with Gateway Technology with
pDONR221, Invitrogen). Primers flanking the first methionine of
the gene and the stop codon were designed according to
Invitrogen’s instructions. Two nucleotides were added between the
attBl sequence and the start codon. The Gateway primer
sequences are shown in Supplementary Table S2 available at JXB
online. The PCRs were run according to the guidelines of the
Phusion DNA polymerase (Finnzymes). The PCR products were
polyethylene glycol (PEG) purified and recombined to pDONR221
plasmid to create the Gateway entry clones, according to
Invitrogen’s instructions.

The entry clones were recombined into the activation domain-
and binding domain-containing plasmids pDEST22 and pDEST32
(Invitrogen). The pDEST22 and pDEST32 derivatives carrying the
gerbera B class MADS-box genes were transformed into both
yeast strains PJ69-4A and PJ69-4o (James et al, 1996). The
pDEST32 clones containing N-terminal binding domain fusions
were tested for autoactivation by plating them on the yeast
medium SD lacking adenine (SD —Ade) and histidine (SD —His),
and supplemented with 1, 5, 10, 25, and 50 mM 3-amino-1,2,4-
triazole (3-AT) (Sigma A8056). To obtain yeast double trans-
formants, the A and o types of yeast strains were mated by
pipetting them on top of each other on SD Complete plates
containing all the essential amino acids. Yeast double trans-
formants were plated on selection plates SD —Leu —Trp, and these
colonies were replica plated on YPAD, SD —Leu —Trp —Ade, and
SD —Leu -Trp —His + 25 mM 3-AT essentially as described in the
ProQuest Two-Hybrid System Manual (Invitrogen PQ10001-01).
X-gal assay was performed for yeast cells grown on YPAD plates
according to Invitrogen’s instructions.

Results

Phylogenetic analysis of the gerbera B class MADS-box
genes

In addition to the three previously isolated gerbera B class
genes (GDEFI, GDEF2, and GGLOI), a fourth gene, named
GDEF3, was identified by EST sequencing from a gerbera
cDNA library that was constructed from early stages of
petal development (Laitinen et al., 2005). Maximum likeli-
hood phylogenetic analyses demonstrated that, in general,
the B class genes from Asteraceae seem to form specific
subgroups within the three B class clades (PI/GLO, euAdP3,
and TM6) found in core eudicots (Fig. 1).

In the eud P3 lineage the Asteraceae-specific subgroup is
further divided into two paralogous groups, in which
GDEF2 and GDEF3 have putative orthologues from
both sunflower (Helianthus annuus) and chrysanthemum
(Dendranthema grandiflorum) (Fig. 1). This indicates that
the eud P3 lineage has undergone a gene duplication event
early in the Asteraceae lineage. GDEF2 and GDEF3 both
encode the typical eudP3 C-terminal motifs. Alignment of
the inferred amino acid sequences of the selected eudP3
lineage members (Supplementary Fig. S1 at JXB online)
showed several amino acid changes that were specific to the
GDEF2/HAM63/CDM115 and GDEF3/HAM2/CDMI19
groups: three were observed in the K-domain and three in
the C-terminal region.

Interestingly, the gerbera TM6 lineage gene GDEFI
encodes a paleo4AP3 C-terminal motif (YELHDHQHTN)
that is highly diverged from the consensus sequence
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(YGxHDLRLA) (alignment shown, for example, in Kim
et al., 2004). The paleoAP3 motif of its putative sunflower
orthologue HAM9! (YEPHGLRLD) is much more similar
to the consensus paleo4 P3 motif than is that of GDEFI.

Expression of B class genes in gerbera tissues

Expression of the gerbera B class genes was studied by
RNA blotting and in situ hybridization. Both GGLOI and
GDEFI were found to be expressed exclusively in floral
tissues, whereas GDEF2 and GDEF3 transcripts were also
detected (although only weakly) in vegetative leaves and
petioles (Fig. 2). GGLOI, GDEF2, and GDEF3 all showed
the strongest expression in petals and stamens. GDEF2 and
GDEF3 also showed a weak signal in pappus bristles (whorl
one) and carpel (stigma and style) (Fig. 2). Only GGLO!
expression was sharply restricted to petals and stamens
during organ differentiation (Figs 2 and Fig. 3F, K, P, U),
whereas GDEF2 and GDEF3 had broader expression
domains (Fig. 2).

