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Ectopic Expression of pMADS3 in Transgenic Petunia
Phenocopies the Petunia blind Mutant

Suguru Tsuchimoto, Alexander R. van der Krol, and Nam-Hai Chua’
Laboratory of Plant Molecular Biology, The Rockefeller University, 1230 York Avenue, New York, New York 10021

We cloned a MADS-box gene, pMADS3, from Petunia hybrida, which shows high sequence homology to the Arabidopsis
AGAMOUS and Antirrhinum PLENA. pMADS3 is expressed exclusively in stamens and carpels of wild-type petunia plants.
In the petunia mutant blind, which shows homeotic conversions of corolla limbs into antheroid structures with pollen
grains and small parts of sepals into carpefloid tissue, pMADS3 is expressed in all floral organs as well as in leaves.
Ectopic expression of pMADS3 in transgenic petunia leads to phenocopies of the blind mutant, i.e., the formation of
antheroid structures on limbs and carpelloid tissue on sepals. Transgenic tobacco plants that overexpress pMADS3 ex-
hibit an even more severe phenotype, with the sepals forming a carpel-like structure encasing the interior floral organs.
Our results identify BLIND as a negative regulator of pMADS3, which specifies stamens and carpels during petunia flower

development.

INTRODUCTION

Flowers of angiosperms are composed of four organ types
(sepals, petals, stamens, and carpels) occupying four whorls,
named from the outermost (the first whorl) to the innermost
whorl (the fourth whorl). A mode! has been proposed to ex-
plain the determination of floral organ identity, based on the
extensive genetic studies in Arabidopsis and Antirrhinum
(Carpenter and Coen, 1990; Schwarz-Sommer et al., 1990;
Bowman et al., 1991). According to the model, three gene func-
tions, A, B, and C, each expressed in two adjacent whorls,
define floral organ identity. In the first whorl, only A is active
and leads to sepal formation. In the second whorl, the combi-
nation of A and B leads to petal formation, and in the third
whorl, both B and C are required for stamen formation. C alone
determines carpel formation in the fourth whorl. A and C are
mutually antagonistic; the loss of one function will cause the
expression of the other function in that particular whorl. Ac-
cording to this ABC model, a mutation in a floral homeotic gene
should result in homeotic conversions in two adjacent whorls;
for example, a mutation in an A function gene will convert sepals
into carpelloid structures in the first whorl and petals into stami-
noid structures in the second whorl.

in Arabidopsis, A, B, and C correspond to the APETALA2
(AP2) gene, a combination of the APETALA3 (AP3) and the
PISTILLATA genes, and the AGAMOUS (AG) gene, respectively;
in Antirrhinum, B corresponds to a combination of the DEFI/-
CIENS (DEFA) and the GLOBOSA (GLO) genes, and C corre-
sponds to the PLENA (PLE) gene. Among them, AP3, AG,
DEFA, GLO, and PLE have already been cloned and charac-
terized (Sommer et al., 1990; Yanofsky et al., 1990; Jack et
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al., 1992; Trobner et al., 1992; Bradley et al., 1993). A muta-
tion on each of these genes causes homeotic conversions in
two adjacent whorls where it is expressed. Sequence analy-
sis showed that the products of all these genes share a
conserved region designated as the MADS box (MCM1, AG,
DEFA, and SRF) (Schwarz-Sommer et al., 1990), which is
homologous to the DNA binding domain of known transcrip-
tion factors MCM1 (yeast) and SRF (human) (Dubois et al.,
1987; Norman et al., 1988). Indeed, the DEFA and GLO pro-
teins have been shown to bind to specific DNA motifs as a
heterodimer by in vitro DNA binding studies (Trobner et al.,
1992). These results suggest that floral MADS-box gene prod-
ucts likely act as transcription factors that regulate genes
involved in floral organ development.

Petunia hybrida is an important horticultural plant derived
from several different ancestral Petunia species (Sink, 1984).
This plant, which has large flowers, has long served as a model
system for investigations on anthocyanin biosynthesis; yet, little
is known about the genes that control petunia fioral organ
identity (de Vlaming et al., 1984). Figure 1 shows schematic
diagrams of a petunia wild-type flower. A petunia floral homeotic
mutant green petal (gp) shows a homeotic conversion of petals
into sepals, but does not show any conversions of stamens
into carpels, unlike Antirrhinum defA or Arabidopsis ap3 mu-
tants. We have recently shown that the gp mutant (line PLv)
is a null mutant of pMADST, a petunia MADS-box gene that
shares sequence homology with the Antirrhinum DEFA gene
(Kush et al., 1993; van der Krol et al., 1993). The phenotype
conferred by gp can be restored to wild type by expression
of a cauliflower mosaic virus (CaMV) 3558 pMADST transgene
(van der Krol et al., 1993). pMADST is therefore encoded by
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Figure 1. Schematic Diagrams of the Petunia hybrida Wild-Type Flower.

Top: A floral diagram showing five sepals, five petals, five stamens,
and a bilobed carpel.

Bottom: A longitudinal section of a mature flower. Petals can be divided
into corolla limbs and the basal tube. Stamens consist of anthers and
filaments fused to the tube at the base. The carpel is composed of
the stigma, the style, and the ovary.

Se, sepal; Pe, petal; St, stamen; Ca, carpel; Li, limb; Tu, tube; An,
anther; Fi, filament; Sg, stigma; Sy, style; Ov, ovary.

