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rolla senescence (Nichols et al., 1983; Pech et al., 1987; Whitehead
et al., 1983). The discovery that pollen from different sources
contains varying amounts of the ethylene precursor ACC, led to the
proposal that pollen-borne ACC could account for the ethylene
produced by the style immediately after pollination (Whitehead et
al., 1983). Petunia pollen may contain as much as 1500 nmol·g–1

ACC (Hoekstra and Weges, 1986; Singh et al., 1992). Singh et al.
(1992) reported that the endogenous ACC content of pollen
correlated with the amount of ethylene produced by petunia styles
immediately after pollination. They concluded that this early
ethylene was due to the conversion of pollen-borne ACC to
ethylene. In support of this conclusion, it is known that an
unpollinated petunia stigma has high levels of ACC oxidase
activity and the ability to convert applied ACC to ethylene at
anthesis (Jones and Woodson, 1997; Pech et al., 1987; Tang et al.,
1994; Tang and Woodson, 1996).

The male gametophyte (pollen grain) has been well character-
ized biochemically and cytologically. The differentiation of pollen
involves a well orchestrated sequence of events including meiosis
to form a tetrad of haploid microspores, which are subsequently
released to undergo mitosis generating a single binucleate or
trinucleate pollen grain. Recently, the development of the male
gametophyte has been characterized at the molecular level and a
number of pollen-specific genes have been identified (Twell,
1994). These genes are often differentiated into two classes based
on their pattern of expression. The early genes are expressed
postmeiotically and their transcripts subsequently decline during
the maturation of the pollen grain (Albani et al., 1990; Custers et
al., 1997; Oldenhof et al., 1996). The late genes are typically
expressed following mitosis and are associated with the matura-
tion of the pollen grain (Allen and Lonsdale, 1993; Brown and
Crouch, 1990; Twell et al., 1989; Twell et al., 1991; Wing et al.,
1989). A number of the late genes have been characterized and
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The pPHACS2 cDNA was used to identify the PH-ACS2 gene from a library of genomic DNA fragments from Petunia
hybrida. PH-ACS2 encoded an ACC synthase transcript of four exons interrupted by three introns. The ACC synthase
protein encoded by the PH-ACS2 gene shared >80% homology with ACC synthases from tomato (LE-ACS3) and potato
(ST-ACS1a). A chimeric PH-ACS2 promoter-β-glucuronidase (GUS) gene was used to transform petunia and transgenic
plants were analyzed for GUS activity. GUS staining was localized to mature pollen grains and was not detected in other
tissues. Despite similarities to LE-ACS3, we did not detect GUS activity under conditions of anaerobic stress or in response
to auxin. A series of 5-prime-flanking DNA deletions revealed that sequences within the PH-ACS2 promoter were
responsible for pollen-specific expression.

The plant hormone ethylene is synthesized from the amino acid
ACC by the enzyme ACC oxidase (Fluhr and Mattoo, 1996;
Kende, 1993). In most plant tissues, the rate of ethylene production
is determined by the activity of ACC synthase, which converts S-
adenosylmethionine to ACC (Kende, 1993). Genes encoding ACC
synthase and ACC oxidase have been identified in a number of
plant species, and in both cases are represented by multigene
families that exhibit differential patterns of expression (Fluhr and
Mattoo, 1996; Lasserre et al., 1996; Liang et al., 1992; 1996;
Rottmann et al., 1991; Tang et al., 1993, 1994). ACC synthase genes
have been shown to be regulated by auxin, ethylene, wounding,
ozone, anaerobiosis, Li, senescence, cycloheximide, and/ or ripening
(Kende, 1993; Fluhr and Mattoo, 1996). Expression studies have
revealed that the induction of ACC synthase activity is most often the
result of increased accumulation of ACC synthase mRNAs (Kende,
1993; Zarembinski and Theologis, 1994). However, in some situa-
tions the activity of ACC synthase has been shown to be regulated at
the posttranslational level (Felix et al., 1991).

