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AGL15 (AGAMOUS-like 15), a member of the MADS domain family of regulatory factors, accumulates preferentially
throughout the early stages of the plant life cycle. In this study, we investigated the expression pattern and possible
roles of postembryonic accumulation of AGL15. Using a combination of reporter genes, RNA gel blot analysis, and im-
munochemistry, we found that the AGL15 protein accumulates transiently in the shoot apex in young Arabidopsis and
Brassica seedlings and that promoter activity is associated with the shoot apex and the base of leaf petioles through-
out the vegetative phase. During the reproductive phase, AGL15 accumulates transiently in floral buds. When 

 

AGL15

 

was expressed in Arabidopsis under the control of a strong constitutive promoter, we noted a striking increase in the
longevity of the sepals and petals as well as delays in a selected set of age-dependent developmental processes, in-
cluding the transition to flowering and fruit maturation. Although ethylene has been implicated in many of these same
processes, the effects of AGL15 could be clearly distinguished from the effects of the 

 

ethylene resistant1-1

 

 mutation,
which confers dominant insensitivity to ethylene. By comparing the petal breakstrength (the force needed to remove pet-
als) for flowers of different ages, we determined that ectopic AGL15 had a novel effect: the breakstrength of petals ini-
tially declined, as occurs in the wild type, but was then maintained at an intermediate value over a prolonged period.
Abscission-associated gene expression and structural changes were also altered in the presence of ectopic AGL15.

INTRODUCTION

 

AGL15 (AGAMOUS-like 15) is a member of the MADS do-
main family, a large, diverse family of regulatory factors. All
of the members of this family contain a highly conserved 55–
to 60–amino acid domain, known as the MADS domain,
which binds DNA through contacts in the minor groove and
interactions with the phosphate backbone (Pellegrini et al.,
1995). MADS domain proteins also have more divergent re-
gions, which contribute to structural and functional specific-
ity. MADS domain–containing regulatory factors are found in
all eukaryotic organisms and play pivotal roles in regulating
many different kinds of developmental events, including

mating-type specification in yeast, muscle development in
Drosophila and mammals, and responses to the environ-
ment in humans. MADS domain factors form a particularly
large and diverse group in plants. In addition to the MADS
domain, the plant proteins have another, less highly con-
served domain, the K domain, which is thought to serve as a
protein–protein interaction domain (reviewed in Riechmann
and Meyerowitz, 1997).

The MADS domain family consists of at least 36 members
in Arabidopsis (Liljegren et al., 1998), including the well-
known floral organ identity regulators AGAMOUS (AG),
APETALA3 (AP3), and PISTILLATA; meristem identity regu-
lators APETALA1 (AP1) and CAULIFLOWER; silique tissue
identity regulators FRUITFULL/AGL8, AGL1, and AGL5; and
a set of other AGL factors of unknown function expressed in
flowers. Family members that are preferentially expressed in
developmental contexts other than the flower have also
been identified (Rounsley et al., 1995) and include such fac-
tors as ANR1, which plays a role in control of root architec-
ture in response to nutrient availability (Zhang and Forde,
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1998), and FLOWERING LOCUS C, a recently identified re-
pressor of flowering (Michaels and Amasino, 1999). Based
on its expression pattern and divergent sequence, AGL15
belongs to this latter group; however, its developmental role
is undefined.

Our previous findings have led us to suggest that AGL15
is likely to play an important regulatory role at the beginning
of the plant life cycle. We initially isolated 

 

AGL15

 

 as a low-
abundance mRNA that preferentially accumulates in devel-
oping embryos (Heck et al., 1995); Rounsley et al. (1995) in-
dependently isolated it from a floral cDNA library. 

 

AGL15

 

 is a
single-copy gene in Arabidopsis, and thus far, genome se-
quencing efforts have not revealed any genes likely to repre-
sent recent duplications of the 

 

AGL15

 

 locus. The only
members of the MADS domain family in Arabidopsis that are
known to be expressed in embryos are 

 

AGL15

 

 and 

 

AGL2

 

(Flanagan and Ma, 1994). 

 

AGL15

 

 shows strong preferential
expression in embryos, whereas 

 

AGL2

 

 is predominantly ex-
pressed in floral tissues (Heck et al., 1995). Using AGL15-
specific antibodies, we have shown that AGL15 accumu-
lates in the nuclei of young embryos, endosperm, and sus-
pensor cells but only in the cytoplasm of the egg cell (Perry
et al., 1996). More recently, we found that AGL15 is similarly
regulated in a wide variety of embryogenic situations (Perry
et al., 1999).

Although AGL15 accumulates preferentially in embryos,
its accumulation is clearly not restricted to the embryonic
phase. 

 

AGL15

 

 transcripts have been detected in young Ara-
bidopsis seedlings by using in situ hybridization (Rounsley
et al., 1995) and in various tissues (including flowers) in
Brassica by using RNA gel blot analyses (Heck et al., 1995).
These findings, plus an awareness that expression patterns
have provided important insights into the developmental
roles of MADS domain factors in past investigations, moti-
vated us to look more closely at 

 

AGL15

 

 expression in
postembryonic phases. We combined an analysis of 

 

AGL15

 

promoter activity with an examination of mRNA and protein
accumulation to examine both qualitative and quantitative
aspects of 

 

AGL15

 

 expression. Because the cellular localiza-
tion of AGL15 is regulated in embryos (Perry et al., 1996,
1999), we also performed immunolocalization analyses to
determine whether the protein accumulated in the cyto-
plasm or the nuclei.

Because we found that AGL15 accumulates transiently
in nuclei in a selected set of tissues during the vegetative
and reproductive phases, this raises the possibility that it
plays multiple roles during the plant life cycle. To investi-
gate these roles, we have examined whether altering the
expression pattern of 

 

AGL15

 

 has any effect on postem-
bryonic development. The results were striking and unex-
pected. The combination of effects on the transition to
flowering, perianth longevity, and fruit maturation defines a
new kind of developmental role for a MADS domain factor.
Specifically, AGL15 may play a role in controlling age-
dependent developmental programs, particularly in repro-
ductive tissues.

 

RESULTS

 

AGL15

 

 Promoter Activity in Vegetative and
Reproductive Organs

 

For analysis of 

 

AGL15

 

 promoter activity in the period after
germination, transgenic Arabidopsis plants carrying a re-
porter construct were generated. The reporter construct,
shown in Figure 1A and designated pAGL15:GUS, consisted
of 2.5 kb of Arabidopsis genomic sequence upstream of the
translational start site of 

 

AGL15

 

, a translational fusion be-
tween the first four codons of AGL15 and the coding se-
quence for 

 

b

 

-glucuronidase (GUS), and 2.5 kb of genomic
sequence downstream of the 

 

AGL15

 

 stop codon. Sixteen
transformants were recovered (of a total of 21) that showed
intense staining throughout the embryo and endosperm
when excised seeds were incubated with the color-generat-
ing substrate X-gluc, as shown in Figures 2A and 2B. There-
fore, the reporter construct appears to contain the
regulatory elements necessary for appropriate expression of

 

AGL15

 

 during the embryonic phase. To obtain information
about promoter activity during other phases of the life cycle,

Figure 1. Constructs Used for Arabidopsis Transformations.

