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Function and regulation of the
Arabidopsis floral homeotic

gene PISTILLATA

Koji Goto' and Elliot M. Meyerowitz”
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Mutations in the PISTILLATA (PI) gene of Arabidopsis thaliana cause homeotic conversion of petals to sepals
and of stamens to carpels. It is thus classed as a B function floral homeotic gene and acts together with the
product of the other known B function gene, APETALA3 (AP3). We have cloned PI and determined the time
and places of its expression in developing flowers. Surprisingly, the initial patterns of PI and AP3 expression
are different. By positive regulatory interactions between PI and AP3, later expression patterns are coincident
or nearly coincident. The pattern of PI expression also depends on the activity of the floral development genes
APETALA2 and SUPERMAN and on the activity of PI itselt. The PI and APETALA3 proteins specifically
associate in solution and so may act together in regulating PI and other genes.
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A model explaining how the action of a collection of
organ identity (homeotic] genes specifies the radial pat-
tern of the four organ types of Arabidopsis flowers has
been proposed and elaborated over the past few years
(Bowman et al. 1991; Coen and Meyerowitz 1991; Drews
et al. 1991b; Meyerowitz et al. 1991; Jack et al. 1992,
1994; Weigel et al. 1992). This model includes three
classes of organ identity genes: class A genes that act in
the regions of developing flowers that will later form
sepals and petals (whorls 1 and 2); class B genes that act
in whorls 2 and 3 (which later will be the site of petals
and stamens, respectively); and class C genes that act in
the center of the flower, where the stamens and the
ovary will develop (whorls 3 and 4). The overlapping pat-
tern of activity of these three classes of genes defines
four different regions (whorls} and specifies the four dif-
ferent types of floral organs. The class A genes that are
presently known are APETALA2 (AP2) and APETALA1
(AP1){Bowman et al. 1989, 1993; Kunst et al. 1989; Mey-
erowitz et al, 1989, 1991; Irish and Sussex 1991; Mandel
et al. 1992; Okamuro et al. 1993; Gustafson-Brown et al.
1994), the class B genes of Arabidopsis are PISTILLATA
(PI) and APETALA3 (AP3) (Bowman et al. 1989, 1991;
Meyerowitz et al. 1989, 1991; Jack et al. 1992), and the
only known class C gene is AGAMOUS (AG; Bowman et
al. 1989; Yanofsky et al. 1990; Drews et al. 1991a). To
date, the molecular cloning of AG, AP3, and AP1 has
been reported (Yanofsky et al. 1990; Jack et al. 1992;
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Mandel et al. 1992). This report describes the molecular
cloning, sequence analysis, coding properties, and regu-
lation of expression of PI.

Plants lacking PI function have sepals in the places
where petals would be found in wild-type flowers and
have carpels, filaments, or carpelloid organs in the posi-
tions normally occupied by stamens (Bowman et al.
1989, 1991; Hill and Lord 1989). PI is therefore necessary
for the proper specification of organ identity in the sec-
ond and third whorls in developing Arabidopsis flowers.
The other gene in the B class, AP3, has an indistinguish-
able mutant phenotype (Bowman et al. 1989, 1991; Jack
et al. 1992). Activity of both of these genes is thus re-
quired for specification of petal and stamen organ iden-
tity. The molecular cloning of AP3 has shown it to be a
member of the MADS box family of DNA-binding tran-
scription factors (Jack et al. 1992). AP3 RNA is found in
the cells of the second and third whorls in developing
flowers.

There is a series of open questions concerning the ac-
tivity of PI. Is PI a transcription factor, and a member of
the MADS box family, similar to AP3, AG, and AP1?
What is the expression domain of PI? Is it restricted to
whorls 2 and 3, like AP3, or is it expressed in a broader
domain and restricted in its activity by the limited ex-
pression of AP3? What is the basis of the similarity of the
AP3 and PI mutant phenotypes? Do the proteins coded
by these genes act as a heteromultimer, thus causing the
mutations to give identical developmental defects, or do
the genes act as positive regulators of each other? There
are open evolutionary questions, as well. The cognate
homolog (ortholog) of AP3 in snapdragons (Antirrhinum
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majus) is the related gene DEFICIENS {DEF). DEF acts in
partnership with the other known B class gene in snap-
dragons, GLOBOSA (GLO; Trobner et al. 1992). Is PI the
Arabidopsis ortholog of GLO!?

In this paper we describe experiments that have an-
swered these questions. PI is a member of the MADS box
family but initially expressed in a different domain than
AP3. The later expression patterns of PI and AP3 are
much more similar; this appears to be attributable to a
refinement of the PI expression pattern that occurs, at
least in part, under the control of AP3. Both possibilities
for the interaction of AP3 and PI are true: Not only do
the genes act as positive regulators of each other, but the
proteins they encode associate to form heteromultimers
in solution and thus may act together in regulating tran-
scription. Sequence, phenotypic, and expression data
make it seem likely that PIis the cognate homolog of the
snapdragon gene GLO.

Results
The PI gene and its product

Parallel attempts to clone PI were made by chromosome
walking and by cross-hybridization, based on the as-
sumption that PI is a member of the MADS box gene
family. The second strategy was the first to yield the
gene. The first step in cloning PI by MADS box homol-
ogy was to locate the gene on the Arabidopsis restriction
fragment length polymorphism (RFLP) map. Standard
mapping identified the nearest flanking RFLP markers as
g4650 and g6843 (Nam et al. 1989). Then, a variety of
MADS box-containing sequences from Arabidopsis and
Antirrhinum were used to isolate Arabidopsis genomic
and cDNA clones. The resulting genomic clones were
placed on the RFLP map to see whether any corre-
sponded to the PI locus.