While GGLOI, GDEF2, and GDEF3 showed similar
expression in both ray and disk flowers (Fig. 2), the
expression pattern of GDEFI varied between the two flower
types. In disk flowers, GDEFI transcripts were detected in
all four floral whorls, whereas in ray flowers the expression
could not be detected in petals at comparable developmen-
tal stages (Fig. 2). The expression of GDEFI was detected
only very weakly at early stages of ray flower petal
development (stages 1-3, data not shown), in contrast to
the more consistent expression in disk flower petals
(Supplementary Fig. S2 at JXB online). All the four gerbera
B class genes were expressed in the non-functional stamen
rudiments of ray and trans flowers (Fig. 3K, L, M, N for
ray flowers, data not shown for trans flower stamens). This
suggests that they are not involved in the sex determination
of the gerbera flower types.

In situ hybridizations showed further differences in the
pattern of GDEFI expression in comparison with the other
gerbera B class genes. GDEFI transcripts were detected in
stamen primordia but not in the early petal primordia (Fig.
3D, I), while the expression of GGLOI, GDEF2, and
GDEF3 was activated in both petal and stamen primordia
(Fig. 3A, B, C). Later on, GDEFI was expressed in all four
whorls, but in spatially restricted patterns. GDEFI tran-
scripts were localized in lateral edges of petals in all three
flower types (Fig. 3N for ray, S for trans, and X for disk
flowers). Thus, the expression of GDEFI clearly differs from
the uniform pattern of GGLOI, GDEF2, and GDEF3
expression in petals.

In disk flower stamens, GDEFI expression was restricted
to the adaxial side (Fig. 3X) and, later in development, to
the sterile connective tissue (data not shown). However,
RNA blots revealed that GDEFI, together with GGLOI,
was expressed in disk flower stamens at later stages than the
eudP3 genes GDEF2 and GDEF3 (Supplementary Fig. S2
at JXB online). An additional difference in the GDEFI
expression pattern was strong expression at late stages of
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Fig. 1. Phylogenetic analysis of selected B class MADS-box genes based on a nucleotide sequence alignment (~550 bp from the start
codon) and the maximum likelihood method. The four gerbera B class genes are located on distinct branches of the tree: GDEF2 and
GDEF3 in the euAP3 clade, GDEF1 in the TM6-like clade, and GGLO1 in the PI/GLO clade. Genes from Asteraceae form two paralogous
subgroups within the euAP3 clade, the GDEF3-like and GDEF2-like clades. Bootstrap values at nodes represent percentages of times
clades appeared in 500 resampling replicates. Lengths for three key branches (in subsititutions per site) among the Asteraceae genes
are also indicated for scale. In addition to gerbera, genes were selected from the following species: Antirrhinum majus (GLO, DEF);
Arabidopsis thaliana (Pl, AP3); Dendranthema grandiflorum (CDM86, CDM115, CDM19); Helianthus annuus (HaP!, HAM31, HAM91,
HAM2, HAMB3); Hieracium piloselloides (HpDEF2); Malus domestica (MdTM6, MAMADS13); Petunia hybrida (PhGLO1, PhGLO2,
PhTM6, PhDEF); Rosa rugosa (MASAKOBP, MASAKOBS, MASAKOeuB3); Solanum lycopersicum (LePl, TPI, TM6, TAP3); and Vitis
vinifera (VWWPI, WTMB6, VWAP3). GenBank accession numbers are presented in Supplementary Table S1M at JXB online.
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Fig. 2. The expression of gerbera B class genes in floral organs of
ray and disk flowers and other tissues. The expression of GGLO1
is restricted to petals and stamens. GDEF2 and GDEF3 are
expressed, in addition to petals and stamens, in other floral organs
and vegetative tissues. GDEF1 is expressed in all four floral organs
in disk flowers, but in ray flowers the expression was not detected
in petals. The lowest panel shows ethidium bromide-stained rRNA
bands to control RNA loading.

carpel development when GDEF2 and GDEF3 were no
longer expressed (Supplementary Fig. S2).

Down-regulation of GGLO1 and GDEF2 expression
leads to stamen and petal defects

In a previous study, the phenotypic effects of constitutive
and reduced expression of GGLOI were reported (Yu et al
1999). The lines with reduced GGLO! expression described in
Yu et al. (1999) showed homeotic changes in petals but not
in stamens. An additional GGLOI co-suppression line that
shows a stronger phenotype has now been obtained (Trl5,
Fig. 4B). In contrast to the previous studies, the identity of
both petals and stamens was affected. In accordance with the
predicted homeotic changes in B class mutants, stamens were
converted into carpeloid structures with carpel-like cells on
their surfaces (Fig. 5B). Petals had two different kinds of
epidermal trichomes on their abaxial surfaces. On the basal
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petal tube, trichomes similar to those found in wild-type
ovary wall were observed (Fig. 5SE). On the distal petal parts
(the ligule), there were trichomes that resembled pappus
bristles (Fig. 5SH). GGLOI expression was highly reduced in
young inflorescences of the Trl5-line. However, the expres-
sion of GDEFI, GDEF2, and GDEF3 appeared unaltered
(Supplementary Fig. S3 at JXB online).