(A) Reporter construct (pAGL15:GUS). Genomic sequences
(hatched rectangles) flanking the AGL15 coding sequence (59 and
39) were fused to the coding sequence for GUS.
(B) Construct for constitutive expression of AGL15 (p35S:AGL15).
The promoter of the 35S gene of the cauliflower mosaic virus was
fused to the AGL15 cDNA.
(C) Construct for constitutive expression of AGL15 (p35S:gAGL15).
Similar to the construct shown in (B), p35S:gAGL15 includes the
first three introns (black rectangles) of the AGL15 gene.
NOS, nopaline synthase; arrowheads, transcription start/stop; bent
arrows, translation start; black circles, translation stop.
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Figure 2. Analysis of AGL15 Promoter Activity in Transgenic Arabidopsis Plants Carrying AGL15 Promoter:GUS Reporter Constructs.

GUS activity appears as blue staining in bright-field images and as pink crystals in dark-field images.
(A) Section of developing seed, stained with toluidine blue to show internal tissues.
(B) Dark-field microscopy showing GUS activity in developing seed.
(C) GUS activity is associated with the shoot apex (arrowhead) in a 7-day-old seedling.
(D) Section of the shoot apex of an 8-day-old seedling stained with toluidine blue.
(E) Dark-field microscopy showing GUS activity in the meristem, leaf primordia, stipules, and trichome initials (arrowhead) in an 8-day-old seed-
ling.
(F) GUS activity in the shoot apex (arrowhead) of a plant growing vegetatively under noninductive (short-day) conditions.
(G) Section of the shoot apex of a plant growing under short-day conditions, stained with toluidine blue to show the shoot apical meristem and
associated structures.
(H) Dark-field microscopy showing GUS activity in the shoot apical meristem, axillary meristems (arrowheads), stipules, and young leaf primor-
dia of a plant grown under short-day conditions.
(I) and (J) GUS activity associated with the base of the cauline leaves (arrowheads) in the inflorescence.
(K) GUS activity associated with young floral buds (black arrowhead) and with the basal part of older floral buds (white arrowhead).
(L) Dark-field microscopy showing GUS activity in the apex of an inflorescence. No GUS activity is detectable in the inflorescence meristem or
youngest floral buds.
(M) Dark-field microscopy showing GUS activity associated with cells in the receptacle and at the base of the floral organs in a stage 11 floral bud.
(N) GUS activity in floral buds of different ages. GUS activity declines with increasing age and cannot be detected in buds that are ready to open
(arrowheads).
am, axillary meristem; an, anther; c, cotyledon petiole; ca, carpel; cl, cauline leaf; e, embryo; en, endosperm; fb, floral bud; l, leaf; lb, leaf but-
tress; m, meristem; pe, pedicel; re, receptacle; sc, seed coat; se, sepal; sp, septum of fruit; st, stipule primordium. Bars in (A), (D), (G), (L), and
(M) 5 100 mm.
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we performed GUS assays with seven independently de-
rived lines, all of which showed strong staining of embryo
and endosperm tissue.

The 

 

AGL15

 

 promoter was active in shoot tissues after
germination and was regulated in a tissue- and time-
dependent manner. As shown in Figures 2C to 2E, GUS ac-
tivity could be detected primarily at the shoot apex, in the
meristem, leaf primordia, and stipule primordia in young
seedlings. Although the promoter is active in both the cotyle-
dons and axes during the embryonic phase (Figure 2B),
GUS activity could not be detected in roots, cotyledons, or
most of the hypocotyl after germination (Figure 2C). All of
the cells in young leaves, including the trichome initials,
showed GUS activity at first (Figures 2D and 2E). As the
leaves expanded and matured, however, GUS activity be-
came progressively restricted to the broad band of cells
that constitute the leaf base, as shown in Figure 2F. GUS
activity could be detected in the shoot apex as long as the
plants were growing vegetatively. Figures 2G and 2H show
a higher magnification view of the shoot apex of a plant
grown under noninductive, short-day conditions. The
strongest GUS activity was associated with the axillary
buds (Figure 2H) forming at the base of the rosette leaves.
GUS activity in the shoot apical meristem of the main axis
was less than that in the younger axillary bud meristems
and in the meristems of young seedlings. As shown in Fig-
ures 2I and 2J, GUS activity was also associated with the
bases of immature cauline leaves, which develop largely af-
ter the transition to reproductive growth. However, staining
was not visible in the cells of the inflorescence axis imme-
diately adjacent to the leaf bases.

The 

 

AGL15

 

 promoter was also active in developing floral
buds, as shown in Figure 2K. Figure 2L provides a higher
magnification view of the apex of the inflorescence. No
GUS activity could be detected in the meristem or in the
youngest floral buds. GUS staining was visible as early as
stage 4 (data not shown), which corresponds to the stage
after sepal initiation and before the stamen and petal pri-
mordia are clearly visible (Bowman, 1994). GUS activity was
initially present in cells throughout the developing floral or-
gans, but as the buds matured, the activity became pro-
gressively restricted to cells at the base of the organs.
Figure 2M shows a higher magnification of this area in a
stage 11 floral bud. Color deposits indicating GUS activity
are visible at the base of the carpel, stamen filaments, pet-
als, and sepals, and throughout the receptacle. Figure 2N
shows that GUS activity was undetectable by stage 13,
when the buds opened.

 

Accumulation of 

 

AGL15

 

 mRNA and Protein in 
Postembryonic Stages

 

We used AGL15-specific antibodies to confirm that the

 

AGL15

 

 gene product accumulated in tissues that showed
promoter activity after germination. Controls indicating that

 

these antibodies were highly specific for AGL15 have been
described previously (Heck et al., 1995; Perry et al., 1996,
1999). As shown in Figure 3A, an immunoreactive protein
was present in soluble protein extracts of young Arabidop-
sis seedlings and inflorescence tissues; moreover, this pro-
tein had the same mobility (

 

z

 

29 kD) as the soluble protein
in embryo extracts (data not shown). Fully mature leaves
contained only trace amounts of AGL15. When sections of
4-day-old Arabidopsis seedlings were probed with anti-
AGL15 antibodies, we found that immunoreactive protein
accumulated in the nuclei of cells in all layers of the shoot
apical meristem and in young leaf primordia, as shown in
Figure 3B. The protein quantities in the cells of the shoot
apex of young seedlings were at least roughly comparable
with those in developing embryos. Sections of 4-day-old
Arabidopsis seedlings and sections of Brassica torpedo-
stage embryos were processed together for examination by
immunohistochemistry; the nuclear staining was equally in-
tense in both samples. However, when sections of older
seedlings (6 to 8 days old) and embryo sections were pro-
cessed together, the nuclear staining in the cells of the
seedling shoot apex was clearly less intense than that in the
developing embryo samples (data not shown). As the seed-
lings matured, AGL15 protein accumulation in the shoot
apex became increasingly more difficult to detect.

The dynamics of 

 

AGL15

 

 mRNA accumulation during the
reproductive phase were analyzed in floral buds collected
from Brassica plants. Brassica floral buds are relatively
large, and they can be easily staged on the basis of bud
length (Scott et al., 1991). Thus, we could collect sufficient
amounts of tissue from a few plants to isolate poly(A)

 

1

 

 RNAs
corresponding to different developmental stages. As the slot
blot analysis in Figure 3C shows, 

 

AGL15

 

 mRNA amounts in
floral tissues were markedly lower than they were in devel-
oping embryos. 