In many flowers, pollination stimulates ethylene production
and accelerates corolla senescence (Jones and Woodson, 1997;
Larsen et al., 1995; Stead, 1992). This pollination-induced ethyl-
ene production is first detectable from the stigma/style and is
thought to coordinate postpollination development, including co-
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shown to encode proteins that are thought to play a role in pollen
germination and tube growth. These include pectate lyase (Wing
et al., 1989) and polygalacturonase (Allen and Lonsdale, 1993;
Brown and Crouch, 1990). In this paper we report that petunia
pollen accumulates the ethylene precursor ACC late during devel-
opment and this accumulation is associated with the expression of
a pollen-specific ACC synthase gene (PH-ACS2). Further, we
show that the PH-ACS2 promoter is capable of directing the
expression of a chimeric β-glucuronidase (GUS) gene in transgenic
petunia pollen. Our data clearly show that the PH-ACS2 gene is a
member of the late genes involved in pollen development and that
its expression is associated with the production of ACC in the
pollen grain.

Materials and Methods

PLANT  MATERIAL . Plants of ‘Mitchell’ Petunia hybrida were
maintained under standard greenhouse conditions. Supplemental
lighting was used to extend daylength to 16 h. Flowers were staged
by length, measuring from the base of the calyx to the tip of the
corolla. Bud lengths for the various stages were as follows: stage
1, <2 cm; stage 2, 2 to 4 cm; stage 3, flowers 4 to 6 cm (corolla fully
elongated); stage 4, flowers were open but the anthers were not
dehiscent; stage 5, flowers were open with dehiscent anthers.

ACC DETERMINATION . Pollen was collected from dehiscent an-
thers in a 1.5-mL microcentrifuge tube using a vortex. ACC was
extracted from pollen in 80% ethanol, centrifuged and the super-
natant evaporated to dryness. The residue was resuspended in
water and the ACC content was determined following conversion
to ethylene as previously described (Lizada and Yang 1979).

RT-PCR AND CDNA CLONING . Ten µg of total RNA isolated from
anthers was reverse transcribed at 37 °C using M-MLV reverse
transcriptase and oligo dT as a primer. The products of this reaction
were used to amplify ACC synthase cDNA using two degenerate
primers: primer A and B (Table 1). The PCR reaction was per-
formed with 35 cycles at 95 °C denaturation, 50 °C annealing, and
72 °C amplification at 1 min per cycle. The first cycle was preceded
by one cycle at 94 °C for 3 min and the last cycle followed by one
7-min cycle at 72 °C. A 134 bp product was produced, subcloned
into pGEM7Zf(+) (Promega, Madison, Wis.), and its nucleotide
sequence determined (Sanger et al. 1977). Sequence information
from this product was used to synthesize a specific primer, primer
C (Table 1). This primer, in conjunction with the degenerate primer
D (Table 1), was used with petunia anther cDNA in a touchdown
PCR reaction (Don et al., 1991). Denaturation and amplification
conditions were identical to the first reaction. Annealing tempera-
tures were reduced from 63 to 51 °C at 2 °C intervals, each for two
cycles, followed by 30 cycles at an annealing temperature of 50 °C.
The 1.1-kb product was cloned into pGEM7Zf(+), sequenced, and
designated pPHACS2. Radiolabeled pPHACS2 was used to screen
a Petunia hybrida cv Mitchell genomic library as previously
described (Tang et al. 1993). Hybridizing plaques were purified
and insert DNA isolated for restriction enzyme analysis and
subcloning into pGEM7Zf(+).

RNA EXTRACTION  AND GEL BLOT  ANALYSIS . Total RNA from
petunia tissue was extracted as described by Lawton et al., (1990)
and quantified spectrophotometrically. RNA was extracted from
anthers from flowers staged as shown in Fig. 1. RNA was also
extracted from mature pollen, styles, ovaries, petals, leaves,
wounded leaf and auxin treated leaves. Leaves were wounded with
a wire dog grooming brush by a single impact and tissue was
collected for RNA extraction 2 h after wounding. Auxin treated
leaves were incubated for 24 h in 100 µM IAA. Twenty micrograms
of total RNA was separated by electrophoresis through a 1% (w/
v) agarose gel containing 2.2 M formaldehyde. Separated RNAs
were transferred to Nytran membranes (Schleicher and Schuell)
and cross-linked with a Stratalinker controlled UV light source
(Stratagene). Membranes were prehybridized and hybridized as
previously described (Jones et al., 1995). Membranes were hybrid-
ized for 20 h at 42 °C with 5 × 105 cpm/mL 32P-labeled PH-ACS2.
The PH-ACS2 probe consisted of 1270 bp at the 3-prime end of the
fourth exon. Membranes were washed in 2× SSC (1× SSC is 0.15
M NaCl, 15 mM sodium citrate, pH 7.0) and 0.1% SDS for 15 min
at room temperature followed by 15 min at 55 °C. Blots were
exposed to Kodak XAR-5 film at –80 °C for 6 d using a single
intensifying screen. To evaluate RNA loading, blots were reprobed
with a flax ribosomal RNA sequence (Goldsbrough and Cullis,
1981).