The transgenic lines in which GDEF2 expression was
suppressed also showed phenotypic changes in whorls two
and three (Supplementary Fig. S4 at JXB online), though
their phenotypes were different from those of the GGLOI
down-regulation lines. Conversion of the basal petal tube of
ray flowers into an ovary-like structure was even more
striking in the GDEF2 down-regulation lines, and three new
cell types were observed on the petal epidermis (Fig. 6). The
basalmost tubular region of the petals had converted to
a tissue covered by similar trichomes to those in wild-type
ovary wall. Inside this ovary-like structure there was no
ovule but instead what appeared to be normal petal tissue.
Above the ovary wall-like tissue, a second round of pappus
hairs developed. These emerged from round-shaped cells
that were similar to cells from which pappus hairs emerge in
the wild type. In addition to the alterations in petals,
homeotic conversion of stamens towards carpeloid struc-
tures was observed (Supplementary Fig. S4). The homeotic
conversion of stamens was seen in only one of the lines
(Tr22, Fig. 4C), which showed strongest reduction in
GDEF? expression, and also showed reduction in the
expression of GGLOI (Supplementary Fig. S3). In the other
lines, there were no obvious homeotic changes in stamens.
However, disk flower stamens showed earlier senescence by
turning brown and dry already at anthesis. The stamens
produced some pollen but did not release them readily.

Down-regulation of GDEF1 expression leads to mild
phenotypic effects

In both of the GDEFI antisense lines in which GDEFI
expression was reduced (Fig. 4D, Supplementary Fig. S3 at
JXB online), developmental changes in petals and stamens
were observed. These changes resembled the mildest pheno-
types of the transgenic lines with reduced GDEF2 or
GGLOI expression. However, expression of GDEF2,
GDEF3, or GGLOI in the young inflorescences of these
lines was not altered compared with the wild type (Supple-
mentary Fig. S3). Both stereomicroscopic and SEM analysis
showed the presence of few ovary wall-like cells in the
abaxial side of ray flower petal tubes (data not shown). No
pappus bristle-like hairs were observed. Disk flower stamens
were similarly brownish at anthesis and unable to release
pollen, as described above for the stamens of the mild anti-
GDEF2-lines. No obvious homeotic conversions were
observed in these stamens (data not shown).

Overexpression of the gerbera B class genes

It was demonstrated previously that transgenic lines express-
ing GGLOI ectopically have clear homeotic conversions (Yu
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Fig. 3. In situ analysis of gerbera B class gene expression in floral primordia at stage 2 (A-E), stage 3-4 (F-J), ray flowers (K-O), trans
flowers (P-T), and disk flowers (U-Y). GGLO1, GDEF2, and GDEF3 are mainly restricted in petals (pe) and stamens (st). GDEF1 is not
detected in early petal primordia (D, 1), but later in a spatially restricted pattern in petals (N, S, X), stamens (N, X), and ovule (N). GDEF1
also shows early expression in whorl one (w1) (D, I). Negative controls hybridized with a sense probe are shown in the rightmost panel.
A-O represent longitudinal sections and P-Y cross-sections. Scale bars, 100 pm.

et al., 1999). Ectopic expression of GGLOI caused whorl one
pappus bristles to gain petal-like characters, whereas in whorl
four, carpels obtained stamen-like traits (Yu et al 1999). In
contrast, the six lines expressing GDEF2 ectopically and five
lines expressing GDEF1 ectopically (data not shown) did not
show any phenotypic changes compared with the wild type.
The expression of GDEF2, GDEF3, GDEFI, and endogenous
GGLOI in the 35S promoter-driven GGLO! overexpression

lines was studied (Supplementary Fig. S5 at JXB online). The
expression of GDEF2 was highly up-regulated in whorls one
and four as well as in ovaries and leaves. GDEF3 expression
was most clearly up-regulated in stamens and whorl four
stamenoid carpels, whereas in petals the expression was
unaltered. GDEFI expression was enhanced only in whorl
four, and, interestingly, its expression was reduced in the
whorl one organs that had petal-like characteristics. The
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Fig. 4. The wild-type gerbera inflorescence (A) and transgenic inflorescence phenotypes caused by co-suppression of GGLO7
expression (B, tr15), co-suppression of GDEF2 (C, tr22), and reduction of GDEF1 expression (D, tr12).