GP, and, accordingly, it will be referred to as GP henceforth.
Furthermore, ectopic expression of GP fused to a CaMV 35S
promoter in wild-type plants results in the partial conversion
of sepals into petaloid organs, without any conversion of car-
pels into staminoid organs (U. Halfter, N. Ali, L. Ren, A. Kush,
and N.-H. Chua, manuscript submitted). These results obtained
with the GP gene are not consistent with the model for flower
development described above and suggest that the detailed
mechanism for floral organ development varies among differ-
ent plant species.

In this paper, we describe the isolation and characteriza-
tion of another petunia MADS-box gene, pMADS3, which is

expressed mainly in stamens and carpels (van der Krol et al.,
1993). The petunia blind (b/) mutant has been previously
reported to show a homeotic conversion of corolla limbs into
antheroid structures in the second whorl (Vallade et al., 1987)
and has long been considered as a homeotic mutant with al-
terations only in one whorl (de Vlaming et al., 1984; Angenent
et al., 1992). We present here that the b/ mutant, in fact, also
shows a homeotic conversion in the first whorl, i.e., sepal apices
converted into stigmatoid tissue. The expression of pPMADS3
was observed in all floral organs as well as in leaves of the
mutant. The b/ phenotype can be recapitulated by the ectopic
expression of a 35S-pMADS3 transgene in transgenic petu-
nia. The phenotype of sepals is more prominent in transgenic
tobacco plants expressing the same transgene. Our results
indicate that pMADS3 is involved in the development of the
third and fourth whorls in petunia flowers and that BL is a nega-
tive regulator of pPMADSS. In contrast to GP, pPMADS3 and BL
are likely to have similar functions as C and A function genes
of Arabidopsis or Antirrhinum.

RESULTS

Isolation and Sequence Analysis of pMADS3 cDNA

To isolate petunia genes with high sequence homology to the
Arabidopsis AG (Yanofsky et al., 1990), we screened a petu-
nia floral cDNA library using a polymerase chain reaction probe
encompassing the Arabidopsis AG coding region. Five inde-
pendent clones were isolated and sequenced. Sequence
analysis showed that they were derived from two different
genes, which were designated as pMADS3 and pMADS4. In
this paper, we describe the expression pattern and functions
of pMADS3. The characterization of pMADS4, which shows
sequence homology to AGL6 (Ma et al., 1991), will be published
elsewhere (S. Tsuchimoto, manuscript in preparation).

Figure 2A shows the nucleotide sequence and deduced
amino acid sequence of pMADS3. The open reading frame
is 242 amino acid residues long and encodes a protein with
amolecular weight of 27,900. As shown in Figure 2B, the puta-
tive pMADS3 protein shares identical residues with the
Arabidopsis AG protein (Yanofsky et al., 1990), the Brassica
BAG1 protein (Mandel et al., 1992), and the Antirrhinum PLE
protein (Bradley et al., 1993) within the MADS-box region (Ma
et al., 1991). Outside of the MADS-box region, the homology
between pMADSS3 and these three gene products is about 57
to 61%. These results suggest that pMADS3 may be a homo-
log of AG and PLE.

pMADS3 Expression in Wild Type and the blind Mutant

To study the function of pMADSS3, we isolated RNA from each
of the floral organs of wild-type petunia plants, shown in Fig-
ure 3A, and performed an RNA hybridization experiment with



A

ATTAARAGAAACACTCTTTACTTTATAAATACCTATCCCT 40
TAGTGCAAACTCTTCCATTTTCTGCATCTATCCTCTGCAG 80
ATTAATTTGCAAAGGAAGAACTAAMAGCTICTATCTCTTA 120
TTCCATCTCCAAATCTTCTTTTCTTATCAGGTGCTGCART 160
M 1
GGAGTTCCAAAGTGATCTAACAAGAGAGATCTCTCCACAA 200
EFQSDLTRETILISTPZQ 14
AGGAAACTAGGAAGAGGAAAGATTGAGATCAAGAGGATCG 240
R KL GRGI KTIETIZ KT RTI 27
AARMCACGACAAATCGGCAAGTCACTTTTIGCAAGAGACG 280
ENTTWNROQVTTFCZKRR 41
CAATGGTTTGCTCARAAARGCCTATGAATTATCTGTCCTC 320
N G L L K KAYETLSVL 54
TGTGATGCTGAAGTTGCTTITGATTGTCTTCTCTAGCCGAG 360
C DAEVALIVTFS SR 67
GCAGGCTCTATGAGTATGCCAACAACAGTGTGAAAGCAAC 400
G R LY EYANNSZSVEKA AT 81
AATTGAGAGGTACAAGAAAGCTTGTTCAGATICCTCAARC 440
I ER Y X KA CS DS 8 N 94
ACTGGTTCAATTGCCGAAGCTAATGCTCAGTATTACCAGC 480
T G 8 I A E A NAQY Y Q 107
AAGAAGCCTCCAMACTCCGTGCACARATTGGAAATCTGCA 520
Q EA S K LRAQIGNTL Q 121
GAACCAGAACAGGAACTTTCTTGGTGAATCTCTTGCTGCA 560
N Q NRNVF UL GE S L A A 134
CTGAATCTCAGAGATCTGAGGAACCTGGAACAAAAAATTG 600
L NLRDULUZ RNILET QI KTI 147
AMARMGGCATTAGCAAANTCCGAGCCAARBAGAATCAGCT 640
E K G I S KTIRHB AEKTEKNEL 161
GTTGTTTGCTGAAATTGAGTATATGCAARAGAGGGAAATT 680
L FAETIETYMOQIKTZ RETL 174
GATTTACACAACAACAATCAGTATTTAAGAGCARAGATTG 720
DL HNNNZ QYULRATIKI 187
CTGAAACTGAGAGATCCCAGCAGATGAACTTCATGCCTGE 760
A ETERS QQM©NTILMEP G 201
GAGTTCTAGCTATGACCTTGTGCCTCCCCAGCAGTCATTC 800
$ § S Y DLV PP QQ S F 214
GATGCGCGGAACTATCTACAAGTGAATGGCTTGCAGACCA 840
DARNYULOQVNGLOQT 2217
ACAACCATTACCCTAGACAAGACCAACCACCTCTTCAACT 880
N NHY PROQDQUPPUL QL 241
AGTCTAATTTATTTGGAGGTCTTTCTTTCTGCTATGCTCT 920
vox 242
ACATGATCTACAAGAGTAGACTACTAAGCTTGAAGATTCT 960
CGGGAACGAAGATCAACTGATGTATACCATATTATTACTT 1000
GCTGAATGAAGGAGAATCTTGAATATTATATTTTAAGTGG 1040
ACATGTACTTTTCGCTTAATGTTCGTTTTTCTGCOCTGTGT 1080
ACTATCAGGAATTAAGCTTCTTAAGAAGATAACTACTGTT 1120
TCGCTCAATTATGTTCTTAATATTTTTGTGGTAATTTIGGA 1160
TGGTTCATATCACTCCATATATAAGGAAGCCAGGAAGAGA 1200
TAAATGGGATCACT 1214