The successful probe was derived from the Antirrhi-
num GLO gene (Trobner et al. 1992). GLO ¢DNA was
amplified by polymerase chain reaction (PCR) from A.
majus flower RNA with degenerate oligonucleotides
that were based on the derived amino acid sequence of
GLO (Trobner et al. 1992; see Materials and methods).
The amplified GLO ¢cDNA was used as a probe to screen
an Arabidopsis flower cDNA library under reduced
stringency conditions. From 2 x 10* cDNA library
plaques, eight strongly hybridizing clones were obtained.
They have inserts of varying size, but DNA sequencing
showed that all of them derive from the same RNA spe-
cies. The longest clone {¢cGH12) has an insert of 916 bp
and includes a single long open reading frame of 624 bp
with a poly(A) tail.

Similar reduced-stringency screening of an Arabidop-
sis genomic cosmid library gave four clones, only one of
which (GHI13} hybridized strongly with the cDNA
clones. This genomic clone was genetically mapped us-
ing RFLPs and found to represent a region very near the
PI locus. This result suggested that the cDNA clones
represent the PI gene. Comparison of the cDNA and ge-
nomic clone sequences shows that the cloned gene has

PI gene of Arabidopsis

six exons and five introns (Fig. 1A). The introns are 997,
119, 72, 88, and 102 bases in length, respectively.

To demonstrate that the cloned gene is PI, we se-
quenced three PI mutant alleles, pi-1, pi-2, and pi-3
(Bowman et al. 1991). In each, there is a DNA sequence
alteration relative to the wild-type progenitor, and the
nature of the changes correlates with the severity of the
mutant phenotype (Fig. 1A; Bowman et al. 1991).

The PI cDNA has an open reading frame that codes for
a putative 208-amino-acid protein (Fig. 1B). This protein
contains an amino-terminal MADS domain, the con-
served DNA-binding domain also found in the Arabidop-
sis organ and meristem identity genes AGAMOUS, AP-
ETALAS3, and APETALA1, as well as in the Antirrhinum
floral development genes DEF, GLO, SQUAMOSA, and
PLENA, and many additional florally expressed genes
(Schwarz-Sommer et al. 1990; Sommer et al. 1990;
Yanofsky et al. 1990; Ma et al. 1991; Pnueli et al. 1991,
Angenent et al. 1992; Jack et al. 1992; Mandel et al.
1992; Trébner et al. 1992). MADS box genes in other
kingdoms include human serum response factor and
yeast MCM1 (Norman et al. 1988; Passmore et al. 1988).
In addition to the MADS box, the PI gene has a K box in
the central part of the putative protein-coding region.
The K box codes for a protein domain that resembles the
amphipathic a-helical region of keratin proteins that is
responsible for coiled—coil formation (Ma et al. 1991,
Pnueli et al. 1991). It is found in all of the sequenced
plant MADS box genes but not in any of the MADS box
genes from animals or fungi. Although there is structural
conservation of the predicted amphipathic «-helices
coded by the K box in the various plant MADS box genes,
there is generally very little amino acid sequence con-
servation in this region (Ma et al. 1991}. Figure 2 shows
a best-fit alignment of the MADS box genes most closely
related to PI. The closest relatives are Antirrhinum and
tobacco GLO and Petunia FBP1 and pMADS2. On the
basis of its sequence, FBP1 is thought to be the Petunia
ortholog of GLO (Angenent et al. 1992); pMADS?2 is also
thought to be a Petunia B function gene (van der Krol et
al. 1993). PI, GLO, tobacco GLO, pMADS?2, and FBP1,
but not other MADS box proteins, are similar in parts of
the proteins other than the MADS and K boxes. Met-67
through Ile-113 in PI is identical in 37 of 47 amino acids
to the comparable region in GLO, and 9 of the 10 replace-
ments in this region are conservative. The carboxy-ter-
minal ends of these proteins also show a region of near
identity: amino acids 187-202 of PI and the correspond-
ing terminal 16 amino acids of the other genes are iden-
tical in 10 positions. Overall, PI and GLO share 58.4%
identity among the 202 amino acids paired in a best-fit
alignment. This is close to the overall degree of identity
shared by AP3 and DEF (61.2%), and much more than
that shown by the paralogous pairs PI-DEF (29.8%) or
AP3-GLO (33.0%).

Expression of Pl during wild-type flower development

A PI probe detects a 900- to 1000-base RNA transcript in
RNA blots of floral RNA; it detects nothing when the
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(Bottom|) The PI cDNA, with the MADS
box, the K box, and the position of the 3’
terminus of the open reading frame indi-
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of the putative PI protein. The MADS box
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three sequenced pi mutations are under-  cTCACTTTCCAGCTGLAACAACAGGAGATGGCTATAGCAAGCARCGCARGAGGARTGATGATGAGAGATCATGATGGGCAGTTTGGATATAGAGTGCAAC
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lined. The stop codon is marked with an
asterisk and (A)n shows the location of the
poly(A) tail. Numbering begins with the ® I ¢ P ¥ L
first base of the longest cDNA clone as 1;
The actual site of transcription initiation
is not known.

RNA is from vegetative tissues (data not shown|. The
frequency of obtaining PI ¢cDNA clones from a floral
cDNA library (4 x 10~*) suggests that PI does not code
for a particularly rare RNA. To find the precise spatial
and temporal expression pattern of the PI RNA, in situ
hybridization was performed. The probe used was a 3°S-
labeled antisense transcript from a PI cDNA clone, from
which the sequences coding for the MADS box and the
poly(A) tail had been removed, to prevent cross-hybrid-
ization to the RNA products of other MADS box genes.
This probe, when used in genomic DNA blots under con-
ditions of low stringency, shows only those restriction
fragments that derive from the PI gene. Autoradio-
graphic signal from the hybridized RNA is first seen in
stage 3 flowers (Figs. 3A and 4), the same stage when AG
and AP3 RNAs are first detected (Drews et al. 1991a;
Jack et al. 1992; stages as defined in Smyth et al. 1990).
In stage 3, the cells that have accumulated detectable
levels of PI RNA are all of those located centripetally to
the early sepal primordia, including the central region of
the floral meristem—that is, those cells that will later
contribute not only to the formation of petal and stamen
primordia but also those that will later form the ovary.
This is an unexpected pattern, because the phenotypic
effects of pi mutants are confined to the organs of the
second and third floral whorls, whereas the early PI ex-
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TTATGACCTCTATGTATTGGTTGTGTTGTGTGCTTARACGTTTCGAACTAATTGATCTGTGTGARACT TATTATTCTGTGATARGCTATTTGTGAT (A)