Table 1. Primers used for PCR reactions and primer extension.

Primer Primer extension
Primer A 5´-GCCGAATTCATGGG(G/A/T/C)CT(G/A/T/G)GC(G/A/T/C)GA(G/A)AA(T/C)CA-3´
Primer B 5´-GCCAAGCTTCC(G/A)TG(GA)TA(G/A)TC(T/C)TG(G/A)AA-3´
Primer C 5´-GGCGGATCCAAAACCCTGACGCA-3´
Primer D 5’-CCGGAATTCA(G/A)CA(G/A/T/C)AC(G/A/T/C)C(G/T)(G/A)AACCA(G/A/T/C)CC-3´
Primer E 5´-AGGAGGTAGGTAGGCACTATGA-3´

Fig. 1. Accumulation of ACC in petunia anthers during flower development. Stages
of flower development are depicted in the picture. Flowers were staged measuring
from the base of the calyx to the tip of the corollas: Stage 1, 3 to 4 cm; Stage 2,
4 to 5 cm; Stage 3, 5 to 6 cm; Stage 4, flower open, anther not dehiscing; Stage
5, flowers open, anthers dehiscent. Anthers were extracted in 80% ethanol and
ACC content determined following conversion to ethylene as previously described
in Lizada and Yang (1979).
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PRIMER  EXTENSION. The transcription start site was identified
using primer extension, performed according to the methods of
Ausubel (1995). One hundred fifty nanograms of primer E (Table
1) was end labeled with 32P-ATP. Fifty micrograms of total RNA
from stage 4 and stage 5 anthers was hybridized with the labeled
probe for 3 h at 65 °C. Reverse transcriptase mediated extension
was carried out for 1 h at 42 °C and the products were analyzed on
an 8% polyacrylamide gel.

PROMOTER  DELETION  ANALYSIS . Five different deletions were
generated from the 5-prime end of PH-ACS2. The deletions were
constructed using a series of PCR primers that when amplified
gave promoter fragments of the following lengths: –846, –616, –
331, –3, and 155. Primers were designed to contain a SalI site at the
5-prime end, and a BamHI site at the 3-prime end. The 3-prime end
of each deletion was located at +329 of the PH-ACS2 sequence.
These PCR fragments were purified from an agarose gel and then
digested with SalI and BamHI and ligated directly into pBI101.2
as translational fusions with the GUS gene. Since the resulting
GUS protein was a fusion product, care was taken to ensure that the
GUS coding region was in frame with the 5-prime end of the PH-
ACS2 protein, also found in the fusion product.

PLANT  TRANSFORMATION . Transgenic petunias were produced
using both the full-length PH-ACS2 constructs and the deletion
series. Petunia leaf disks were transformed as described by Jorgensen
et al. (1996) except that acetylsyringone was not used and selection
on kanamycin was at 50 µg·mL–1. Shoots that rooted in the
presence of kanamycin were transferred to soil, established to
greenhouse conditions and grown to flowering. Pollen was col-
lected from transgenic plants and the pollen stained for β-glucu-
ronidase (GUS) activity using 5-bromo-4-chloro-3-indolyl-β-D-
glucuronide as a substrate (Stomp 1992). Methanol (20% v/v) was
included in the GUS staining solution to reduce endogenous
background (Kosugi et al. 1990).