Fig. 5. SEM analysis comparing the epidermal cell structure of
gerbera floral organs between the wild type (wt) and transgenic line
(tr15) with reduced GGLO1 expression. Wt stamen (A) and tr
stamen (B), which resembles wt carpel (C). Wt petal tube (D) and tr
petal tube (E) with trichomes similar to trichomes in the wt ovary
wall (F). Wt petal ligule (G) and tr petal ligule (H) with trichomes that
resemble wt whorl one pappus bristles (). Scale bars, 100 pm.

endogenous GGLOI expression was also up-regulated in
these lines and independent of the floral context (Supplemen-
tary Fig. S5). In general, overexpression of GGLOI led to up-
regulation of GDEF2, GDEF3, and GDEFI expression and
caused homeotic conversions. In contrast, overexpression of
GDEF?2 did not alter the expression of GGLOI (data not
shown). The inability of GDEF2 to induce ectopic GGLOI
expression might relate to the strictly restricted expression of
GGLOI in wild-type whorls two and three, and this in turn
may explain the lack of phenotypic changes in the GDEF2
overexpression lines.

Protein interactions of the gerbera B class MADS
domain proteins

Using GAL4 yeast two-hybrid assays, it could be shown
that the GGLOI1 protein can form a heterodimer with all
the other three gerbera B class proteins GDEF1, GDEF2,
and GDEF3 (Supplementary Fig. S6 at JXB online). The
interaction capacity of the B class proteins (except GDEF3)
was tested with 11 other gerbera AGAMOUS-, SQUA-
MOSA-, or SEPALLATA3-like MADS domain proteins (S
Ruokolainen et al, unpublished results). The B class
proteins did not interact with any other class of MADS
domain proteins in the pairwise interaction assays. Further,
no homodimers or interactions between the eud P3 or TM6
clade members were observed.
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Fig. 6. Comparison of the wild type (A, C) and transgenic line
(tr22) with reduced GDEF2 expression (B, D). Transgenic petals
had obtained three new cell types. The petal tube was covered by
similar trichomes to those in ovary walls (B, D). In addition,

a second round of pappus hairs was observed (B, D). SEM
analysis of the transgenic petals (D) revealed that at the base of
the extra pappus there are round-shaped cells similar to cells
observed in the wild type (C) in a ring between the ovary and
pappus hairs. Scale bars, 100 um.

In chrysanthemum, yeast three-hybrid analyses have
shown that the two eudP3-type proteins CDMI115 and
CDM19, corresponding to GDEF2 and GDEF3, respec-
tively, act differentially in ternary complex formation
(Shchennikova et al., 2004). They both form heterodimers
with the PI/GLO-type protein CDMS86, but only the
CDM86-CDM115 heterodimer forms a ternary complex
with API/FUL-type proteins and with a class C protein,
whereas the CDM86-CDM19 heterodimer does not. To
investigate if this apparent diversification in functions is
conserved, a yeast three-hybrid experiment was performed
for the gerbera GDEF2 and GDEF3 proteins. It was found,
however, that gerbera GGLOI-GDEF2 and GGLOI1-
GDEF3 heterodimers were both capable of forming ternary
complexes with the API1/FUL-type and the C class proteins
(Supplementary Fig. S7 at JXB online).

Discussion

Asteraceae-specific B gene duplications and
conservation of function

The transgenic phenotypes show that the PI/GLO and eudP3
lineage genes GGLOI! and GDEF2 encode the classical B-
function in gerbera. Reduction in the expression of GGLOI
and GDEF2 results in homeotic conversion of stamens
towards carpels and of petals towards pappus bristles
(modified sepals). Moreover, the expression of GGLOI, as
well as both the eudP3 lineage genes GDEF2 and GDEF3, is
ubiquitous throughout the development of petals and stamens.