pression domain includes not only the second and third
whorls but also the fourth whorl. PI RNA gradually dis-
appears from the fourth whorl cells; even in stage 3 the
RNA appears to be at lower levels in whorl 4 than in
whorls 2 and 3, by stage 4 it is clearly at a lower level,
and by stage 5 the PI RNA is not detected in the whorl 4
region of the developing flower (Figs. 3B, 4, and 5). PI
RNA remains present at high levels in the developing
second and third whorls, including the petals and sta-
mens after they have formed, until well after the differ-
entiation of the cells in each organ type {stages 10and 11,
Fig. 3C).

That this pattern of expression is truly different from
that of the AP3 RNA was shown by direct comparison of
similarly staged developing flowers hybridized with PI or
AP3 probes in in situ hybridization experiments (Fig. 4).
Even at the earliest stages of expression, stage 3, AP3
RNA is not detected in the center of developing flowers,
in a core of cells that is visible in a minimum of two
adjacent 8-pm sections (Fig. 4A,C,E). Comparable sec-
tions hybridized with PI probe show signal throughout
the central flower region, though there is a suggestion
that the level of PI RNA may be lower in the center and
increase toward the periphery of the flower (Fig. 4B,D,F).
To demonstrate further that the PI and AP3 expression
patterns are not identical, histological sections of devel-
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Figure 2. Best-fit alignment of the deduced sequence of the PI protein with some of the related deduced protein sequences from
Arabidopsis and other species. PI, FBP1 {Angenent et al. 1992], NTGLO {Hansen et al. 1993), GLO (Trobner et al. 1992), and PMADS2
{Kush et al. 1993} form the most closely related group. The uppercase amino acids in the sequences of these five are those shared by
all five proteins. These genes are from Arabidopsis, Petunia, tobacco, Antirrhinum, and Petunia, respectively. Beneath them is shown
the alignment of two Arabidopsis MADS box proteins {AG, Yanofsky et al. 1990; AP3, Jack et al. 1992), less closely related to PI than
are any of the genes shown from the other species. The uppercase amino acids in these two sequences are those that are identical to
the conserved amino acids in the proteins grouped with PI. The + at the amino-terminal end of AG indicates that this protein extends
amino-terminally of the depicted portion. Dashes are gaps introduced to maintain alignment. The amino acid sequence alignment was

done as described in Fryxell and Meyerowitz (1991).

oping inflorescences were made, and alternate sections
were hybridized with AP3 and PI antisense probes. The
thickness of the sections (6 wm) is approximately a single
cell width. These sections (Fig. 5) show that AP3 is not
expressed in the central floral cells at a time when PI is
expressed in them. This experiment was performed three
times, with the same results each time. These experi-
ments also suggest a possibility that the outer boundary
of AP3 and PI expression is not identical, but without
applying double-labeling methods with single-cell reso-
lution, this possibility cannot be proven.

Expression of Pl in homeotic flower mutants

One key question to be answered is the identity of the
genes that specify the normal domain and timing of PI

expression, particularly the genes responsible for the re-
striction of PI expression that occurs between stages 3
and 5. From their morphological effects, there are several
floral development genes that could plausibly be regula-
tors of PI, either directly or through their action on other
genes. One candidate is AP3. The phenotypic effects of
ap3 mutations are nearly identical to the effects of mu-
tations in PI (Bowman et al. 1989, 1991; Jack et al. 1992).
This could be because both genes contribute together to
a common organ specification function or because one is
a positive regulator of the other, with the downstream
gene acting more directly in organ specification. We
know that PI function is not necessary for the appropri-
ate initial (stages 3-5) pattern of AP3 expression, because
the early pattern of AP3 RNA expression is normal in pi
mutants (Jack et al. 1992). To determine whether AP3 is
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Figure 3. Expression of PI RNA in wild-type flowers. The distribution of PI RNA was determined by in situ hybridization to
longitudinal 8-p-thick tissue sections. The tissue was stained with toluidine blue (see Materials and methods). All photographs are
bright-field/dark-field double exposures in which a red filter was placed in the light path of the microscope during the dark-field
exposure, to cause the silver grains {signal) to appear red. Bars, 20 pm. (A) Inflorescence apex. In the inflorescence meristem and in
floral meristems to stage 2, signal from the PI RNA is not seen above background levels. In early stage 3 flowers, PI transcripts are first
detectable in the cells that will later form the primordia of petals, stamens, and carpels but not in the cells that will develop to sepals.
The developmental stage of each floral meristem (using the stages of Smyth et al. 1990) is indicated. (B) Higher magnification of a later
stage 4 flower. At this stage, sepal primordia are apparent (se), but other organ primordia are not yet morphologically distinguishable
from the remaining floral meristem (fm). PI RNA is disappearing from the region that later will develop into carpels and is expressed
in the cells between the sepal primordia and the outer boundary of the region that will develop into carpels. (C) A stage 10 flower, when
all floral organs are differentiating. PI transcripts are expressed at high levels throughout the stamens (st) and petals [p) but not in the
carpels (c) or sepals (se).

and is reduced to a level lower than normal in later
stages, as is true in pi-1. In pi-2, however, PI expression

a positive regulator of PI expression, we analyzed the
pattern of expression of PI RNA in ap3-3 mutant flowers.