ACC SYNTHASE INDUCTION  EXPERIMENTS . A number of treat-
ments known to induce ACC synthase in other systems were
conducted in order to demonstrate the pollen specific nature of PH-
ACS2 expression. Cuttings were rooted from plants expressing
PH-ACS2-GUS in pollen. The roots of these plants were sub-
merged in water for 48 h, harvested and stained for GUS activity.
Stigmas from transgenic plants expressing PH-ACS2-GUS were
pollinated either with wild type or transgenic pollen. Styles were
removed 24 h after pollination and stained for GUS activity.
Mature leaves from transgenic petunias expressing PH-ACS2-
GUS were excised from plants and treated overnight with 100 µM

2,4-D then stained for GUS. Mature leaves were also wounded
with a wire dog grooming brush and stained for GUS activity.
Transgenic (T1) petunia seeds from lines staining positive for GUS
activity in pollen were germinated and grown for 7 to 10 d in the
dark on Murashige and Skoog (1962) media without hormones.
Etiolated seedlings (at least 10) were transferred to MS media
containing either 1, 10, or 100 µM IAA. Seedlings were incubated
in the dark on this media for 24 h and then stained for GUS activity.
Etiolated seedlings were also maintained in the dark on basal MS
(Murashige and Skoog 1962) media but transferred to an airtight
22.4 L chamber through which nitrogen was passed at 50 mL·min–

1. Seedlings were maintained in this environment for 24 or 48 h and
then stained for GUS activity. Petunia seedlings expressing GUS
constitutively were used as positive controls.

Results

ACC ACCUMULATION  IN DEVELOPING  ANTHERS. Petunia pollen has
been shown to contain as much as 1,000 nmol·g–1 of ACC

(Hoekstra and Weges, 1986; Singh et al., 1992). In order to
determine if the accumulation of this ACC is developmentally
regulated, anthers were assayed for ACC content at various stages
of flower development. Little ACC was detected in anthers from
immature flower buds at stages 1 through 3 (Fig. 1). The transition
from stage 3 to 4 during the early stages of flower opening was
associated with a 100-fold increase in ACC content in anthers. The
level of ACC continued to increase, until anther dehiscence at
stage 5. This data indicates that the accumulation of ACC in pollen
is a late event in development, occurring during the final stages of
pollen maturation.

ISOLATION  OF AN ACC SYNTHASE CDNA BY RT-PCR. To identify an
ACC synthase gene expressed in developing anthers, we used
degenerate oligonucleotide primers (primers A and B; Table 1)
based on conserved sequences of ACC synthases isolated from a
number of plant species. Total RNA isolated from stage 5 anthers
was used in a reverse transcription reaction. The resulting cDNA
was used as a template for the PCR reaction in the presence of
degenerate primers. A 134-bp RT-PCR product was isolated
following electrophoresis, subcloned into pGEM7Zf(+) and se-
quenced. Based on this sequence information, a specific 5-prime
primer (primer C; Table 1) was generated, which was used in
combination with a degenerate 3-prime primer (primer D) to
amplify an ACC synthase cDNA from anther RNA. This yielded

Fig. 2. Phylogenetic analysis of ACC synthases from several plant species.
Sequence alignment was obtained using the PILEUP program, part of the
Wisconsin Sequence Analyze Package (Devereux et al., 1984). The Genbank
accession numbers for each sequence are in parentheses.
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synthase genes, ST-ACS1a and ST-ACS1b. The counterpart first
intron is missing in the potato genes. The nucleotide sequence of
the PH-ACS2 exons are highly conserved with respect to the LE-
ACS3 and ST-ACS1a genes, sharing over 80% homology. A
specific oligonucleotide primer (primer E; Table 1) representing
the 5-prime untranslated region of the PH-ACS2 gene was used to
determine the transcriptional start site by primer-extension analy-
sis. This primer, along with total RNA isolated from mature
anthers as a template, was used for primer extension and yielded a
single product (data not shown; GenBank accession number
AF049711). This revealed that the cloned PH-ACS2 gene con-
tained over 1000 bp of upstream sequence. A sequence was
identified 41 nucleotides upstream of the transcriptional start site
and likely represents the TATA box. The 5-prime regions of PH-
ACS2, LE-ACS3 and ST-ACS1a share little homology. In contrast
to the 5-prime region, the 3-prime untranslated region of PH-ACS2
and LE-ACS3 share >70% homology over a span of 250 nucle-
otides. Taken together, these data indicate that the PH-ACS2 gene
is a close homologue to the tomato LE-ACS3 gene.