 

AGL15

 

 sequences were present in 1- to
2-mm-long

 

 

 

floral buds, which is a stage marked by the ap-
pearance of microsporocytes and pollen meiosis (Scott et
al., 1991; equivalent to stages 8 and 9 in Arabidopsis [Smyth
et al., 1990]), and in younger, premeiotic buds collected in
association with the inflorescence apex. 

 

AGL15

 

 mRNA
could be detected in the floral buds until at least the time of
tapetal breakdown (3- to 4-mm-long bud stage [Scott et al.,
1991]; equivalent to stage 11 in Arabidopsis [Smyth et al.,
1990]). However, no 

 

AGL15

 

 mRNA could be detected in the
basal portions of mature, open flowers (Figure 3C). We also
performed in situ hybridization experiments (data not
shown) to localize 

 

AGL15

 

 transcripts in developing Brassica
buds. The signal was very weak, even with the high specific
activity radioactive probes that had been used successfully
on embryo tissue (Heck et al., 1995), and there was no indi-
cation of preferential accumulation in any specific organ or
cell type (data not shown).

The AGL15 protein also accumulated transiently in floral
structures. Immunoblot analysis of soluble proteins isolated
from staged Brassica floral bud samples is shown in Figure
3D. The major immunoreactive protein in floral tissues had
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the same apparent molecular mass (29 kD) as AGL15 in
Brassica embryo extracts but was at least 10-fold less
abundant per milligram of soluble protein (data not shown).
Protein accumulation could be detected at all stages of flo-
ral morphogenesis and maturation. The highest relative ac-
cumulations were associated with young buds (1 to 2 mm
long) and with the basal portions of the flowers at anthesis
(Figure 3D).

Immunohistochemistry indicated that AGL15 accumulates
in nuclei in virtually every part of an immature flower bud, as
shown in Figure 3E. In open flowers, on the other hand,
much of the immunostaining was associated with the cells
of the nectaries (both the cytoplasm and the nuclei), as
shown in Figure 3F. AGL15 protein concentrations in the
basal portions of the flowers decreased after pollination. At

 

z

 

6 or 7 days after pollination (DAP), the perianth organs ab-
scised. By 10 or 11 DAP, which corresponds to an early
globular embryo stage, the immunoreactive protein could no
longer be detected in the receptacle and basal portions of
the fruit (Figure 3D).

 

Phenotypic Changes in Plants with Increased Amounts 
of AGL15

 

To obtain plants that expressed 

 

AGL15

 

 constitutively, we
transformed Arabidopsis with the two constructs shown in
Figures 1B and 1C. In all, we isolated 48 lines carrying the
construct designated p35S:AGL15, which consisted of the
cauliflower mosaic virus (CaMV) 35S promoter and full-
length 

 

AGL15

 

 cDNA (Figure 1B). Also, 37 lines carrying a
second construct designated p35S:gAGL15, which included
the genomic sequence of 

 

AGL15

 

 through the third intron
(Figure 1C), were isolated. Ectopic accumulation of AGL15
was confirmed by immunoblot analysis of leaf tissue from
selected lines carrying single T-DNA loci, shown in Figure
4A. AGL15 could not be detected in the fully expanded
leaves of nontransformed plants but was detected in the
leaves of the transgenic plants. Plants carrying the intron-
bearing construct (p35S:gAGL15) consistently accumulated
more AGL15 than did plants carrying the cDNA construct
(p35S:AGL15). Figures 4B and 4C show that the AGL15

Figure 3. Analysis of AGL15 mRNA and Protein Accumulation in Arabidopsis and Brassica.

(A) Protein gel blot of soluble protein extracts (150 mg per lane) from various Arabidopsis tissues probed with affinity-purified anti-AGL15 anti-
bodies. The inflorescence apex sample included all of the tissues within 1 cm of the youngest buds.
(B) Immunolocalization of AGL15 in the shoot apex of a 4-day-old Arabidopsis seedling. AGL15 is associated with nuclei in the shoot apical mer-
istem and in leaf primordia. Bar 5 50 mm.
(C) AGL15 mRNA accumulation in various Brassica tissues. A slot blot loaded with equal amounts of tRNA or poly(A)1 RNA was hybridized with
an AGL15-specific probe prepared from a sequence downstream of the MADS box. Samples labeled abscission zone/receptacle (AZ/R) were
prepared from the basal regions of open flowers at anthesis or from the basal regions of developing fruits.
(D) Protein gel blot of soluble protein extracts (75 mg per lane) from young Brassica floral buds or the basal portions (AZ/Receptacle) of older flo-
ral buds, flowers, or developing fruits, probed with affinity-purified anti-AGL15 antibodies.
(E) Immunolocalization of AGL15 in the basal region of an immature (3 to 4 mm) Brassica floral bud. Bar 5 250 mm.
(F) Immunolocalization of AGL15 in the basal region of a mature Brassica flower. Bar 5 500 mm.
an, anther; c, cotyledon; ca, carpel; DAP, days after pollination; Infl. apex, inflorescence apex; l, leaf; m, meristem; n, nectary; o, ovule; p, petal;
re, receptacle; se, sepal.
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protein also accumulated in increased amounts in the floral
organs of the transgenic plants. Although AGL15 protein
was difficult to detect in the floral tissues of wild-type Arabi-
dopsis by immunohistochemistry (Figure 4B), intense immu-
nostaining was seen in the nuclei in all the cells of the
inflorescence in plants carrying p35S:gAGL15, the intron-
bearing construct (Figure 4C).

We sorted the transgenic lines into three groups, desig-
nated low, moderate, and high, based on visible phenotypic
changes and differences in the amounts of constitutive ex-
pression, as determined by a combination of immunoblot
and immunohistochemical analyses. In the analysis pre-
sented here, we focused on the effects of constitutive ex-

pression at moderate levels. This group included at least 12
lines carrying the full-length cDNA construct (p35S:AGL15)
and at least three lines carrying the intron-bearing construct
(p35S:gAGL15). Plants with lower levels of constitutive ex-
pression were generally indistinguishable from wild-type
plants. Plants with higher levels of expression (those harbor-
ing the p35S:gAGL15 construct only) had reduced fertility,
which made them difficult to propagate. The phenotypic
changes in the high-expression group were related to those
seen in the moderate-expression group but were more ex-
treme, including green petals, low seed set, fruit that failed
to mature, inflorescence meristems that failed to undergo
global proliferative arrest (Hensel et al., 1994), and (infre-

Figure 4. Analysis of Effects of Constitutive Expression of AGL15 in Arabidopsis.

(A) Protein gel blot of soluble protein extracts (150 mg per lane) from leaves of wild-type or transgenic Arabidopsis plants incubated with anti-
AGL15 affinity-purified antibodies. Plants carrying the intron-bearing construct (p35S:gAGL15) accumulated more AGL15 than did plants carry-
ing the cDNA construct (p35S:AGL15).
(B) Immunolocalization of AGL15 in the apex of the inflorescence of a wild-type Arabidopsis plant.
(C) Immunolocalization of AGL15 in the apex of the inflorescence of a transgenic Arabidopsis plant carrying the p35S:gAGL15 construct.
(D) Vegetative rosette of a wild-type (Ws ecotype) plant grown for 19 days under long-day conditions.
(E) Vegetative rosette of a transgenic plant that expresses AGL15 constitutively, grown for 33 days under long-day conditions.
(F) Inflorescence of a wild-type (Ws ecotype) plant.
(G) Inflorescence of a transgenic plant that expresses AGL15 constitutively.
(H) Petals and sepals (arrowhead) associated with developing fruits on transgenic plants that express AGL15 constitutively.
(I) Developing embryo at 7 DAP in seed of a wild-type plant.
(J) Developing embryo at 7 DAP in seed of a transgenic plant that expresses AGL15 constitutively.
(K) Abscission zone associated with the sepal of a wild-type plant.
(L) Abscission zone associated with the sepal of a transgenic plant that expresses AGL15 constitutively.
az, abscission zone; cl, cauline leaf; e, embryo; fb, floral bud; m, meristem; pe, pedicel; re, receptacle; se, sepal. Bars in (B) and (C) 5 100 mm;
bars in (D) and (E) 5 1 cm; bars in (I) to (L) 5 50 mm.
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quently) indeterminate floral meristems (data not shown).
We saw no evidence of AGL15 decreases attributable to co-
suppression in any of the lines we analyzed.