This ap3 mutant allele causes a severe mutant pheno-
type; the mutation is a change of the codon for the eigh-
teenth amino acid in the deduced AP3 protein to a stop

becomes reduced later than in pi-1 flowers, and the PI
RNA is present in fully developed flowers, although only
at the base of the giant ovary in the region formed from

codon. The initial pattern of PI expression is normal in
ap3-3 flowers; thus, for their initial expression patterns,
AP3 and PI are independent (Fig. 6A). This is not true for
later expression; high levels of PI RNA are not main-
tained after stage 4 or 5 in ap3-3 flowers (Fig. 6A). This
indicates a role for AP3 in maintenance, but not estab-
lishment, of PI expression. Absence of AP3 in the fourth
whorl of wild-type flowers can therefore explain the dis-
appearance of PI RNA from that region.

PI is necessary for maintaining its own expression. In
pi-1 mutant flowers, PI RNA accumulates normally in
stages 3—6, before the primordia of the second and third
whorl organs begin to differentiate obviously. Subse-
quently, the level of PI RNA decreases: The PI transcript
is not detectable above background in flowers older than
stage 7 (Fig. 6B). The weaker mutant allele pi-2 has a less
severe effect on the reduction of PI RNA level. In pi-2
mutants PI RNA accumulates normally in early stages

the third whorl {Fig. 6C). In flowers homozygous for pi-3,
the weakest allele, PI expression is similar to that in
wild-type flowers (Fig. 6D). These results show that dif-
ferent gene products are responsible for the initial ex-
pression of PI and for maintenance of that expression:
Both AP3 and PI are involved in the maintenance of PI
expression, whereas neither is required for the initiation
of PI expression.

Another mutation that affects the PI expression pat-
tern is superman. The phenotype of this mutation is re-
duction or elimination of the ovary, with concomitant
formation of many extra stamens in the central region of
each flower (Schultz and Haughn 1991; Bowman et al.
1992). One explanation for this mutant phenotype is that
the absence of SUP activity results in the expansion of
the normal domain of AP3 and PI function to include
cells that would ordinarily develop into fourth-whorl
carpels. That SUP normally acts as a repressor of AP3

Figure 4. Serial sections through early-stage developing wild-type flowers, showing the different patterns of expression of PI and AP3.
In situ hybridization to PI RNA in 8-um sections was used to show the position of PI RNA. Photographs were as described in the
legend to Fig. 3, except a yellow filter was used in the dark-field exposure when the probe was to AP3 RNA, and a red filter for PI RNA.
The rows of photographs labeled 4, C, and E, with the autoradiographic silver grains colored yellow, are hybridized with an antisense
AP3 probe; the photographs in rows B, D, and F, color-coded red, show the hybridization pattern of an antisense PI probe. The flowers
shown in rows A and B are early stage 3; C and D are later stage 3; and rows E and F depict stage 4 flowers. In row E one section has
not been shown in the serial series; it comes between the third and fourth panel, and resembles the third panel. At stages 3 and 4, at
least two adjacent sections show undetectable levels of AP3 RNA in the center of the developing flowers. There are no sections in
which PI RNA is undetectable in the whorl four region of stage 3 and 4 flowers. It does appear that by stage 4, the level of PI RNA
is declining in the center of the flowers. By late stage 4 or stage 5, PI RNA is undetectable in the whorl 4 region, and the PI expression
pattern is indistinguishable from the AP3 pattern in the center of developing flowers {see Figs. 3 and 5). All panels are at the same
magnification. The white size bar {bottom right) represents 50 pm.

1552 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on December 10, 2016 - Published by Cold Spring Harbor Laboratory Press

PI gene of Arabidopsis

Figure 4. (See facing page for legend.)
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Figure 5. PI and AP3 expression in alter-
nate sections of the same wild-type inflores-
cence. Adjacent 6-pm sections of a wild-
type inflorescence were alternately in situ
hybridized with labeled antisense PI (A,C)
or AP3(B,D) probe. (A-D) The serial order of
the sections. The photographs are double
exposures as in Figs. 3 and 4; in A and C a
red filter was used during the dark-field ex-
posure; while in B and D a yellow filter was
used. Stage 3 (center), stage 6 (right), and
stage 8 (left) flowers are shown in these pho-
tographs. Both PI and AP3 express in petals
(p) and stamens (st), and not in sepals (se) or
carpels (c) when these organs are differenti-
ating. In the stage 3 flower, PI is expressed
in the center, whereas AP3 is not. Bar, 50
pm.

RNA accumulation in the fourth whorl has been shown
directly by in situ hybridization with AP3 antisense
probes and sup homozygous flowers {Bowman et al.
1992). Parallel experiments with PI antisense probes
were performed and show that the initial domain of PI
RNA accumulation in sup-1 mutant flowers is the whorl
2, 3, and 4 region of PI RNA accumulation in wild-type
flowers. Later (after approximately stage 5) PI RNA is
seen much more centrally than in wild type: Whorl 4
expression does not become reduced as in wild-type. In
the center of the flowers, however, there is a small region
free of PI signal (Fig. 6E). The same lack of signal in a few
central cells has been seen in similar experiments per-
formed with an AP3 probe (Bowman et al. 1992; T. Jack
and E.M. Meyerowitz, unpubl.). Formally SUP can be
considered a negative regulator of both PI and AP3 in
whorl 4. The direct effect of SUP may be only on AP3,
however; and because AP3 is a maintenance factor for PI,
the absence of SUP activity may indirectly allow contin-
ued expression of PI in the center of developing flowers.

AP2 is another candidate for a gene that controls PI
expression, because gp2 mutations are known to affect
AP3 RNA levels: When strong ap?2 alleles such as ap2-2
and ap2-8 are homozygous, AP3 RNA initially accumu-
lates only to very low levels and in spatial domains
smaller than in wild type. PI RNA expression resembles
that of AP3 in ap2-8 homozygotes (Fig. 6F,G). The ex-
pression pattern of PI RNA has been examined in two
additional mutant genotypes, ag-1 and ap1-1. PI expres-
sion is as expected if the AG and API genes are not
specific PI regulators (Fig. 6H,1).