EXPRESSION OF THE PH-ACS2 GENE. To determine the pattern of
expression of the PH-ACS2 gene during pollen development, total
RNA isolated from anthers at the five stages of floral development
was analyzed by RNA gel blots using pPHACS2 as a probe (Fig.
3A). The stages in the northern blot correspond to the flowers
shown in Fig. 1. pPHACS2 transcripts were first detected in
anthers from Stage 4 flowers, concomitant with the first evidence
of ACC accumulation shown in Fig. 1. Continued development of
flowers was associated with high levels of PH-ACS2 mRNA.
Pollen isolated from dehiscent anthers was analyzed for the pres-
ence of PH-ACS2 mRNA by northern blot analysis. This revealed
the presence of high levels of PH-ACS2 mRNA and indicates that
the PH-ACS2 gene is likely expressed in the developing pollen
grain. Expression of pPHACS2 was unique to pollen and anthers
as no transcripts of PH-ACS2 were detected in RNA from leaves,
ovaries or petals of petunia (Fig. 3B). The PH-ACS2 gene is most
similar to ACC synthases from tomato (LE-ACS3) and potato (ST-
ACS1a and ST-ACS1b), which have previously been shown to be
expressed in response to the hormone auxin (Destéfano-Beltrán et
al., 1995; Yip et al., 1992). Also, the LE-ACS3 gene has been
shown to be expressed in response to wounding (Yip et al., 1992).
We did not detect increased levels of the PH-ACS2 transcript
following wounding of leaves or treatment with auxin (Fig. 3B).
Taken together, this data reveal that the PH-ACS2 gene is ex-
pressed specifically in pollen late during development, just before
anther dehiscence and does not appear to be regulated by wounding
or the plant hormone auxin.

THE PH-ACS2 PROMOTER DIRECTS POLLEN-SPECIFIC EXPRESSION

OF A CHIMERIC  GUS GENE. Using a translational PH-ACS2-GUS
fusion, we generated transgenic petunias expressing GUS under
control of the 1057 bp PH-ACS2 promoter. Pollen was isolated
from a number of independent transformed plants at anthesis and
assessed for GUS activity by histological staining. This revealed
that the chimeric PH-ACS2-GUS gene was expressed in mature
pollen (Fig. 4). No activity of GUS could be detected in pollen
isolated from immature pollen before stage 3 (data not shown). In
order to determine if there are cis-elements present in the 5-prime-
flanking regions of the PH-ACS2 gene that are responsible for the
expression in pollen, a series of 5-prime-deletions were generated
using PCR and fused to the GUS reporter gene. These chimeric
genes were introduced into petunia by Agrobacterium-mediated
transformation and the transgenic plants analyzed for GUS expres-
sion (Fig. 4). Promoters containing 846, 616 and 331 bp of 5-
prime-flanking DNA all led to the expression of GUS in pollen of
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Fig. 3. Expression of PH-ACS2
mRNA during anther develop-
ment and other Petunia tissue.
(A) Total RNA was extracted
from anthers at stages of
development illustrated in Fig.
1 and from pollen from stage 5
flowers. (B) RNA was extrac-
ted from the tissue indicated.
Twenty micrograms of total
RNA was separated by electro-
phoresis through agarose under
denaturing conditions, transfer-
red to nylon membrane and
probed using 1270-bp 3-prime
from the fourth exon of PH-
ACS2. A flax ribosomal RNA
probe was used to check RNA
loadings (Goldsbrough and
Cullis 1981).

a 1.1-kb cDNA, which was
subcloned into pGEM7Zf
(+) and designated
pPHACS2. The nucleotide
sequence of pPHACS2 was determined (data not shown) and shared
70% nucleotide identity with the petunia ACC synthase PHACS1 in
the coding region (Michael et al., unpublished; EMBL Accession
No. Z18953). Based on sequence homology with other ACC
synthases, pPHACS2 was not full length and was missing both 5-
and 3-prime sequences.