Constitutive expression of AGL15 in moderate amounts
resulted in changes in leaf morphogenesis and a delayed
transition to flowering. Plants carrying the AGL15 trans-
gene could be distinguished from wild-type plants within a
few days after germination. The petioles of the cotyledons
were shorter than those of the wild type, and the blades
were held with a pronounced downward tilt (data not shown).
The petioles of the rosette leaves were also shorter and the
leaf blades tended to be more rounded than in the wild
type (cf. Figures 4D and 4E ). As Table 1 shows, flowering
was delayed in plants that constitutively expressed AGL15.
Under inductive long-day conditions, wild-type Wassilews-
kija (Ws) plants produced approximately six leaves before
bolting. Plants carrying an AGL15 transgene produced two
or three extra rosette leaves before bolting (Table 1) and
flowered z6 days later (data not shown) than did the wild-
type plants.

Constitutive expression of AGL15 also resulted in pheno-
typic changes during the reproductive phase. Floral mor-
phogenesis was not perturbed: the flowers had the same
number and arrangement of organs as in the wild type. Polli-
nation and fertilization also proceeded normally in plants ex-
pressing moderately increased amounts of AGL15. The
plants were both male- and female-fertile and set seed
readily. In wild-type Arabidopsis, pollination and fertilization
are followed by abscission of the organs in the perianth. The
sepals and petals are typically shed in a turgid state shortly
after anthesis (Bleecker and Patterson, 1997). In cases in
which abscission is delayed, as in ethylene resistant1 (etr1)
mutants, the perianth organs senesce first, z4 or 5 days after
pollination, and abscise afterward (Bleecker and Patterson,
1997; Patterson, 1998). In plants that constitutively ex-
pressed AGL15 in moderate amounts, the perianth organs
did not abscise and showed no loss of chlorophyll or tur-
gidity or any other sign of senescence for at least 2 weeks
after pollination and fertilization. Consequently, the inflores-

cences typically had many more flowers with intact peri-
anths (often 30 or more) than did the inflorescences on wild-
type plants of comparable age, as shown in Figures 4F (wild
type) and 4G (transgenic). Figure 4H shows that the perianth
organs were retained throughout the period of silique elon-
gation and well into the period of fruit maturation.

Constitutive expression of AGL15 also resulted in a delay
in fruit maturation. Table 1 shows that the period between
pollination and senescence of the silique tissues was in-
creased by almost 50% in these plants. The seeds also re-
mained green for an extended period; however, embryo
morphogenesis appeared to proceed at the same rate as in
wild-type plants, as shown in Figures 4I (wild type) and 4J
(transgenic). Despite the delays in maturation of the fruit wall
and seeds, the embryos were fully viable and seed germina-
tion proceeded normally.

Effect of Constitutive Expression of AGL15 on the 
Abscission Processes

Floral organs abscise as a result of complex biochemical
and structural changes that take place in the abscission
zone, a small set of densely cytoplasmic cells at the base of
the organs (reviewed in Osborne, 1989). To further analyze
the effect of the AGL15 transgene, we explored the possibil-
ity that constitutive expression of AGL15 resulted in struc-
tural or functional defects in abscission zone cells. The size,
shape, and general arrangement of cells in the abscission
zones at the base of sepals in wild-type flowers are shown in
Figure 4K. As Figure 4L shows, abscission zones were pres-
ent at the base of the sepals in flowers with increased
amounts of AGL15 and were anatomically indistinguishable
from the wild type.

Because the hormone ethylene has been implicated in
the regulation of abscission in many plants (Abeles et al.,
1992; Bleecker and Patterson, 1997), we tested whether the
cells in the abscission zones of the transgenic plants could
perceive and respond to ethylene. Transgenic and wild-
type plants were placed in sealed chambers and gassed
with either air or air containing 10 ppm of ethylene. The pe-
rianth organs of the transgenic plants were retained in the
presence of air alone but abscised in 3 days in the presence
of ethylene (data not shown). The response of the trans-
genic plants to exogenous ethylene was phenotypically in-
distinguishable from that of the wild-type plants. When
plants carrying AGL15 transgenes were crossed with plants
carrying the dominant etr1-1 mutation, which results in eth-
ylene insensitivity, the kanamycin-resistant F1 progeny re-
sembled the transgenic parent in terms of perianth
longevity; however, applying exogenous ethylene did not
trigger abscission. The additive effects of p35S:AGL15 and
etr1-1 suggest that AGL15 does not act through changes in
ethylene perception. In addition, because the abscission
zones of the transgenic plants functioned appropriately
when they received a strong inductive signal (ethylene), we

Table 1. Comparison of Flowering Time and Fruit Maturation in 
Wild-Type and Transgenic Plants That Express AGL15 Constitutively

Scored Character Wild Type Transgenica

No. rosette leaves
before bolting 6.5 6 0.6 (n 5 40) 9.3 6 0.6 (n 5 38)

Time to silique
maturity (DAP)

Experiment 1 17.25 6 0.9 (n 5 59) 24.6 6 0.7 (n 5 17)
Experiment 2 18.4 6 0.6 (n 5 29) 26.2 6 0.8 (n 5 44)

a Carrying one or two copies of a single p35S:AGL15 locus.
Values are given as the mean 6SD.
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conclude that constitutive expression of AGL15 does not
result in major developmental or biochemical defects in
these cells.

To define more clearly when and how AGL15 affects the
process of abscission, we measured the force needed to
remove petals (i.e., the petal breakstrength) from succes-
sively older flowers along the length of the inflorescence.
The youngest bud having visible white petals was desig-
nated flower position 1. In wild-type plants, the petal
breakstrength decreased with increasing flower age. As
shown in Figure 5A, less force was needed to remove pet-
als from flowers that had been open for 1 or 2 days (posi-
tions 4 and 5) than from flowers that had opened more
recently (positions 2 and 3). In flowers at position 6 (and
lower), any petals that remained generally abscised during
the process of being clamped. In plants constitutively ex-
pressing AGL15, the petal breakstrength also decreased
during the first day or two after anthesis, much as it did in
wild-type plants. Unlike the case with wild-type plants,
however, the petal breakstrength did not continue to de-
cline but stayed at an intermediate value for the next few
positions. There was a general decline in breakstrength at
and below position 9. The petals persisted but were in-
creasingly prone to abscise as they were being clamped
(hence the variation in the measurements of break-
strength). In terms of tissue integrity, flowers in position 11
on the transgenic plants were equivalent to much younger
wild-type flowers (position 5).