Protein—protein interactions between PI and AP3

There are several reasons to believe that PI and AP3
might act as partners in a heteromultimer. They act in
the same places, times, and processes; and the homologs
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of AP3 and PI in snapdragons (DEF and GLO) have been
reported to bind in vitro to MADS domain-binding sites,
although only if the two proteins are translated together
in the same in vitro translation reaction (Schwarz-Som-
mer et al. 1992; Trobner et al. 1992). To see if PI and AP3
might act as a heteromultimer, we examined whether PI
and AP3 proteins bind to each other in solution. A gene
for a modified PI protein was constructed from a PI
cDNA clone: At the carboxyl terminus a synthetic olig-
onucleotide coding for an amino acid octamer (FLAG)
was added, which is an epitope for commercially avail-
able monoclonal antibodies (anti-FLAG; see Materials
and methods). RNA transcribed in vitro from this gene
was translated in vitro to provide a source of epitope-
tagged PI. AP3 RNA was then produced by in vitro tran-
scription from an AP3 cDNA construct, and this was
translated in vitro in the presence of [**S] methionine to
provide radioactively labeled AP3 protein. After mixing
unlabeled but epitope-tagged PI with radioactively la-
beled AP3 protein, anti-FLAG antibody was used to pre-
cipitate the PI protein. The resulting immunoprecipitate
was analyzed by SDS-PAGE (Fig. 7). Labeled AP3 was
coprecipitated with the epitope-tagged PI protein, indi-
cating that the two proteins associate in vitro.

Additional experiments were performed to determine
whether the K domain, which by analogy to the similar
region of keratin has been proposed to be involved in
protein—protein interactions among plant MADS box
proteins (Ma et al. 1991; Pnueli et al. 1991), or the MADS
domain, is required for this interaction. An epitope-
tagged PI protein with part of the K box deleted (the part
coding for amino acids 105-134) was used in experi-
ments similar to the ones described above, and labeled
AP3 was coprecipitated, though less efficiently than
when full-length PI protein is used. Deletion of the
MADS box from the epitope-tagged PI protein virtually
eliminated the PI-AP3 interaction (Fig. 7).
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Figure 6. Expression of PI RNA in mutant plants. The distribution of PI transcripts in sections of various mutant flowers, as revealed
by in situ hybridization with a labeled antisense PI probe. Exposure times are the same as those in Fig. 3. Sepals (se}, petals {p), stamens
(st), and carpels (c} are labeled. Bars, 50um. {A) ap3-3, a severe allele of ap3. In the stage 3 flower {indicated by the labeled arrowhead)
PI begins to express as in a wild-type flower, but the expression level begins to reduce at stage 5, and by approximately stage 7 (to the
right of the stage 3 floral bud) it is at a background level, except perhaps in the developing whorl 2 sepals, where it is approaching
background level. Later stage buds are to the left of the stage 3 bud. (B) pi-1, the most severe allele of pi. As in an ap3-3 flower, PI
expresses normally in stages 3 and 4, but after this, the level of PI RNA is reduced to an undetectable level . The middle flower is
approximately stage 9, and there is no signal in the second whorl {no organ is seen in this section) or the third whorl region (occupied
by developing carpels). (C) pi-2, which gives an intermediate phenotype among three pi mutant alleles, also shows normal PI expres-
sion during stages 3 and 4. In approximately stage 10, PI RNA is seen only in the base of the gynoecium forming in the third whorl
region {arrowheads). In this flower, second whorl sepals {2se} develop, but signal is not observed in them at this late stage of
development. {D) pi-3, the weakest pi mutant allele. The PI RNA expression pattern is similar to that seen in wild-type flowers, though
sepals develop in the second whorl (2se) and filamentous carpels (fl} develop in the third whorl. (E) In the superman-1 mutant, early
PI expression seems much like that in wild type (stages 3 and 4, as in the central stage 3/4 flower of this panel). In later stage flowers,
PI RNA is seen much more centrally than in wild type, though in the center of each flower there is a small region without PI signal
{arrowhead). Arrows labeled p and st represent developing petal and stamen, respectively. (F,G)} ap2-8, a strong allele of ap2. At stage
3 [F), PI is expressed at a lower level than in a wild-type flower but in a normal domain. Second and third whorl organs are usually
absent in ap2-8 flowers. On occasion, a staminoid organ will develop in this region; when it does, PI is expressed in it {arrow in G).
When the first whorl carpels (c in F and G) develop, PI RNA is generally absent from them, as in G. Infrequently PI is expressed at the
base of developing first whorl organs, as in the flower on the right in F. (H) An ag-1 flower has multiple repeats of (sepals, petals,
petals),. PI RNA is clearly present in all petals (which arise in the second and third whorls) and in the same region of the floral
meristem in which it is found in wild type. (I} apI-1, a strong loss-of-function allele of AP1. Second whorl organs are missing in these
mutants, so the region of the second whorl cannot be identified {if it is there at all). Strong PI expression is observed in the stamens
in primary and secondary (2f} flowers.