B

38

PMADS3 MEPQSDLTREISPQRELGRGRIEIERIENTTNROVTEC
AG TAY**EAGGDS* ¥ L* A G % * At x A A A £ Xk AR K XX KA R
BAGL  AAYAME*GGHS* ¥t # %A% X XA FA XX A KX X XKKA KL 3%
PLE * Ak DNQDS - * LA SN* **ha b w kA A A KA RN KA R
83

ISVRATIE

P S S SN
PN
prxrEnrEEE AR AT P )
128
RYRKACSDSSNTGS TAEANAQYYQQEASKLRAQT GNLONGNRNEL
AARTATRENER TR R E R R AR R AGAR R IQRATST *H G QLM
B L T LT T
xR GRS £ R A GUFTGHE FTHE £ %2 x AN* 2 SR A ARETATSH * QM
173
GESLAALNLRDLRNLEQKIERGISKIRAKKNELLFARIEYMOKRE
A TIGSMSPKES*** *GRLARG TR * 6% %1% % % 2% * D v s k3
«*TTGSMSPKE** * * *GRLORSVNR * ¥G¥ ¥ v % % ¥ x ¢ 4D ¥ x % % 4%
CrGUSHMA K “KST* ARV A% SRA*G% %275 4 s 3 ¥ e[y £ ¥ 4%
218
IDLHNNNQYLRAKIAETERSQQ-MNLMPGSSSYD-LVPROQ- -8~
VR EADERTH €50 NENNPSTS® * % *GAN*EQeM* * PATQAQ
Y*rADEAL A s are 2 ANFNNDS S * * *GrN*EQIM* * P*TOPQ
LE** «AWME* * £ £ 4G* 2 A% 2Qe ¥4 % - 2D - QPMTS ~SYDVR
242
- PDARNYLOVNGLOTNNH-YP - --RODOPPLOLV
PrRGERFE PR S APE A AHEGSAGE S * SRS *F*
DRTGH R BN FARS A Prr A HAGSAGHER TR R
N*LPM*LMEP*QQ*~---~ ¥G- - ¥HAATARA A

Figure 2. Nucleotide and Amino Acid Sequences of pMADS3 cDNA
and Sequence Comparison with Other Floral MADS-Box Genes.
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a pMADS3-specific probe (see Methods). As a positive con-
trol, a probe for the B ATPase gene (Boutry and Chua, 1985),
a housekeeping gene, was also used for hybridization to the
same blot. Figure 4A shows that pMADS3 transcript was pres-
ent in stamens and carpels but not in sepals, the corolla tube,
or limbs, confirming previous results that pMADS3 is exclu-
sively expressed in the third and fourth whorls of wild-type
flowers (van der Krol et al., 1993). Moreover, in these two whorls,
PMADS3 expression was detected in anthers, filaments, up-
per part of carpels (the stigma and the style), and ovary (Figure
4B), suggesting that pMADS3 may be involved in the devel-
opment of these organs.