Using scanning electron microscopy, we further analyzed
the progressive changes associated with floral organ ab-
scission in plants that constitutively express AGL15. Images
of the proximal face of the fracture plane (on the receptacle
side) of the petal abscission zone are shown in Figures 5B to
5I. Forcible removal of petals from flowers in position 3 on
wild-type (Ws ecotype) plants left a circular depression with
a relatively smooth surface (Figure 5B). This type of image is
generated when the fracture plane runs along the weakened
middle lamellae of the cell walls in the abscission zone,
which is slightly recessed at this stage, and is typical of early
stages of abscission (Bleecker and Patterson, 1997). The
later stages of abscission are marked by progressive cell
enlargement and transdifferentiation of cells to form a pro-
tective layer (Osborne, 1989). When flowers in position 5
were forcibly removed, enlarged and rounded cells were vis-
ible on the proximal face of the fracture plane (Figure 5C). In
lower positions, where the petals had abscised naturally
(positions 7 and 9), the cells were larger and more rounded,
forming the characteristic raised abscission scar (Figures 5D
and 5E). When petals were forcibly removed from flowers on
plants that constitutively express AGL15, recessed abscis-
sion zones with smooth fracture surfaces were seen at more
basal positions than in the wild type (cf. Figures 5B and 5F,
position 3; Figures 5C and 5G, position 5; and Figures 5D
and 5H, position 7). The petal breakstrength decreased be-
tween positions 7 and 9 in transgenic plants (Figure 5A), and
when petals were removed from flowers in position 9,

rounded and enlarged cells were seen (Figure 5I). We con-
clude that constitutive expression of AGL15 had an effect on
cellular dynamics in the abscission zone that paralleled the
change in the petal breakstrength profile.

Various cell wall hydrolases are expressed in abscission
zones and contribute to the progressive decline in tissue
integrity during abscission (reviewed in Osborne, 1989).
We tested the effect of constitutive expression of AGL15
on activation of the promoter of an endo-b-1,4-glucanase
(bean abscission cellulase [BAC]) that is expressed in as-
sociation with abscission in bean (Tucker et al., 1988). Ara-
bidopsis plants that had been transformed with a reporter
construct consisting of the BAC promoter (Koehler et al.,
1996) fused to GUS (pBAC:GUS) showed GUS activity in
the sepal, petal, and filament abscission zones at positions
1 through 5 (S.-C. Fang, unpublished observation) and in
abscission scars lower on the inflorescence (Patterson,
1998). Transgenic plants carrying two copies of a single
pBAC:GUS locus (homozygous) were crossed with plants
carrying one copy of a single p35S:gAGL15 locus (hemizy-
gous). In the F1 generation, all of the progeny carried the
pBAC:GUS construct and 50% carried the p35S:gAGL15
construct. We compared GUS activity in siblings showing
wild-type and AGL15 overexpression phenotypes, which
segregated 1:1, as expected. As shown in Figure 5J,
strong GUS activity was associated with the sepal, petal,
and filament abscission scars at the base of flowers in po-
sition 6 on plants with wild-type phenotypes. For siblings
that constitutively express AGL15, on the other hand, the
sepals and petals had not abscised from flowers in posi-
tion 6, and GUS activity could not be detected in the corre-
sponding abscission zones (Figure 5J). When flowers in
positions 10 to 20 were examined, light staining was visible
at the base of the perianth organs (data not shown). We
conclude that the BAC promoter was not strongly acti-
vated in the sepal and petal abscission zones in the pres-
ence of ectopic AGL15.

DISCUSSION

Postembryonic Expression of AGL15

AGL15 can be distinguished from other MADS domain fac-
tors by virtue of its sequence and preferential accumulation
of the protein during the earliest phases of the plant life cy-
cle. We previously showed that AGL15 accumulates in the
nuclei of young embryos, suspensors, and endosperm cells
(Perry et al., 1996). We show here that AGL15 accumulates
after germination as well but in a limited set of developmen-
tal contexts. In Arabidopsis grown under continuous light,
AGL15 protein could be readily detected in the nuclei of
cells in the shoot apex during the first few days of seedling
growth. The AGL15 promoter remains active throughout the
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vegetative phase in the meristems, young leaf primordia,
and leaf bases; however, we have been unable to detect
mRNA and protein in these cells histochemically. Although
small amounts of AGL15 protein might accumulate in these
tissues throughout the vegetative phase, we conclude that
the amounts of nuclear-localized AGL15 protein approach
those seen in young embryos only during the earliest stages
of vegetative growth in the shoot apex of Arabidopsis.

With the onset of the reproductive phase, AGL15 pro-
moter activity ceases in the meristematic cells at the apex of
the inflorescence. This pattern of gene regulation further dis-

tinguishes AGL15 from the large group of floral MADS box
genes, including AP1 (Mandel et al., 1992b) and FRUIT-
FULL/AGL8 (Mandel and Yanofsky, 1995a; Gu et al., 1998),
which are preferentially expressed during the reproductive
phase and are induced or upregulated during the transition
to flowering (Hempel et al., 1997). In terms of regulation,
AGL15 is most similar to the MADS box gene FLOWERING
LOCUS C, which encodes a repressor of flowering and is
also downregulated in the transition to flowering (Michaels
and Amasino, 1999).

During the reproductive phase, AGL15 promoter activity is

Figure 5. Analysis of Abscission in Wild-Type Plants and Transgenic Arabidopsis Plants That Express AGL15 Constitutively.

(A) Comparison of petal breakstrength in wild-type plants and plants that express AGL15 constitutively. A stress transducer was used to mea-
sure the force required to remove petals from flowers at different positions along the main inflorescence axis. Position 1 corresponds to the api-
cal-most flower with visible white petals. Higher numbers correspond to more basal positions and successively older flowers. Bars indicate the
standard error of the mean. For positions 2, 4, and 6, n 5 3 to 6 flowers; for other positions, n > 10 flowers.
(B) to (E) Scanning electron microscopy of petal abscission zones in wild-type plants. Petals were forcibly removed from flowers in positions 3
(B) and 5 (C). Petals had abscised naturally from flowers in positions 7 (D) and 9 (E).
(F) to (I) Scanning electron microscopy of abscission zones in plants that express AGL15 constitutively (p35S:AGL15). Petals were forcibly re-
moved from flowers in positions 3 (F), 5 (G), 7 (H), and 9 (I).
(J) GUS activity in flowers at position 6 on Arabidopsis plants carrying the pBAC (bean abscission cellulase):GUS reporter construct. The plant
on the right carried the p35S:gAGL15 construct and constitutively expressed AGL15. The plant on the left was a sibling that did not carry the
AGL15 construct.
Bars in (B) to (I) 5 25 mm.
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also associated with young immature cells. Cell maturation
proceeds in the apical-to-basal direction in floral organs,
as it does in leaves (reviewed in Telfer and Poethig, 1994).
In both leaves and floral organs, which are considered ho-
mologous organs (reviewed in Poethig, 1997), the AGL15
promoter is initially active throughout the young organ pri-
mordia but is gradually restricted to the base of the maturing
organs.

Given the patterns of AGL15 promoter activity and mRNA
and protein accumulation, we conclude that AGL15 function
is most likely associated with the shoot apical meristems
and with young vegetative organs during the juvenile stage
of the vegetative phase, when the protein concentrations
are highest, and with floral organs up to the point at which
they are fully mature. To define more clearly any possible
regulatory roles, we turned to an analysis of transgenic
plants that express AGL15 under the control of a heterolo-
gous promoter.