Discussion SQUAMOSA, and additional genes active in flower de-

velopment in these and other plant species (Schwarz-
The sequence of PI shows it to be a member of the Sommer et al. 1990; Ma et al. 1991; Pnueli et al. 1991,
MADS box family of proteins, which includes the other Angenent et al. 1992; van der Krol et al. 1993). The
Arabidopsis organ identity genes AG, AP3, and API, MADS box family also includes transcription factor pro-
the snapdragon organ identity genes DEF, GLO, and teins from animals |serum response factor or CArG-bind-
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Figure 7. Coimmunoprecipitation of PI and AP3 proteins. A
fluorograph of a polyacrylamide gel containing immunoprecip-
itated proteins. The arrow indicates the position of the full-
length AP3 protein. 33S-Labeled AP3 protein was run in the lane
marked AP3. The two minor bands in this lane are consistent
with the expected sizes of products translated from internal
methionines. The adjacent lane contains labeled AP3 protein
immunoprecipitated without addition of epitope-tagged PI pro-
tein, to show the background of nonspecific precipitation of
AP3 by the antibody. The following lanes contain epitope-
tagged PI (PI), tagged PI without the MADS box {AMPI), and
tagged PI with a partial deletion of the K-box (AKPI), which were
mixed (+) or not | —} with radiolabeled AP3 protein and immu-
noprecipitated with anti-FLAG antibody.

ing factor (Norman et al. 1988; Boxer et al. 1989)]; myo-
cyte-specific enhancer factor 2 {Yu et al. 1992), and fungi
[MCMI1 or GRM/PRTF (Jarvis et al. 1989; Passmore et al.
1989]], as well as genes of unknown function from both
of these kingdoms {Dubois et al. 1987; Pollock and Tre-
isman 1991). These findings imply that PI is likely to
encode a DNA-binding transcriptional regulator, which
is in accord with its known developmental functions.
The identities of the immediate downstream genes are
unknown, though as discussed below, PI regulates both
its own expression and that of the AP3 gene. It is not yet
known whether these activities are mediated directly.
Because the absence of PI function influences the num-
ber and pattern of cells in floral organs and the differen-
tiated phenotypes of these cells, the downstream genes
must regulate pattern and number of cell divisions as
well as differentiation of specific cell types.

In situ hybridization experiments have revealed that
PI RNA accumulates in the second, third, and fourth
whorls of developing flowers, starting by stage 3 of
flower development, which occurs prior to the first ap-

1556 GENES & DEVELOPMENT

pearance of the primordia of petals and stamens. This
initial pattern of expression does not coincide with the
domain of the pi mutant phenotype, which is in the sec-
ond and third whorls. It also does not coincide with the
initial expression pattern of AP3, the mutant phenotype
of which is nearly identical with that of pi. Thus, fourth
whorl expression does not seem to correlate with any
organ identity activity. This early expression pattern
does demonstrate that despite their similar activities and
apparent action as partners, the genes AP3 and PI are
controlled, at least in part, by different upstream regula-
tory factors. This implies a greater complexity to the
earliest events in the specification of floral organ iden-
tity than has been realized so far.

After stage 4, the pattern of PI expression largely co-
incides with that of AP3: PI is no longer detected in
whorl 4. This is apparently attributable to the absence of
AP3 expression. Evidence for this is both that eliminat-
ing AP3 activity from all whorls causes PI RNA to dis-
appear from all whotls, as it does normally only in whorl
4, and that when AP3 is ectopically expressed in the
fourth whorl of developing flowers by attaching the AP3
gene to a foreign promoter, PI remains active in the
fourth whorl and allows stamens to form there (Jack et
al. 1994). Because PI is also a maintenance factor for
AP3, at least in the third whorl (Jack et al. 1992), AP3 and
PI clearly form a positive regulatory circuit in which the
activity of each is necessary for maintaining RNA accu-
mulation from both.

The initial expression pattern of PI raises the question
of the mechanism by which PI (and the other organ iden-
tity genes) is activated in its initial expression domain.
This is a central question in understanding organ speci-
fication in flowers, because both genetic and molecular
experiments have shown that the differentiation of ap-
propriate organ types in appropriate positions depends on
the pattern of RNA accumulation from organ identity
genes. The only gene whose activity is known to be nec-
essary for initial expression of PI is LEAFY (LFY; Weigel
and Meyerowitz 1993). LFY acts along with API and AP2
in the initial induction of the floral developmental path-
way (Bowman et al. 1993). In situ hybridizations in
which PI probes were used to locate the PI RNA in de-
veloping flowers of several additional mutant genotypes
have shown that the pattern of expression of PI depends
in different ways on activity of the PI gene itself, of the
AP3 gene, and of the SUPERMAN and AP2 genes. None
of these genes is necessary for the initial expression of PI,
however, indicating that other activities are responsible
for initiating PI expression and eliminating the possibil-
ity that AP3 is required as an initial PI activator. SU-
PERMAN regulates PI expression similarly to the way it
regulates AP3 expression: In the later stages of flower
development in sup mutants, both AP3 and PI RNAs are
expressed much closer to the center of the flower than in
the wild type, resulting in the development of extra sta-
mens and, at the same time, a reduction or elimination
of the region of the flower that develops into carpels.
SUP is thus formally a negative regulator of PI in the
region of flowers that in the wild type will give rise to
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the ovary. Although the activity of the SUP gene (possi-
bly acting directly as a negative regulator of AP3 and on
PI only indirectly) explains the absence of PI RNA in the
center of wild-type flowers, we still do not know why PI
RNA is not present in the first floral whorl. This could
be attributable to an absence of PI induction in this
whorl or to the action of an as-yet-undiscovered negative
regulator of PI RNA accumulation that acts in the first
whorl.

AP2 is also a regulator of PI RNA accumulation: A
strong ap2 mutation reduces early, and generally elimi-
nates late, RNA accumulation from the PI gene. There
are two reasonable models for this interaction: Either
AP2 is one of the early-acting genes that induces PI ex-
pression (like LFY) or PI RNA is not found in developing
ap2 flowers because the cells that would ordinarily com-
prise the second and third whorls are absent, or nearly so,
in strong ap2 mutants. That the second of these possi-
bilities may account for the absence of PI RNA in later-
stage ap2 flowers is indicated by the fact that PI RNA is
found in the rare second or third whorl staminoid organs
that occasionally develop in ap2-8 flowers. PI is there-
fore expressed in late-stage ap2 mutant flowers, but this
expression is only seen when second or third whorl cells
divide to form organs.