The presence of a paralogous pair of eud P3 lineage genes
is shared by gerbera, chrysanthemum, and sunflower. This
reflects a common origin, possibly from the genome-wide
duplication at the base of the Asteraceae lineage (Barker
et al., 2008). It is unlikely that duplicated genes would have
avoided non-functionalization or loss in all three lines
during the evolutionary history of Asteraceae [~40-49
million years ago (Mya); Kim et al., 2005; Barker et al,
2008] if they were completely functionally redundant. The
average half-life for redundant gene duplicates is only 4
million years (Lynch and Conery, 2003). This implies that
the pair of euAP3 lineage genes has probably undergone
functional diversification (e.g. sub- or neofunctionalization).
However, the GDEF2 and GDEF3 sequences and expression
patterns are very similar and their protein interaction
capacities seem not to differ, suggesting that they are at
least partially redundant. In support of functional diversifi-
cation, however, in transgenic lines that express GGLOI!
ectopically, it was observed that the expression of GDEF2
and GDEF3 is induced differentially.

Sunflower shows the presence of a second PI/GLO-like
gene (Dezar et al., 2003; Shulga et al., 2008). An orthologue
has not been reported in chrysanthemum and, despite
extensive efforts taken to find a second PI/GLO-like gene,
gerbera seems to have only GGLOI. An analysis of
the gerbera floral transcriptome using EST sequencing
(Laitinen et al., 2005, and unpublished sequences obtained
by 454 pyrosequencing) has yielded >100 tags similar to
GGLOI, but none for a second GGLO gene. The lack of
a second GLO-like gene in gerbera and chrysanthemum
suggests that the sunflower branch of Asteraceae has had
a recent PI/GLO duplication.

B gene expression and autoregulation

The pattern of gerbera B class gene expression in flowers is
comparable with that of Antirrhinum, petunia, and tobacco,
where PI/GLO-like genes show strictly restricted expression
and eudP3 genes a more widespread expression in all four
floral organs (Sommer et al, 1990; Davies et al., 1996;
Hileman and Irish, 2009). This pattern deviates from that of
Arabidopsis, where, in addition to petals and stamens, P/
transcripts are detectable in the inner (destined to carpels)
and AP3 in the outer (destined to sepals) parts of the flower
primordia early in development (Weigel and Meyerowitz,
1993; Goto and Meyerowitz, 1994). This initial expression
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pattern is evoked independently, but at later developmental
stages the expression is regulated through an auto- and
cross-regulatory loop, in which the formation of a hetero-
dimer between PI/GLO and eudP3 members is required to
maintain expression of these genes specifically in petals and
stamens (Schwarz-Sommer et al., 1992; Halfter et al., 1994;
Jack et al., 1994).

In gerbera, it was found that ectopic expression of GGLO!
leads to an up-regulation of the expression of GDEFI,
GDEF2, and GDEF3 (albeit to different levels; see Supple-
mentary Fig. S5 at JXB online). Remarkably, however, in
the transgenic line with reduced GGLO! expression, home-
otic alterations were detected but GDEF2 (as well as
GDEFI or GDEF3) transcription was not diminished.
Apparently, even though GGLOI is capable of regulating
GDEF expression, GGLOI expression is not necessary for
the maintenance of GDEF expression. Alternatively, a very
low level of GGLOI is sufficient for autoregulation. The
vegetative expression of GDEF2 in tissues where GGLO! is
not expressed further supports the presence of a regulatory
mechanism independent from autoregulation.

Transgenic phenotypes suggest a sepaloid origin for the
gerbera ovary wall

The homeotic conversion of petals caused by reduced B
class gene expression has characteristics unique to gerbera.
The abaxial epidermis of basal petal tubes takes on the
identity of ovary wall (and not whorl one, which in gerbera
is occupied by pappus bristles). The resemblance of petal
tubes to ovary wall is especially strong in transgenic lines
with reduced GDEF2 expression. Gerbera flowers are
epigynous, as they have an inferior ovary located below the
floral organs. There are two major morphological interpre-
tations about the origin of the inferior ovary wall; it may be
part of the floral axis (and thus be receptacular) or may
result from fusion of floral organs with the ovary (and
therefore be appendicular) (Gustafsson and Albert, 1999).
The present transgenic loss-of-B-function phenotypes show-
ing ovary wall-like tissues in petals suggest the latter
alternative, i.e. that the ovary wall might have sepaloid
origin, having evolved through fusion of the perianth
organs with the ovary.