Effects of AGL15 Constitutive Expression

We examined the effect of constitutive expression of AGL15
by generating transgenic Arabidopsis plants carrying CaMV
35S promoter and AGL15 constructs. We recovered trans-
genic plants that accumulate different amounts of ectopic
AGL15, designated low, moderate, or high. In some lines
carrying p35S:AGL15, plants with two copies of a single
T-DNA locus (homozygous) had the moderate phenotype,
whereas siblings with one copy (hemizygous) had the low
phenotype. In one line carrying p35S:gAGL15, plants with
two copies of a single T-DNA locus (homozygous) had the
high phenotype, whereas siblings with one copy (hemizy-
gous) had the moderate phenotype. This suggests that the
phenotypic changes represent a graded response to in-
creasing amounts of AGL15, and the differences between
low and moderate or moderate and high may reflect only
twofold changes in the amount of ectopic AGL15. We saw
no evidence of decreases in AGL15 amounts through the
action of sense suppression in the transgenic plants. This is
consistent with our belief that downregulation of AGL15 may
compromise viability, which would preclude recovery and
propagation of such lines.

Constitutive expression of AGL15 produced a limited
number of effects, effects that were distinct from those re-
ported for other MADS domain factors. CaMV 35S promo-
ter–driven expression of AP1 (Mandel and Yanofsky, 1995b)
or AG (Mizukami and Ma, 1992) or AP3 plus PISTILLATA
(Krizek and Meyerowitz, 1996) leads to early flowering and
the production of leaves with upwardly curling margins; ex-
pression of AGL15 by way of this promoter does not. Ex-
pression of floral MADS domain factors in inappropriate
contexts in reproductive tissues leads to changes in the
identity of the meristems and floral organs (Mandel et al.,
1992a; Mizukami and Ma, 1992; Jack et al., 1994, 1997). In
plants with moderate constitutive expression, AGL15 accu-

mulated in nuclei throughout the flower with no apparent ef-
fect on organ identity or morphogenesis.

The lack of effects on floral morphogenesis suggests that
AGL15 maintains some degree of specificity for regulatory
targets even when it is overexpressed. If excess AGL15
competed for and indiscriminately occupied the DNA bind-
ing sites of the floral MADS domain proteins, we would ex-
pect to see major perturbations throughout the reproductive
phase. Instead, we saw that overexpression of AGL15 pri-
marily affected tissues in which we had detected both
AGL15 promoter activity and protein accumulation in wild-
type plants. We cannot completely eliminate the possibility
that some aspects of the overexpression phenotype are the
result of newly acquired functions (i.e., AGL15 binding to
new target genes in new tissues). However, given the tran-
sient nature of AGL15 expression in most wild-type tissues,
at least some of the phenotypic changes may result from
temporal extensions of the normal functions of the AGL15
gene product (i.e., AGL15 acting on target genes for longer
periods).

When AGL15 was constitutively expressed, the transition
to flowering was delayed and the vegetative phase was ex-
tended by z6 days under inductive, long-day conditions.
Plants carrying AGL15 transgenes produced two or three
extra rosette leaves. In the Ws ecotype, which flowers early
and typically produces six rosette leaves on average, this
apparently modest change represents a substantial exten-
sion of the vegetative phase. In contrast, plants that overex-
press floral MADS factors, such as AP1, AG, or AP3 with
PISTILLATA, typically have a shorter vegetative phase than
do wild-type plants, resulting in fewer rosette leaves and
earlier flowering (reviewed in Ma, 1998). Given the accumu-
lation pattern of AGL15 in wild-type plants, AGL15 might act
by prolonging or promoting the early juvenile phase in the
transgenic plants; that is, it may “juvenilize” the plants. Ef-
fects at the beginning of the juvenile phase would translate
into a delay in flowering because competence to flower is
acquired in an age-dependent fashion (Thomas, 1993). A
partially juvenilized plant might require a longer period or
stronger inductive signals before flowering.

The petioles of the cotyledons and rosette leaves were
considerably shorter and the leaf blades were shorter and
rounder in plants carrying AGL15 transgenes. In wild-type
Arabidopsis, rounded leaves are produced during the earli-
est stages of vegetative growth, whereas increasingly spat-
ulate leaves are produced later (Bowman, 1994; Poethig,
1997). Although the change in leaf shape suggests a more
juvenile mode of morphogenesis in the transgenic plants,
leaf shape is too variable and the regulation of leaf shape is
too complex (reviewed in Poethig, 1997) for this character to
serve as a definitive marker of phase. In Arabidopsis, a more
consistent marker of the juvenile phase is the absence of tri-
chomes on the abaxial surface of the leaf (Telfer et al.,
1997). In preliminary studies of trichome distribution, we
have not seen a marked difference between transgenic and
wild-type plants (D.E. Fernandez, unpublished data); how-
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ever, we cannot rule out the presence of more subtle effects
on phase change in the transgenic plants. Further studies
are needed to determine the cellular or developmental basis
for the changes we see.

Constitutive expression of AGL15 by way of the CaMV
35S promoter resulted in a noticeable increase in tissue
longevity during the reproductive phase. Sepals and pet-
als, which typically abscise within 3 days after the flowers
open in wild-type Arabidopsis (Patterson, 1998), persisted
for extended periods in the presence of ectopic AGL15.
Plants constitutively expressing moderate amounts of
AGL15 generally set more fruit on their main axis than do
wild-type plants (G.R. Heck, unpublished results), which
suggests that the inflorescence meristem also has greater
longevity, increased proliferative capacity, or both. The
fruits of the transgenic plants took considerably longer to
ripen than did those of the nontransformed plants; how-
ever, embryo morphogenesis proceeded at the same rate
in both. Various other factors have been shown to modu-
late abscission and senescence in reproductive tissues.
The effect of constitutive expression of AGL15 differs dis-
tinctly from the effects of mutations and hormonal treat-
ments described in previous studies, as summarized in the
following paragraphs.

Mutations that change the identity of a floral organ may
result in increased longevity. The organs in the first floral
whorl persist longer in Arabidopsis mutants such as ap1 be-
cause of a partial conversion from sepal to leaf identity (Irish
and Sussex, 1990). The first-whorl floral organs of the
AGL15 transformants were greener at the point at which the
buds opened but otherwise resembled wild-type sepals in
terms of epidermal cell morphology (data not shown). The
first-whorl organs on the AGL15 transformants also ab-
scised in response to ethylene, whereas leaves in Arabidop-
sis do not.

In some genetic backgrounds, abscission cannot occur
because the cells that are critical to the process fail to de-
velop. In tomato jointless mutants, mid-pedicel abscission
zones are eliminated, resulting in a complete block in
abscission (Butler, 1936). In Arabidopsis agl1 agl5 double
mutants and fruitfull/agl8 mutants, silique dehiscence is
blocked because the appropriate differentiated cell types
are not present (Gu et al., 1998; Liljegren et al., 1998). Con-
stitutive expression of AGL15 does not block development
of functional abscission zones in the flower or sutures in
fruits.