Because many of the phenotypic and gene-regulatory
effects of pi mutations are identical to those of ap3 mu-
tations, it seems possible that AP3 and PI may act to-
gether as a heteromultimer. This possibility was tested
by epitope tagging of a PI protein and showing that AP3
protein coprecipitates with PI in the presence of anti-tag
antibodies. This coprecipitation is almost eliminated by
deletion of the MADS box region of the PI protein and is
reduced by deletion of part of the K box. This shows that
AP3 and PI can form a heteromultimer in solution and
indicates that the formation of the multimer may re-
quire the MADS domain and that it may be facilitated by
the K domain. It is possible that the deletions affect pro-
tein folding, however, and that the MADS and K do-
mains are not directly involved in the AP3—PI protein—
protein interaction.

As detailed below, PI and the GLO gene of snapdrag-
ons are orthologs, as are AP3 and DEF (Jack et al. 1992).
A different type of binding studies has been performed
with the two snapdragon genes, in which in vitro co-
translation of the two proteins is necessary for them to
bind to the MADS domain-binding site in the yeast STE6
promoter (CArG box; Schwarz-Sommer et al. 1992), and
for binding to other CArG boxes, as well (Trobner et al.
1992). These studies assay DNA binding by use of gel
mobility retardation methods, whereas our studies assay
protein—protein interactions between PI and AP3 di-
rectly, without requiring that they bind to specific DNA
sequences. The results differ in detail because the snap-
dragon proteins need to be cotranslated to bind together
to DNA, whereas in our studies heteromultimers form
upon mixing of the proteins, without any need for their
cotranslation. Nonetheless, both sets of in vitro studies
suggest that AP3/PI or the orthologous pair DEF/GLO
act as heteromultimers in vivo.

PI gene of Arabidopsis

PI is the ortholog of the Antirrhinum gene GLO (Trob-
ner et al. 1992}, much as AP3 is the ortholog of the An-
tirrhinum gene DEF (Jack et al. 1992). This is indicated
by the similarity of their derived amino acid sequences.
Although all four putative proteins {AP3, PI, DEF, and
GLO) are related through their 57-amino-acid amino-ter-
minal MADS box sequences, the pairs PI—GLO and
AP3—DEF are related much more closely than the other
possible pairs and are related through the entire length of
the protein, including the carboxy-terminal region.
These results clearly show that (as long as the picture
has not been confounded by gene conversion, and there
is no indication of this) the pairs PI/GLO and AP3/DEF
are orthologous, and the ancestral gene of each pair was
present in the last common ancestor of A. thaliana and
A. majus. These two species are in different subclasses of
dicots (Cronquist 1981) and are thought to have been
diverging since the Cretaceous, when the major radia-
tions of flowering plants took place (Stewart and Roth-
well 1993). The mechanisms served by these genes
would thus seem to be similar in most or all flowering
plants. Despite this, recent work on the apparent or-
thologs of AP3 and PI in Petunia (FBP1, pMADS1, and
pMADS2) has shown that whereas the activity of these
genes in Petunia appears to be similar to that in Arabi-
dopsis and Antirrhinum, in that together, they specify
petals and stamens, the number and regulation of the
genes may be different {Angenent et al. 1992, 1993; Kush
et al. 1993; van der Krol et al. 1993). It therefore remains
to be seen which aspects of B gene function and regula-
tion are fundamental and which have changed during the
evolution of flowering plants.

Materials and methods
Amplification of GLO ¢cDNA

Total RNA was extracted from A. majus flowers (collected on
the Caltech campus) as described (Crawford et al. 1986), and
poly(A)* RNA was purified by use of PolyATtract system
(Promega). Poly(A)™ RNA (3 ug) was used to synthesize double-
stranded cDNA with a RiboClone cDNA synthesis system
(Promega). This cDNA was amplified by PCR with degenerate
oligonucleotides derived from the amino acid sequence of GLO.
The primer sequences used for amplifying GLO were K1—5'-
[TC|JTCCATNAC[GA|TT[GA|TC[GA|TTCAT-3'—and K11—
5'-GA[GAJAT[ATC]AA[GA]AC|GNAT|ATC]GAIGA]JAA[CT)-
TC-3’. Mixed nucleotides are shown in brackets, with N indi-
cating a GATC mixture. One major and several minor amplified
bands were seen by agarose gel electrophoresis. The major band
was cut out and sequenced directly. The deduced amino acid
sequence of this DNA corresponds to that of GLO. This PCR-
amplified GLO DNA was labeled by nick translation with
[a-*?PJdCTP and used as a probe for library screening.

Cloning of PI

An Arabidopsis flower cDNA library {Weigel et al. 1992}, con-
structed using floral RNA from the Landsberg erecta (L-er) wild
type and in the Lambda ZAP II Vector (Stratagene), was screened
with PCR-amplified GLO cDNA under reduced stringency con-
ditions {hybridization, 50°C, 4x SSPE; wash, 55°C, 2x SSPE).
Eight independent plaques out of 2 x 10* plaques screened were
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hybridized strongly with the probe. These eight positives were
isolated and in vivo excision of pBluescript and the cDNA in-
sertion sequences was performed according to the manufactur-
er's instructions. The cDNA insert was then sequenced with a
Sequenase II kit (U.S. Biochemical). The insert sizes of these
clones ranged from ~500 to 900 bp. All of the shorter inserts had
truncated versions of the sequence in the longest one, which
was designated cGH12.

In parallel, a cosmid library, made from L-er genomic DNA by
use of the vector pCIT30 (Ma et al. 1992), was screened under
the same conditions as were used in the cDNA library screen-
ing. Four cosmid clones gave strong hybridization signals. In-
serts of these isolated cosmids were tested for cross-hybridiza-
tion but none of them hybridized with each other under high
stringency conditions (hybridization, 65°C, 4x SSPE; wash,
65°C, 0.1x SSPE). One cosmid clone, GH13, hybridized to the
c¢DNA clone (cGH12| at high stringency conditions.