We have previously shown that the expression pattern of
PMADS3 is not altered in the petunia floral homeotic mutant
gp (van der Krol et al., 1993). To investigate the involvement
of pMADS3 in floral organ identity, we determined the expres-
sion pattern of this gene in another petunia homeotic mutant,
bl (de Vlaming et al., 1984). Figure 3B shows that flowers of
the b/ mutant lack corolla limbs, and instead antheroid struc-
tures develop on the top of the tube, which contain fertile pollen
grains (Vallade et al., 1987 see Figure 6C). Some plants show
a leaky phenotype in which the petal tissue of the limbs also
develop together with the antheroid structures, as shown in
Figure 3C. We found that in flowers with a severe phenotype,
the sepals curl up at their apices (Figure 3B), which contain
stigmatoid tissue (Figure 3D) with papillae (Figure 3E). Figures
3F and 3G compare longitudinal sections of the stigmatoid
tissue on a bl sepal and the wild-type stigmatic tissue. The
tube, stamens, and carpels are not affected by the mutation,
and the stamen filaments are fused to the tube, as occurs in
the wild type (data not shown). Leaves are not affected in the
bl mutant line Sb1. However, when the b/ mutant was crossed
to P, violecea (line S10), one of the presumed ancestral spe-
cies of P hybrida (Sink, 1984), F, plants with the b/ phenotype
showed malformed leaves with glossy surfaces and curled-
up edges, as illustrated in Figure 3H. The leaf phenotypes were
more severe in upper leaves of flowering branches than in lower
leaves of vegetative branches.

We analyzed whether the expression pattern of pMADS3
in bl differs from that of the wild type; the expression of the
GP gene was also analyzed for comparison. The 8 ATPase
gene was used as a positive control. The top panel of Figure

(A) cDNA and deduced amino acid sequences of pMADS3. Numbers
to the right of the cDNA sequence indicate the positions from the 5
end of the longest cDNA, and those to the right of the amino acid se-
quence indicate the positions from the putative translational start site.
(B) An asterisk indicates an identical residue with pMADS3, and a hy-
phen represents a gap introduced to optimize alignment. Numbers
indicate the position of the amino acids in pMADS3 from the putative
translational start site. The MADS-box region of pMADS3 is underlined.
The nuclectide sequence data of pPMADS3 is available in EMBL, Gen-
Bank, and DDBJ nucleotide sequence data bases as accession number
X72912.
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Figure 3. Wild-Type and b/ Flowers.

(A) A mature wild-type petunia (V26) flower.

(B) A mature bl flower with antheroid structures and rolled-up sepals.
(C) A mature bl flower with a leaky phenotype.

(D) A curled-up apex of a bl sepal with stigmatoid tissue.

(E) A higher magnification of stigmatoid tissue of a b/ sepal showing
stigmatic papillae.

(F) A longitudinal section of stigmatoid tissue of a b/ mutant.

(G) A longitudinal section of stigmatic tissue of a wild-type (V26) carpel.
(H) Leaves of an F, hybrid plant in a cross between the petunia b/ mu-
tant (line Sb1) and Petunia violecea (line S10); the b/ phenotypes in
flowers are shown.

AS, antheroid structure; CS, curled-up apex of sepal; PT, petal tissue;
SdT, stigmatoid tissue; SgP, stigmatic papillae; NL, normal leaf; GL,
glossy leaf; CL, curled-up glossy leaf. Thick horizontal bar = 10 cm
(H); thick vertical bars = 1 cm (A), (B), and (C); thin vertical bar =
1 mm (D); thin horizontal bars = 0.1 mm (E), (F), and (G).

4C shows that in contrast to the wild type, pPMADS3 transcript
was detected in the first and second whorls of bl flowers. In
the second whorl, the expression was higher in the antheroid
structures compared to the tube. On the other hand, the mid-
dle panel of Figure 4C shows that GP is expressed only in the
second and third whorls of b/ flowers, which is identical to the
expression pattern in wild-type flowers (van der Krol et al.,

1993). Interestingly, we also detected pMADS3 expression in
leaves (Figure 4C). We collected leaves from flowering branches
(inflorescence leaves) as well as leaves from vegetative
branches (vegetative leaves) of the same b/ or wild-type plant,
and the samples were analyzed separately. The pMADS3
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Figure 4. Expression of pMADS3 and GP in Wild-Type (V26), bl (line
Sb1), and Transgenic Plants.
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RNA gel blots with a pMADS3-specific probe and a GP-specific probe
are shown. Equal amounts [15 ug for (A) to (D), 20 ug for (E), and
10 ug for (F) and (G)] of total RNA were analyzed on each blot. A B
ATPase-specific probe was used as a positive control [(A) to (E)].
(A) and (B) Expression of pMADS3 (upper panel) and B ATPase (lower
panel) in wild-type plants.

(C) Expression of pMADS3 (top panel), GP (middle panel), and B ATPase
(bottom panel) in b/ plants.

(D) Expression of pMADS3 (upper panel) and B ATPase (lower panel)
in green tissue of b/ and wild-type plants.

(E) Expression of pMADS3 (upper panel) and B ATPase (lower panel)
in bl plants.

(F) Expression of pMADS3 in transgenic petunia plants DMP5 (upper
panel) and DMP12 (lower panel).

LE, leaf; SE, sepal; TU, tube; LI, limb; ST, stamen; CA, carpel; Fl, fila-
ment; AN, anther; OV, ovary; SS, stigma and style; AS, antheroid
structure; FL, flower; IL, inflorescence leaf; VL, vegetative leaf; IS, in-
florescence stem; VS, vegetative stem; RT, root; WT, wild type.



expression was detected in inflorescence leaves but was very
slightly or not detectable in vegetative leaves of the b/ mutant,
whereas it was not detected at all in either type of leaves of
the wild type (Figure 4D). The difference in the expression level
between inflorescence leaves and vegetative leaves may corre-
late with the difference in the severity of the leaf phenotype
described above (Figure 3H). The pMADS3 expression was
not detected either in stems or roots of the b/ mutant, as shown
in Figure 4E.