Many studies in a variety of plants have shown that alter-
ations in ethylene concentrations or ethylene perception can
affect abscission and senescence (Abeles et al., 1992). Mu-
tations that affect ethylene perception delay abscission (but
not senescence) of floral organs in Arabidopsis ( etr1;
Bleecker and Patterson, 1997) and block fruit ripening in to-
mato (Never ripe; Rick and Butler, 1956; Lanahan et al.,
1994). We have shown that cells in the abscission zones of
plants that constitutively express AGL15 are capable of per-
ceiving and responding to application of exogenous ethyl-

ene. We cannot rule out the possibility that ethylene
production or sensitivity is reduced. However, analysis of
petal breakstrengths indicates that ethylene primarily affects
the timing of the onset of abscission in Arabidopsis (S.E.
Patterson and A.B. Bleecker, unpublished results), whereas
ectopic AGL15 chiefly affects later stages in the abscission
process. Therefore, ethylene apparently does not play a ma-
jor role in the effects we see.

Changes in auxin or cytokinin amounts can lead to delays
in abscission, senescence, or both. Although the evidence is
inconclusive regarding a role for auxin in regulation of petal
abscission, application of exogenous auxin to the cut sur-
face after flower removal can prevent pedicel abscission in
various species (reviewed in van Doorn and Stead, 1997).
Cytokinins do not appear to play a role in the regulation of
floral abscission; however, whole plant and leaf senescence
is greatly delayed in plants engineered to produce a burst of
cytokinin at the onset of senescence (Gan and Amasino,
1995). Plants that overexpress AGL15 show no delays in
leaf senescence (G.R. Heck, unpublished results) and do not
otherwise resemble plants with general alterations in cytoki-
nin or auxin metabolism (reviewed in Klee and Estelle, 1991;
Binns, 1994). However, we cannot rule out a more specific
effect on cytokinin or auxin metabolism in floral organs or
abscission zone cells. Relatively high concentrations of cy-
tokinin and auxin are associated with early stages of growth
and young tissues. If ectopic AGL15 blocks age-related
changes in floral organ tissues, this may translate into main-
tenance of higher concentrations of cytokinin and auxin,
which would lead to delays in abscission. In this scenario,
the effect of AGL15 on abscission would be hormone-medi-
ated but it would also be a secondary effect subsequent to a
primary effect on floral organ senescence.

Transgenic plants that constitutively express AGL15 pro-
vide a unique tool for the study of floral organ senescence
and abscission. Although previous experiments have pointed
to the importance of ethylene-independent pathways in
controlling these processes in Arabidopsis (reviewed in
Bleecker and Patterson, 1997), little or nothing is known
about regulation or components of such pathways. Plants
that constitutively express AGL15 show major perturbations
in the timing of programs that drive gene activation (gluc-
anase) and developmental events such as cell enlargement
and transdifferentiation of the protective layer after organ
abscission (reviewed in Osborne, 1989). On the other hand,
constitutive expression of AGL15 appears to have little or no
effect on the initiation of abscission. We conclude that
ectopic AGL15 acts, either directly or indirectly, as a nega-
tive regulator of a particular subset of abscission events,
events that are probably controlled by one or a few inte-
grated regulatory pathways. The transgenic plants will be
valuable tools for defining the components and regulation of
these pathways.

In addition to its effects on abscission, overexpression of
AGL15 affects floral organ senescence, fruit maturation, and
flowering time. These apparently pleiotropic effects may
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have a common developmental basis. Ectopic AGL15 ap-
pears primarily to affect processes in which competence is
acquired as a function of age. Shoot apical meristems of
young plants cannot respond to photoinductive conditions
immediately; meristem competence for flowering is acquired
with increasing age. Similarly, immature floral buds and fruits
acquire competence for abscission and ripening/senescence
in an age-dependent manner. Our working hypothesis is that
AGL15 is part of a program operating in young tissues to sig-
nal or maintain or otherwise enhance an immature or juvenile
or nonsenescent state. Increasing the amount of AGL15 in
transgenic plants is sufficient to slow the progression of a
specific subset of age-related programs.

METHODS

Plant Material

Plants of the Arabidopsis thaliana ecotype Wassilewskija (Ws) were
used in all experiments unless otherwise specified. Seed was surface
sterilized (95% ethanol for 5 min and 0.5% [v/v] sodium hypochlorite
for 5 min) and plated on germination medium (Murashige and Skoog
salts and vitamins [Murashige and Skoog, 1962], supplemented with
10 g/L sucrose, 0.5 g/L Mes, and 8 g/L agar, pH 5.6 to 5.7). Plates
were kept at 48C for 2 days and then transferred to 228C and contin-
uous light for germination. After 1 week, seedlings were transplanted
into a 2:1 (v/v) mix of peat-based potting soil (Jiffy Mix; Jiffy Products
of America, Batavia, IL) and Perlite (Midwest Perlite, Appleton, WI)
and were grown to maturity in an environmental chamber (Enconair
Ecological Chambers, Inc., Winnipeg, Canada) with continuous light
(z125 mE m22 sec21), 228C, and 70 to 80% relative humidity. When
an extended vegetative phase was desired, plants were grown under
short-day conditions, on a 10-hr-light/14-hr-dark cycle. Plants
treated with ethylene were handled essentially as described in Grbic
and Bleecker (1995), except that light was reduced to z40 mE m22

sec21 during the ethylene treatment period. Mature, flowering plants
were exposed for 72 hr to a continuously flowing stream of air con-
taining either 0 or 10 ppm ethylene.

Brassica plants (Brassica napus cv Tower) were grown in an envi-
ronmental chamber (Conviron; Controlled Environments Inc., Pem-
bina, ND), under a 16-hr-light (370 mE m22 sec21 at flower level at
158C) and 8-hr-dark (108C) regime. Flowers on the primary inflores-
cence were hand pollinated and tagged. Silique and flower age were
determined by counting days after pollination (DAP), in which day 0
was the day the flower opened. Floral buds were collected and sorted
by size. The system for staging Brassica buds by measuring size along
the longitudinal axis was as outlined in Scott et al. (1991). The sample
designated as inflorescence apices consisted of inflorescence tissue
distal to, and including, any buds ,1 mm long. Samples designated
as bud bases or silique bases consisted of a 1- to 2-mm-thick slice
around the point of sepal insertion and included the nectaries and
basal-most part of any floral organs that were present.

Generation of Transgenic Arabidopsis

A reporter gene construct (pAGL15:GUS) was made by combining
the gene for the histochemical marker b-glucuronidase (GUS) with

nucleotide sequences flanking the coding region of AGL15. A DNA
fragment representing z2.5 kb of 59 flanking sequence was obtained
from a genomic clone of Arabidopsis AGL15 (Heck et al., 1995) by
polymerase chain reaction (PCR) amplification with the oligonucle-
otide 59-ATGGATCCACGACCCATTTTCC-39 and an oligonucleotide
complementary to the vector sequence. This amplification generated
a fragment with BamHI sites, z2.5 kb of sequence upstream from
the translation initiation codon, and AGL15 coding sequence through
the fourth codon. After digestion with BamHI, this sequence was in-
serted into the BamHI site in the transformation vector pBI101.1
(Clontech, Palo Alto, CA), which resulted in an in-frame translational
fusion with the GUS coding sequence. A DNA fragment representing
39 flanking sequence was obtained from the AGL15 genomic clone
by PCR amplification with the oligonucleotide 59-TGTGAGCTCCTA-
GAAAAGTATGG-39 and an oligonucleotide complementary to the
vector sequence. This amplification generated a fragment with SacI
and EcoRI sites and z2.5 kb of sequence immediately downstream
of the AGL15 translation stop codon. The nopaline synthase termina-
tor was removed from the 39 end of the reporter gene construct by
digestion with SacI and EcoRI and was replaced with this 39 AGL15
sequence.