Two Xbal fragments of GH13 (1.2 and 3.7 kb) hybridize to the
cDNA clone. These two fragments were ligated to the Xbal site
of pGEM-7Zf( +), and a series of restriction endonuclease diges-
tions were made and the resulting fragments subcloned, after
which the subclones were sequenced as described above.

RFLP mapping

Plants from the L-er wild type, homozygous for pi-1, were
crossed to wild-type plants of the Niederzenz {Nd-0} ecotype. F,
plants were backcrossed to pi-1 homozygotes, and DNA was
prepared from individual progeny of this cross. The DNA was
analyzed by Southemn blot hybridization for the segregation of
known RFLP markers {Chang et al. 1988; Hauge et al. 1993). For
cosmid GH13, 63 of 64 individuals that we examined scored
identically to pi, indicating very close but not perfect linkage.
Before it was used for DNA extraction, the plant numbered 102
had been scored as phenotypically Pi~. It scored as a Landsberg/
Niederzenz heterozygote in RFLP mapping when markers adja-
cent to PI on either side were used as probes, as well as hetero-
zygous for the GH13 polymorphism. We conclude that this in-
dividual was scored incorrectly for the pi phenotype because
molecular evidence shows both that the entire PI region was
heterozygous and that GH13 contains the PI gene.

Direct sequencing of PCR products

PCR-amplified products were separated by electrophoresis on
1% LMP agarose gels (BRL), and bands of expected sizes were
excised. The excised fragments of the LMP agarose gel were
melted at 65°C, and 9 pl of melted agarose was mixed with 1 pl
of 10 uM sequence primer and 1.2 ul of 5% NP-40. Immediately
after boiling for 3 min, this mixture was placed in a 37°C water
bath, after which dideoxy sequencing was performed by use of a
Sequenase II kit (U.S. Biochemicals| according to the manufac-
turer’s instructions.

Sequencing of pi mutant alleles

The first strand of cDNA was synthesized from 2 pg of poly(A)™*
RNA extracted from the flowers of pi-1, pi-2, and pi-3 homozy-
gous mutant plants. Each of these PI mutations was induced by
use of the mutagen EMS (ethylmethane sulfonate) in the genetic
background L-er (Bowman et al. 1991). These cDNAs were am-
plified by PCR with primers that have the sequences of the 5’
and 3’ ends of the sequenced wild-type cDNA. Each PCR reac-
tion with mutant cDNA produced the expected size of ampli-
fied DNA. We directly sequenced two independent PCR prod-
ucts for each mutant allele. To confirm the results of direct
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sequencing, amplified DNAs were cloned into pGEM-7Zf(+]
(Promega), and three independent clones of each mutant type
were sequenced. The sequences of these clones correspond to
the results obtained from direct sequencing.

In situ hybridization

To make the hybridization probe, we constructed pcPINX,
which has an Ncol-Xhol fragment of PI cDNA (a fragment not
including the MADS box, to avoid cross-hybridization to other
MADS box genes) inserted in the BamHI and Xhol sites of
pGEM-7Zf({+). To make an antisense probe, pcPINX was lin-
earized by BamHI, and in vitro transcription with T7 RNA poly-
merase was used to incorporate [>°S]JUTP. Tissue fixation, hy-
bridization, and washing conditions were carried out as de-
scribed by Drews et al. (1991a). The thickness of the paraffin
sections used was 8 um except for the alternate sections exper-
iment {shown in Fig. 5}, in which the sections used were 6 pm
thick. Slides were developed following 2- to 5-week exposures.
As a control, a sense-orientation probe made from an identical
template was used in identical experiments; no signal was seen
in the controls.

Immunoprecipitation

To make the FLAG-tagged PI protein, pPIFLAG was constructed
in pGEM-3Z (Promega). This plasmid includes a synthetic oli-
gonucleotide that codes for the FLAG epitope, in place of the
Clal-Xhol region of the PI cDNA. This results in the addition of
a peptide, DDADTKDDDDXK, at the carboxy-terminal end of
the PI protein. By Ncol digestion, pAMPIFLAG was made to
produce MADS box-deleted PI protein that has the deletion
from M (at position 1) to S (61). To delete the K box, pPIFLAG
was digested with Sacl and Tthl111l, and after removing the
small fragment, the plasmid was recircularized by blunt-end
ligation. pAKPIFLAG encodes a PI protein with L {105) through
K (134) deleted, which removes 30 amino acids from the K box.

The TNT-coupled reticulocyte lysate system {Promega) was
used to make in vitro-translated proteins. To produce radioac-
tively labeled AP3 protein, pF730 (Jack et al. 1992) was used as
a template and [*°S)methionine was incorporated. After 1 hr
incubation at 30°C, the in vitro translation solution was diluted
with an equal volume of 2x buffer A (40 mm HEPES-KOH at pH
7.9, 0.4 mMm EDTA, 20% glycerol, 200 mm KC], 2 mMm DTT]) to
stop the translation reaction {Blanar and Rutter 1992}. Each pro-
tein solution (20 pl) was mixed and left at room temperature for
30 min to allow protein association. After this, 1 ug of anti-
FLAG M2 monoclonal antibody (Kodak-IBI) and 10 ug of protein
A-Sepharose (Sigma) in ice-cold 500 pl of buffer B (buffer B
contains 2.5 mm MgCl, and 0.1% NP-40 in addition to buffer
A) were added. After incubation on a rotating wheel at 4°C for 1
hr and centrifugation, the pellet was washed four times with
ice-cold buffer B. The washed pellet was resuspended in 2x SDS
sample buffer, and the proteins were analyzed by SDS-PAGE
and fluorography using EN*HANCE {DuPont).
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