These results indicate that BL encodes a specific negative
regulator of pMADS3, which is likely to be expressed in the
first and second whorls of the flower as well as in leaves, es-
pecially those on inflorescences. The absence of the BL gene
product allows the ectopic expression of pMADSS in the tis-
sue where this gene is normally not expressed. The expression
of pMADS3 in the first and second floral whoris may indicate
its involvement in the homeotic conversions of sepals into stig-
matoid tissue and of limbs into antheroid structures, and the
expression of pMADS3 may implicate it in the morphological
alternation in leaves in the genetic background of P, violecea.

Ectopic Expression of pMADS3 in Petunia Plants

If the ectopic expression of pMADS3 is indeed responsible for
the conversions of sepals into stigmatoid tissue and of corolla
limbs into antheroid structures, it should be possible to recapit-
ulate this phenotype in wild-type transgenic plants by over-
expression of pMADSS3. To investigate this point, we transformed
P hybrida (V26) plants with a modified CaMV 35S-pMADS3
chimeric gene (see Methods). Eight of 14 independent trans-
genic plants showed the b/ phenotype in the second whorl,
i.e., antheroid structures at the position of limbs as shown in
Figure 5A. The carpels, stamens, and the tube were not mor-
phologically affected, and the number of organs remained the
same. Figure 5B shows the stamen filaments fused to the base
of the tube, as occurred in the wild type or the b/ mutant. The
petal tissue of the limbs developed together with the antheroid
structures, similar to the leaky phenotype of the bl mutant. We
selected two transgenic lines, DMP5 and DMP12, with severe
phenotypes for further analyses.

The relative positions between the antheroid structures and
the limbs varied among different transgenic lines. In DMP5
(Figure 5C left; also see Figures 5D to 5F), the antheroid struc-
tures developed along the edges of the limbs, which made
the latter separate from one another. In DMP12 (Figure 5C right;
also see Figures 5G to 5l), the antheroid structures developed
" between the edges of the limbs and the main vein, thus allow-
ing the limbs to fuse.

The severity of the conversion of the limbs into antheroid
structures varied even within a single transgenic plant. In
DMP12, the limbs of some flowers were almost completely con-
verted into antheroid structures and only the main veins of the
limbs remained at the top of the antheroid structures, as shown
in Figures 5A and 5G. This is the most severe phenotype ob-
served among all of the transgenic plants. By contrast, in other
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flowers of the same plant, the antheroid structures were found
as small patches of thickened white tissue on the limbs (Fig-
ure 5I). Figure 5H shows flowers with intermediate phenotypes
that were also observed on the same plant. Similar morpho-
logical variations were observed in flowers of line DMP5
(Figures 5D to 5F). It has been reported that transgenic
Arabidopsis plants ectopically expressing AG (Mizukami and
Ma, 1992) and transgenic tobacco plants expressing BAGT
(Mandel et al., 1992) also exhibited variable phenotypes within
the same line.

Figures 6A and 6B show transverse sections of antheroid
structures on the limbs of transgenic plants. Figure 6A shows
the most severe phenotype flower of DMP5, and Figure 6B
shows an intermediate phenotype flower of DMP12. There were
pollen grains in the antheroid structures of both plants. The
petal tissue with the characteristic epidermal cell layer re-
mained in the middle of the limb surrounding the main vein.
DMP12 also had the petal tissue between antheroid limbs, al-
lowing the latter to fuse to each other (Figure 6B). Figure 6C
shows the antheroid structures of the b/ mutant. There were
pollen grains inside the antheroid structures, and petal tissue
also remained in the middle of the limbs. Figure 6D shows
the limbs of a wild-type flower for comparison.

Flowers with severe or intermediate phenotypes in DMP5,
as well as flowers with severe phenotypes in DMP12, pos-
sessed sepals that were curled-up along their edges. Figure
7A shows that the tissue appeared less green and contained
a smaller number of trichomes along the edges. The pale-
colored tissue sometimes formed extra curly filamentous
structures that had stigmatoid tissue with papillae on the top
(Figures 7C and 7D). The surface of other parts of the curly
structures consisted of elongated cells like those of the wild-
type style (Figure 7E). Note that the position of the pale-colored
tissue on the sepals of DMP5 corresponds to the position of
antheroid structures on the limbs of the same plant (Figures
5C, 5E, and 5F). DMP5 but not DMP12 sometimes had curled
leaves with glossy surfaces, which are similar to those observed
in the b/ mutant (Figure 3H). Figures 7B and 7G show sepals
and leaves, respectively, of the wild-type plant.

Although all of the transgenic plants produced pollen grains
in their anthers, they were male sterile. Seeds were obtained
when polien of the wild-type plant was used for fertilization,
but their germination rate was less than 10% of that of wild-
type seeds. The phenotype of the transgenic plant was in-
herited to the F, progeny.

The pMADS3 gene was expressed in all floral organs of lines
DMPS and DMP12, as shown in Figure 4F. In both plants, the
expression level in the tube was even higher than that in the
limbs with antheroid structures, although no morphological
changes were observed on the tube as mentioned above.
PMADS3 expression was detected also in the leaves of DMPS5,
which were curled along the edges.