GDEF1 may act redundantly in stamen development

Expression of the TM6 lineage gene GDEFI differs from
that of the other gerbera B class genes in several aspects.
Instead, it shows similarities with the pattern of PhTM6
expression in petunia (Vandenbussche er al., 2004). Both
genes are expressed in all four floral organs and most
strongly in stamens and carpels. In petals, their expression
becomes similarly weaker at later stages of development.
However, there are differences in the initial onset of the
expression. In gerbera, GDEFI transcripts are not detected
in the region of emerging petal primordia, whereas in
petunia and also in tomato (de Martino et al., 2006), the
expression in petals begins already at the primordium stage.
The pattern of GDEFI expression in petals is spatially
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restricted to lateral edges. Similarly, the tomato TM6 gene
shows restricted expression in the lateral margins of petals
(de Martino et al., 2006). Adding to the complexity of the
GDEFI expression pattern, stronger and more consistent
expression of GDEFI was detected in disk flower petals
than in ray flower petals.

Unlike other B class genes, TM6-like genes are preva-
lently expressed in carpels. Similarly to gerbera, petunia,
and tomato, the grapevine VvT M6 gene shows expression in
carpels and ovules in addition to petals and stamens
(Poupin et al, 2007). Both in gerbera and in petunia
(Vandenbussche et al., 2004), GDEFI and PhTM6 expres-
sion levels remain high in carpels until very late stages of
flower development. Whether this expression in carpels is
functionally relevant is currently unknown.

Despite the clearly distinct expression pattern, transgenic
plants in which GDEFI expression was suppressed did not
reveal any unique phenotypes but only very mild pheno-
typic changes. Similarly, in petunia, down-regulation of
PhTM6 expression alone did not cause any phenotypic
changes, and only analysis of the double mutant phtm6
phdef uncovered the role of PhTM6 in stamens (Rijpkema
et al., 2006). Although there are no data from simultaneous
down-regulation of GDEFI and GDEF2 (or GDEF3), the
present results indicate that GDEFI is not involved in
determining petal identity. In addition to the lack of
consistent expression of GDEFI in petals, further evidence
comes from studying GDEFI expression in GGLOI over-
expression lines, where the identity of pappus bristles has
changed into petals. Although GDEFI is expressed in wild-
type pappus bristles, in these homeotic petal-like organs
GDEFI expression is clearly diminished, suggesting that
homeotic conversion to petals may in fact require reduction
in GDEFI expression.

The mildness of stamen phenotype due to reduced
GDEF]I expression indicates a redundant role for this gene.
Suppressed GDEFI expression caused earlier senescence
and diminished release of pollen in disk flower stamens.
GDEF] expression persists longer in wild-type stamens than
that of GDEF2 or GDEF3, suggesting that GDEFI may
have an independent regulatory role in late stages of stamen
development. However, GDEFI cannot compensate for the
lack of GDEF2 expression in stamens, since similar and
stronger changes are detected in the GDEF2 transgenic
lines. To define the distribution of regulatory roles between
the three AP3-type genes in gerbera, production of GDEF3
down-regulation lines is required. Furthermore, transgenic
lines in which two or all of the three genes are down-
regulated simultaneously would be informative concerning
the overlapping roles that the present work suggests.

Conclusions

The present analysis of B-function genes in gerbera has
uncovered many commonalities with the function of ortho-
logues in other systems, particularly other asterids such as
Solanaceae. Importantly, gerbera represents an entirely
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distinct lineage of the asterids that diverged from the lineage
containing Solanaceae >100 Mya (Wikstréom et al., 2001).
As such, the general details of euAdP3/TM6-like gene
function described here can be parsimoniously interpreted
as the basal state among the asterids. Although drastic
modification has occurred at least once, in Antirrhinum
(Lamiales), which has lost its TM6 copy (as has Arabidopsis
independently), it can be inferred that even though
B-function expression details can be flexible in asterids
(Hileman and Irish, 2009), their function has persisted
across vast expanses of time with only few modifications.

Supplementary data

Supplementary data are available at JXB online and
comprise the following figures and tables.

Figure S1. Amino acid alignment for a selected set of
eud P3-clade MADS-box genes.

Figure S2. Expression of the B class genes in gerbera disc
flowers during development of petals, stamens, and carpels.

Figure S3. Expression of the B class genes in young
inflorescences of the transgenic gerbera lines.

Figure S4. SEM analysis of the transgenic gerbera line
(Tr22) with reduced GDEF2 expression.

Figure S5. Expression of the gerbera B class genes in the
transgenic GGLOI overexpression line.

Figure S6. Yecast two-hybrid analysis of the gerbera B
class MADS domain proteins.

Figure S7. Yeast three-hybrid analysis of the gerbera B
class MADS domain proteins.

Table S1. The B class genes used in the phylogenetic
analysis.

Table S2. Primers used for Gateway conversion of the
gerbera B class MADS-box genes.
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