For constitutive expression experiments, AGL15 coding se-
quences were fused with the promoter for the 35S gene of cauli-
flower mosaic virus (CaMV). Two separate constructs were made. In
p35S:AGL15, the BamHI-SacI fragment that contains the GUS gene
in the pBI121 transformation vector (Clontech) was removed and re-
placed with the AGL15 cDNA. The insert included 18 bp of 59 un-
translated region, the complete coding sequence for AGL15, and
246 bp of the 39 untranslated region. In p35S:gAGL15, the first three
introns of AGL15 were introduced into p35S:AGL15 by replacing the
internal BsmI-NsiI fragment of the AGL15 cDNA with the corre-
sponding genomic fragment.

The pBAC:GUS reporter construct was obtained from M. Tucker
(U.S. Department of Agriculture Agricultural Research Service, Belts-
ville, MD) and was similar to one used previously to analyze promoter
elements (Koehler et al., 1996). The construct included z2.6 kb of
sequence upstream of the transcriptional start site for bean abscis-
sion cellulase (BAC), 47 bp of BAC 59 untranslated region with the
ATG start of translation, the complete coding sequence of GUS, and
z680 bp of BAC 39 termination sequence. After digestion with EcoRI
and HindIII, this sequence was inserted into the pBIN19 transforma-
tion vector (Bevan, 1984), which had been partially digested with
EcoRI and HindIII.

Constructs were introduced into Arabidopsis by using Agrobacte-
rium tumefaciens strain GV3101 and whole-plant vacuum infiltration, as
described in Bechtold et al. (1993). Transformed individuals (T1 genera-
tion) were selected on germination medium supplemented with 75 mg/
mL kanamycin before transfer to soil. The number of T-DNA loci within
each line was determined by segregation for kanamycin resistance (us-
ing 50 mg/mL kanamycin) in the progeny (T2 generation).

Analysis of GUS Activity and Tissue Organization

To visualize GUS activity, lines bearing the pAGL15:GUS or
pBAC:GUS construct were stained according to Koltunow et al.
(1990), with modifications introduced by Patterson (1998). Samples
were first lightly fixed for 15 min at room temperature in 0.3% (w/v)
glutaraldehyde in 50 mM potassium phosphate buffer, pH 7.2, and
then incubated with 0.5 mg/mL X-gluc for 4 to 12 hr at 378C. After
several washes with 50 mM potassium phosphate buffer, pH 7.2, the
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tissues were fixed overnight at 48C with 4% (w/v) glutaraldehyde in
the same buffer. Samples were dehydrated by using a graded etha-
nol series and then stored in 70% (v/v) ethanol. Material intended for
sectioning was dehydrated further and embedded in London Resin
White resin (medium grade; Ted Pella, Inc., Redding, CA). Semi-thin
sections (2 mm thick) were cut with glass knives on a Sorvall MT-2 ul-
tramicrotome (Ivan Sorvall, Inc., Norwalk, CT) and heat fixed to glass
slides. To view the color precipitates resulting from GUS activity, we
left the sections unstained. To view tissue organization, we briefly
counterstained sections collected from the same sample with aque-
ous 0.05% (w/v) toluidine blue O. Sections were permanently mounted
in Cytoseal 60 (Stephens Scientific, Riverdale, NJ).

For anatomical analyses of wild-type and 35S:gAGL15 plants, we
processed samples as outlined above except that the steps involving
prefixation and incubation with GUS substrate were omitted.

For scanning electron microscopy, individual flowers were fixed in
4% (w/v) glutaraldehyde in 50 mM potassium phosphate buffer, pH
7.2, for 4 hr at room temperature or overnight at 48C. After four rinses
with buffer, the samples were dehydrated by using a graded ethanol
series, dried in a critical point dryer, coated with gold palladium, and
examined in a scanning electron microscope (model S-570; Hitachi,
Tokyo, Japan).

RNA and Protein Analysis

Poly(A)1 RNA was isolated from Brassica tissues as described previ-
ously (Heck et al., 1995). Slot blots were loaded with 1 mg poly(A)1

RNA per slot and probed with a 32P-labeled PCR amplification prod-
uct generated from Brassica napus AGL15-1 cDNA downstream of
the MADS domain (probe 2 in Heck et al., 1995). Hybridization con-
ditions were as described previously (Heck et al., 1995), and the final
washes were performed under high-stringency conditions (0.1 3

SSC [1 3 SSC is 0.15 M NaCl and 0.015 M sodium citrate], 0.1% (w/v)
SDS at 658C).

The preparation of polyclonal antibodies and the controls that indi-
cate a high degree of specificity for AGL15 were described previ-
ously (Heck et al., 1995; Perry et al., 1996, 1999). Protein gel blot
analyses were performed with soluble protein extracts, affinity-purified
antibodies, and the Lumi-Glo chemiluminescent system (Kirkegaard
and Perry Laboratories, Inc., Gaithersburg, MD), as described in
Heck et al. (1995). Immunoreactive protein was localized on 7-mm
sections of paraformaldehyde-fixed tissue by using antiserum preab-
sorbed against lightly fixed Brassica leaf pieces and a highly sensi-
tive enzyme-linked detection system (Vectastain Elite ABC kit; Vector
Labs, Inc., Burlingame, CA), as described in Perry et al. (1996).

Analysis of Petal Breakstrength

Petal breakstrength was measured in flowers on the primary inflo-
rescences at a stage when at least 15 flowers had opened but be-
fore the inflorescence meristem had stopped producing buds.
Flower position was designated relative to the position of the apical-
most flower with visible white petals (position 1): flowers in positions
2, 3, 4, and so forth were located in progressively more basal posi-
tions along the inflorescence axis. Petal breakstrength was mea-
sured by using a stress transducer developed by A.B. Bleecker and
E.P. Spalding (University of Wisconsin–Madison) and described in
Patterson (1998). A small clamp was attached to a single petal in

each flower, and the resistance needed to remove the petal was
measured by using a FORT 10 force transducer (World Precision In-
struments, Inc., Sarasota, FL) and a voltmeter (Radio Shack, Fort
Worth, TX) with a range from 0 to 10 V, which resulted in a range of
0- to 10-g equivalents. The petal breakstrength was recorded as the
minimum force (in gram equivalents) needed to remove the petal
from the flower.

Microscopy and Image Processing

Stained whole-mount specimens were examined and photographed
by using a dissecting microscope (model Wild M8; Wild Leitz, Heer-
brugg, Switzerland). Sectioned material was examined and photo-
graphed on a Zeiss Axioskop (Carl Zeiss, Oberkochen, Germany) or
Olympus microscope (model BX60; Olympus Optical Company, To-
kyo, Japan) with use of bright-field and dark-field optics. Photo-
graphic images were recorded on Ektachrome 160T color slide film
(Eastman Kodak), which subsequently was scanned with a Kodak
Professional RFS 2035 film scanner. Images on x-ray film were
scanned with an ARCUS Plus flatbed scanner (Agfa Corporation,
Ridgefield Park, NJ). For scanning electron microscopy, images were
recorded on Polaroid 55P-N film (Polaroid Corporation, Cambridge,
MA) or handled digitally by using a Gatan digital image capture sys-
tem and digital micrograph 2.5 software (Gatan, Inc., Pleasanton,
CA). Images were assembled into plates by using Adobe Photoshop
3.0 software (Adobe, Inc., Mountain View, CA).
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