I DENTIFICATION  AND CHARACTERIZATION  OF THE PH-ACS2 GENE.
To identify the PH-ACS2 gene, a library of genomic fragments
from petunia was screened with the pPHACS2 partial cDNA. This
screen identified two independent genomic clones representing an
overlapping region of the genome of ≈15 kbp. These genomic
clones were digested with restriction enzymes and the resulting
fragments cloned into pGEM7Zf(+) for nucleotide sequencing. A
region of 3.7 kbp that hybridized to the pPHACS2 cDNA clone
was completely sequenced and shown to encode the PH-ACS2
gene in four exons, interrupted by three introns (GenBank acces-
sion number AF049711). The predicted PH-ACS2 peptide con-
tained 470 amino acids with a molecular weight of 52,993 and a pI
of 6.71. The PH-ACS2 protein shares over 85% identify with ACC
synthases from tomato (LE-ACS3; Olson et al., 1995) and potato
(ST-ACS1a and ST-ACS1b; Destéfano-Beltrán et al., 1995). In
contrast, the full length PH-ACS2 peptide shares only 52% identity
with the only other reported ACC synthase from petunia (PH-
ACS1; EMBL Accession No. Z18953). The PH-ACS2 polypeptide
was compared to 42 other known ACC synthases found in the
protein databases (Fig. 2). This analysis is presented in Fig. 2 and
shows that PH-ACS2 is more similar to ACC synthase polypep-
tides from other species than to the other known ACC synthase
from petunia. The PH-ACS2 polypeptide contained the conserved
dodecapeptide SLSKPLGLPGFR in exon 4, that is part of the
active site of ACC synthases (Fluhr and Mattoo, 1996; Yip et al.,
1990). PH-ACS2 also contained the 11 invariant amino acids
conserved in ACC synthases and amino transferases (Fluhr and
Mattoo, 1996).

The structure of the PH-ACS2 gene was compared to other
known ACC synthase genes (Table 2). The four exons encoding
the PH-ACS2 transcript are interrupted by three introns with
consensus 5-prime GT and 3-prime AG dinucleotides located at
their boundaries. The intron positions are identical to those of the
LE-ACS3 gene; however, the introns share little sequence similar-
ity. Two of the three introns are conserved with the potato ACC
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and Weges, 1986; Singh et al., 1992; White-
head et al., 1983). In petunia flowers, pollina-
tion leads to a very rapid burst of ethylene
production by the stigma, which may be par-
tially mediated by the transfer of ACC from
pollen to the stigmatic surface during pollen
hydration (Singh et al., 1992). Consistent with
this, ACC oxidase activity (Pech et al., 1987)
and mRNA levels (Tang et al., 1994; Tang and
Woodson, 1996) increase to high levels at
anthesis, leading to increased capacity to con-
vert ACC to ethylene. As a first step in study-
ing the role of pollen-born ACC in pollination-
induced ethylene production, we have investi-
gated the accumulation of ACC in petunia
pollen. Here we report that ACC accumulates
in pollen just before anthesis at a stage when
pollen grains are undergoing the final stages of
maturation. Pollak et al., (1993) studied the
development of petunia pollen and reported
that the death of the sporophytic tapetal tissue
and release of the haploid microspores from
the tetrad occur well before flowers are fully
elongated. Further, they show that the mitotic
events associated with the formation of the

binucleate pollen grain occur at a stage before ACC accumulates
in pollen. Given the lack of association of the maturing pollen
grains with the sporophytic tissue of the anther at the final stages
of development when ACC accumulates, our results suggest that
ACC is synthesized directly in the haploid pollen grain by either
the vegetative or generative cell of the binucleate pollen.

The enzyme ACC synthase catalyzes the conversion of S-
adenosyl-L-methinonine to ACC. Genes encoding ACC synthase
have been identified in a number of plant species (Fluhr and
Mattoo, 1996). In an effort to elucidate the molecular basis for
ACC accumulation in petunia pollen, we utilized RT-PCR to
amplify an ACC synthase cDNA from mature anthers. This cDNA
was used to identify the PH-ACS2 gene from a library of petunia
genomic fragments. The PH-ACS2 gene encoded an ACC syn-
thase protein based on extensive homology with other ACC
synthases from tomato (LE-ACS3) and potato (ST-ACS1a and ST-
ACS1b). In addition, the predicted PH-ACS2 protein contained all
11 of the invariant amino acids found in other functional ACC
synthases (Fluhr and Mattoo, 1996) and the sequence of the
enzyme’s active site was completely conserved (Yip et al., 1990).
The tomato counterpart to the PH-ACS2 gene shared a similar
structure with 4 exons interrupted by 3 introns in the identical

Table 2. Comparison of the structures of the PH-ACS2 gene with LE-
ACS3 and ST-ACS1a.