Our results showed that ectopic expression of the pMADS3
gene can lead to the homeotic conversion of corolla limbs into
antheroid structures with pollen grains, which is the pheno-
type exhibited by the b/ mutant. In addition, we also observed
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Figure 5. Phenotypic Analyses of pMADS3 Transgenic Petunia Flowers.
(A) A young (2.5-cm-long) DMP12 flower with a severe phenotype.

(B) Inside of a young (2-cm-long) DMP5 flower bud with a severe phenotype. Arrow points to the fusion of the filament to the tube.

(C) Mature petals of DMP5 (left) and DMP12 (right) flowers.

(D) to (F) Mature DMP5 flowers with a severe (D), intermediate (E), and weak (F) phenotype.
(G) to (1) Mature DMP12 flowers with a severe (G), intermediate (H), and weak (I) phenotype.

AS, antheroid structure. Bars = 1 cm.

extra carpelloid structures along the edge of the sepals in trans-
genic plants; these structures were similar to those seen at
the apices of the b/ sepals. These results support the notion
that ectopic expression of P MADS3 is involved in the homeotic

conversions in the b/ mutant and indicate that pMADS3 is a
homeotic gene involved at least in the development of anther,
stigma, and style. We also observed morphological changes
similar to the b/ mutant in leaves of transgenic line DMP5. This



Figure 6. Transverse Petal Sections of Young Floral Buds.

Transverse sections of the upper part of petals that show antheroid
structures. The wild type is shown in (D) for comparison.

(A) DMPS.

(B) DMP12.

(C) bl mutant.

(D) Wild type.

PG, pollen grain; MV, main vein; AN, anther. Bars = 1 mm.

suggests that the expression of pMADS3 in leaves may lead
to the abnormal leaf development, but the significance of this
expression remains to be clarified.

Ectopic Expression of pMADS3 in Tobacco Plants

We generated transgenic tobacco plants carrying the same
chimeric modified 35S- pMADS3 gene that was used to trans-
form petunia plants, which are described above, to see the
effect of the petunia pMADS3 gene in a different species. Fig-
ure 8A shows the flower of wild-type tobacco that is similar
to the wild-type petunia flower (Figure 1), consisting of five
sepals, five petals, five stamens, and a bilobed carpel. The
bases of the petals are fused with one another to form a tube,
and stamen filaments are fused to the lower part of the latter.
In contrast to petunia, tobacco sepals are fused to a greater
extent.
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As illustrated in Figures 8B and 8C, three of 12 transgenic
tobacco plants showed completely fused sepals with stigma-
toid structures on the apices. Figures 8E and 8F compare the
stigmatoid structures and the wild-type stigma. Tobacco line
DMT4 showed the most severe phenotype (Figure 8B); the up-
per parts of sepals just below the stigmatoid structure were
fused together, assuming a stylelike shape. These structures
impeded the growth of the second, third, and fourth whorl flo-
ral organs, causing them to be morphologically distorted and
to senesce prematurely. The growth of the interior organs,

Figure 7. Phenotypic Analyses of Sepals and Leaves of Transgenic
Petunia Overexpressing pMADSS.

(A) Rolled-up DMP5 sepals with curly filamentous structures.

(B) Wild-type (V26) sepals.

(C) A curly filamentous structure with stigmatoid tissue on the apex.
(D) A higher magnification of stigmatoid tissue in (C) showing the stig-
matic papillae (arrow).

(E) A curly filamentous structure showing stylelike epidermal cells.
(F) Curled-up DMP5 leaf.

(G) Wild-type (V26) leaf.

PT, pale-colored tissue; CS, curly structure; Sdr, stigmatoid tissue. Thick
bars = 1 cm (A), (B), (F), and (G); thin black bar = 1 mm (C); thin
white bars = 0.1 mm (D) and (E).
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Figure 8. Phenotypic Analyses of Mature Flowers of Transgenic Tobacco Overexpressing pMADS3.

(A) Wild-type (SR1) flower.

(B) Two DMT4 flowers showing only carpelloid sepals covering the interior organs.

(C) A DMT1 flower showing carpelloid sepals and carpel.

(D) DMT1 flowers with a weak phenotype showing curly structures arising from sepals.

(E) Stigmatoid tissue on the apices of DMT4 sepals.
(F) Stigmatic tissue of wild-type carpel.

(G) Lower part of DMT4 sepals with trichomes.

(H) A DMTS flower, top view.

(1) A DMT4 flower that developed after the encasing sepals were cut open.
S¢S, stigmatoid structure; SyS, stylelike structure; Ca, carpel; CS, curly structure; AS, antheroid structure. Thick white bars = 1 cm (A) to (D),

(H) and (l); thin black bars = 1 mm (E) to (G).

however, could be restored by cutting open the fused sepals
of young floral buds. DMT1 showed a weaker floral phenotype
(Figure 8C). Its stigmatoid structures were sometimes altered
to curly filamentous structures that are similar to those found
in the transgenic petunia plant DMP5 (Figure 8D). This sug-
gests that the curly structures of petunia are malformed
stigmatoid structures. The other transgenic tobacco plant (line
DMT5) with stigmatoid structures showed the weakest pheno-
type among the three transgenic lines (data not shown). The
lower parts of the fused sepals in all transgenic lines did not
show any carpelloid features, such as orange colored tissue
or placental tissue, and they were covered with trichomes (Fig-
ure 8G). Six transgenic plants, including DMT1, DMT4, and

DMTS5, had antheroid structures along the edges of the limbs,
but no morphological alterations were detected in the tube
(Figures 8H and 8I). All of the transgenic tobacco lines were
fertile, in contrast to the transgenic petunia plants that were
male sterile.