Homology (%)

Region LE-ACS3 ST-ACS1a
5-Prime distal 42 43
5-Prime proximal 44 39
Exon 1 88 84
Intron 1 49 nd
Exon 2 89 83
Intron 2 49 44
Exon 3 85 86
Intron 3 52 40
Exon 4 79 81
3-Prime untranslated 70 38

Fig. 4. Expression of the PH-ACS2-GUS fusion gene and promoter deletions of the
PH-ACS2-GUS in transgenic petunia. Pollen was isolated and stained for GUS
from the full length construct and the following five deletions (numbered in
relation to the transcription start site): –846, –616, –331, –3, 155. Control
(untransformed pollen) was also stained for GUS.

transgenic petunias. A deletion of all 5-prime-flanking DNA
including the putative TATA box resulted in no detectable GUS
activity of a number of independent transgenic plants. Further, a
deletion ending 155 bp downstream of the transcriptional start site
was similarly inactive. Taken together, this data indicates that
sequences between –331 and the transcriptional start site are
necessary for pollen-specific expression of PH-ACS2.

Previously, it was reported that the LE-ACS3 gene was respon-
sive to auxin (Yip et al., 1992) and flooding (Olson et al., 1995).
Given the high level of homology between PH-ACS2 and LE-
ACS3, we investigated whether the PH-ACS2 promoter was ca-
pable of directing the expression of GUS in response to these
stimuli. Transgenic petunias carrying the full length promoter
fused to GUS were analyzed for expression under conditions of
flooding and auxin treatment. No GUS activity was detected when
roots were flooded for 48 h or when mature, detached leaves or
seedlings were treated with auxin. Similarly, wounding of mature
leaves from transgenic plants did not result in GUS expression
(data not shown). No GUS activity could be detected in transgenic
plants carrying the PH-ACS2-GUS gene except in pollen. Stigmas
of transgenic plants did not stain for GUS activity (Fig. 5).
However, when pollinated with transgenic pollen from PH-ACS2-
GUS plants, GUS activity could be detected on the stigmatic
surface. Furthermore, GUS activity was detected on the stigmatic
surface of wild-type ‘Mitchell’ plants pollinated with PH-ACS2-
GUS pollen (Fig. 5). These data indicate that PH-ACS2 is a pollen-
specific gene and sequences in the 5-prime-flanking region of this
gene are necessary for expression in pollen.

Discussion

Petunia pollen has previously been found to contain the ethyl-
ene precursor ACC at levels greater than 1,000 nmol·g–1 (Hoekstra
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proteins thought to play a role in pollen develop-
ment and/or pollen germination. These include
polygalac-turonase (Brown and Crouch, 1989;
Allen and Lonsdale, 1993), pectic lyase (Wing et
al., 1989), and chalcone flavanone isomerase
(Van Tunen et al., 1989). Our data points to ACC
synthase as being another example of a gene
expressed in maturing pollen that encodes a pro-
tein functioning in the metabolism of the pollen
grain.

The promoter of the PH-ACS2 gene was shown
to direct the transcription of a chimeric GUS
reporter gene specifically in pollen of transgenic
petunia plants. We analyzed the promoter for
potential cis-acting sequences found in other pol-
len-specific genes. Previously, the LAT 52, 56
and 59 genes were shown to contain sequences in
their 5’ flanking DNA that were necessary for
expression in pollen (Twell et al., 1991; Twell,
1994). The GTGG/CACC box was shown to
represent a function core motif for pollen expres-
sion. Deletion analysis of the PH-ACS2 promoter
revealed that sequences between –331 and –3
were necessary for pollen-specific expression. A
scan of this region for the core pollen motif
identified an element between –158 to –153
(CACCAT) that is homologous to the sequences
found in the tomato pollen-specific promoters.
Targeted mutation of this element from the LAT
52 gene showed that this sequence was necessary
for maximal expression in pollen (Twell, 1994).
Similar elements have been identified in other

pollen specific genes (see Twell, 1994 for review).
In summary, the accumulation of ACC in petunia pollen is a late

developmental event and is likely the result of the expression of a
pollen-specific ACC synthase gene. At present, the role of ACC in
pollen is unclear, but previous research has suggested that it plays
a role in pollination-induced ethylene (Hill et al., 1987; Singh et al.,
1992). The identification of a pollen-specific ACC synthase will
open the way for us to address this role directly using genetic
engineering approaches to inhibit the expression of the ACC
synthase gene and therefore limit the production of ethylene.
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