Figures 9A, 9B, 9D, and 9E show transverse sections of the
fused sepals of line DMT4. The stigmatoid structures on the
apices were chimeric organs composed of the sepaloid, stig-
matoid, and stylelike tissue (Figures 9A and 9B). The wild-type
stigma and style are shown in Figure 9C for comparison. In
the stylelike structure (Figure 9D), the fused sepals formed
a ring-shaped organ with the stigmatoid tissue fused on the
inside surface like the wild-type style (Figure 9C). The lower



part of the sepals was devoid of the carpelloid tissue (Figure
9E). Figure 9F shows the antheroid structure of the transgenic
tobacco (DMT1), which contained pollen grains, like those of
the transgenic petunia. The petal tissue was also observed
in the middle of the limb.

These results showed that the ectopic expression of the petu-
nia pMADS3 gene in tobacco can lead to a homeotic conversion
of corolla limbs into antheroid structures with pollen grains and
the formation of stigmatoid and stylelike structures on the
apices of fused sepals. The formation of carpelloid structures
in the first whorl and antheroid structures in the second whorl

Figure 9. Tissue Sections of Tobacco Wild-Type (SR1) and Transgenic
Flowers.

All tissues were collected from young (2-cm-long) flower buds.

(A) A transverse section of stigmatoid structures on the apices of DMT4
sepals.

(B) Higher magnification of (A).

(C) A longitudinal section of wild-type carpel.

(D) A transverse section of stylelike structure on DMT4 sepals.

(E) A transverse section of the lower part of DMT4 sepals.

(F) A transverse section of DMT1 petal.

SgT, stigmatoid tissue; SyT, stylelike tissue; PG, pollen grain. Thick
bars = 1 mm; thin bar = 0.1 mm.
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indicates that petunia pMADS3 functions in tobacco in the
specification of stamens and carpels, as occurs in petunia.

DISCUSSION

PMADS3 Is Involved in Stamen and Carpel
Development

In this work we have isolated the pMADS3 cDNA by cross-
hybridization to an Arabidopsis AG cDNA fragment contain-
ing the MADS-box region. Therefore, it is not surprising that
the amino acid sequence of the MADS-box region is identical
between the two proteins. Based on three lines of evidence,
we concluded that, like AG or Antirrhinum PLE, pMADSS is
also involved in the determination of stamens and carpels: (1)
PMADSS3 is expressed exclusively in stamens and carpels of
wild-type flowers (Figure 4A; Yanofsky et al., 1990; Bradley et
al., 1993); (2) in the b/ mutant, the homeotic conversions of
corolla limbs to antheroid structures and small parts of sepals
into carpelloid tissue are correlated with the ectopic expres-
sion of pMADS3 in the first and second whorls (Figure 4C);
and (3) overexpression of a modified 35S-pMADS3 transgene
in wild-type petunia flowers results in phenocopies of b/. Simi-
lar results have been recently reported by Mizukami and Ma
(1992). They showed that the ectopic expression of a CaMV
35S-AG transgene in Arabidopsis can lead to altered whorl iden-
tity similar to that seen with the ap2 mutant (Bowman et al.,
1989, 1991). Although the petunia GP gene does not seem to
fit to the ABC floral development modeli (see Introduction), func-
tions of the pMADS3 gene are similar to those of the C function
gene as described in the model in terms of determination of
floral organs in the third and fourth whorls. However, there are
also some minor differences between phenotypes caused by
the ectopic expression of P MADS3 and of the C function genes
of Arabidopsis (Bowman et al., 1991; Mizukami and Ma, 1992),
Antirrhinum (Carpenter and Coen, 1990; Bradley et al., 1993),
and Brassica (Mandel et al., 1992).

In wild-type petunia flowers, pMADS3 is expressed in an-
thers, filaments, the upper part of carpels (the stigma and style),
and ovary. Although the expression profile suggests that
PMADS3 is involved in the development of all parts of the sta-
mens and carpels, it is not clear whether it is involved in the
development of the filaments and the ovary because the ex-
pression of pMADSS3 in the first and second whorls of the b/
mutant and transgenic plants did not lead to the formation of
these organs, in contrast to Arabidopsis AG or Antirrhinum PLE.
There are three possible explanations for these phenotypes:
(1) the pMADS3 gene is not involved in the development of
these organs; (2) pMADS3 alone is not sufficient for the de-
velopment of the filaments or the ovary; and (3) the level of
PMADS3 expression is not high enough. In the case of the
first two explanations, there might be another homeotic gene
that is necessary for the development of whole stamens and
carpels.
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Petunia pMADS3 appears to have a similar function in
tobacco because ectopic expression of pMADS3 in the latter
leads to the conversion of corolla limbs to antheroid structures,
as well as the fusion of sepals to form stylelike structures with
stigmatoid tissue on the apex (Figure 8). Mandel et al. (1992)
have recently reported that the expression of Brassica BAG7,
a presumptive AG homolog, in tobacco can convert sepals and
petals into carpelloid and staminoid structures, respectively.
Although both petunia pMADS3 and Brassica BAGT can carry
out C function in tobacco, there are some differences in the
phenotypes of the transgenic tobacco plants: (1) pMADS3 can
promote the production of pollen grains in the antheroid struc-
tures, but BAG? cannot; (2) BAGT, but not pMADS3, can convert
the tube into filaments and the lower sepals into ovary; and
(3) PMADS3 transgenic plants are fertile, whereas BAG? trans-
genic plants are male sterile. One possibility is that tobacco
might have two genes, one homologous to pMADS3 and the
other to BAGY, and the two genes perform slightly different
functions, as we assumed in petunia. On the other hand, the

phenotypic differences between the two groups of transgenic '

plants could simply be due to the use of different promoters,
i.e., modified CaMV-358 versus CaMV-35S.

The BL Gene Product Is a Negative Regulator of
pMADS3

Although it has been supposed that the bl mutant is a single-
whorl floral homeotic mutant affected only in the second whorl
(de Viaming et al., 1984; Angenent et al., 1992), our detailed
analysis showed that the mutation also leads to the homeotic
conversion in the first whorl. Because the loss of its function
results in the expanded expression of pMADS3 in sepals,
petals, and leaves, it is reasonable to conclude that the BL
gene product is a negative regulator of pMADS3, and, conse-
quently, the BL gene product itself must be expressed in these
organs. Although it has been recently reported that the Ovulata
mutant of Antirrhinum, a semidominant mutant that has simi-
lar phenotypes as b/, turned out to be a gain-of-function mutant
of the PLE gene (Bradley et al., 1993), b/ may not be a muta-
tion in the pMADS3 gene because it is a recessive mutation
(de Viaming et al., 1984). We note that the profile of BL as a
negative regulator of pMADS3 is similar to that of the Arabidop-
sis AP2 gene as a negative regulator of AG (Drews et al., 1991).
" Therefore, it is likely that BL is a homolog of AP2, an A func-
tion gene of Arabidopsis. A weak allele of the ap2 mutant has
stigmatoid tissue on the apices of sepals like the b/ mutant
(Bowman et al., 1989). This suggests that b/ might be a weak
allele. On the other hand, because the corolla tube remains
intact even when the limbs are completely converted to an-
theroid structures in b/, the BL gene product could be a
muitidomain protein with each domain being responsible for
a particular function; alternatively, there might be an additional
homeotic gene that is responsible for the development of
the tube. This issue could be resolved by the isolation and

characterization of additional alleles, particularly a null allele,
in the BL gene.

METHODS

Plant Material and Transformations

Petunia and tobacco plants were grown under standard greenhouse
conditions. The pMADS3 cDNA was isolated from Petunia hybrida line
WA115. P, hybrida blind (bl) mutant line Sb1 is a spontaneous mutant
and was kindly provided by E. Farcy (INRA, Dijon, France). P, violecea
(line S10) was kindly provided by R. Koes (Free University, Amster-
dam, The Netherlands) and was used in a cross with the b/ mutant
line Sb1. P hybrida line V26 and Nicotiana tabacum cv SR1 were also
used. Plant transformations were performed, as described by Horsch
et al. (1985), using leaf discs from petunia V26 or tobacco SR1.

DNA Cloning Strategies

The pMADS3 cDNAs were isolated from a petunia cDNA library pre-
pared from floral bud RNA using a 720-bp polymerase chain reaction
probe containing the Arabidopsis AGAMOUS (AG) coding region (from
the MADS box to the C terminus). The modified cauliflower mosaic
virus (CaMV) 35S-pMADS3 construct was made by cloning the pMADS3
cDNA fragment into a vector derived from pMON721 that contained
amodified CaMV 35S promoter and a poly(A) addition signal (van der
Krol et al., 1993).

RNA Gel Blot Analysis

Floral buds fonger than 1 cm were dissected and used for total RNA
isolation by the RNaid procedure (BIO 101, La Jolla, CA). Equal amounts
of total RNA (20, 15, or 10 ug) were fractionated on 1.2% agarose gels
containing 1 M formaldehyde. Gels were blotted onto GeneScreen plus
membranes (Du Pont) according to the manufacturer’s instructions and
hybridized to a random primer-labeled DNA probe in 20% formamide,
5 x 8SC (1 x SSCis 0.15 M NaCl, 0.015 M sodium citrate), 1% SDS,
5 x Denhardt’s (1 x Denhardt's solution is 0.02% Ficoll, 0.02% PVP,
0.02% BSA), and 10 pg/mL of salmon sperm DNA at 42°C. Blots were
washed in 2 x SSC, 1% SDS at 65°C. cDNA fragments without the
MADS-box region of the pMADS3 gene (a 0.7-kb BglH-Sall fragment)
and the GREEN PETAL (GP) gene (a 0.7-kb EcoRI fragment) were la-
beled and used as gene-specific probes. A cDNA fragment encoding
the Nicotiana plumbaginifolia B ATPase (Boutry and Chua, 1985) was
used as a positive control.

Phenotypic Analysis and Imaging

Flower close-ups were photographed under a stereomicroscope (model
SMA-U; Nikon Inc., Melville, NY). Microscopic sections were prepared
and stained as described by Natarella and Sink (1971) and photographed
in bright field under the same microscope. All images were processed
by the Adobe Photoshop program (Adobe Systems Inc., Mountain View,
CA) and assembled in an Aldus Pagemaker (Aldus Co., Seattle, WA).
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