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Accumulation of 1-Aminocyclopropane-1-carboxylic
acid (ACC) in Petunia Pollen is Associated with
Expression of a Pollen-specific ACC Synthase
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AssTRACT. Mature pollen from Petunia hybridacontains significant levels of 1-aminocyclopropane-1-carboxylic acid
(ACC), and this ACC is thought to play a role in pollination-induced ethylene by the pistil. We investigated the
developmental accumulation of ACC in anthers and pollen. The level of ACC in anthers was very low until the day before
anthesis, at which time itincreased 100-fold. A 1.1-kb partial ACC synthase cDNA clone (pPHACS2) was amplified from
total RNA isolated from mature anthers by reverse transcriptase, followed by polymerase chain reaction using
oligonucleotide primers synthesized to conserved amino acid sequences in ACC synthases. The expression of pPHACS2
mRNA during anther development was correlated with the accumulation of ACC and was localized to the pollen grain.
The pPHACS2 cDNA was used to identify th®H-ACS2gene from a library of genomic DNA fragments fromPetunia
hybrida. PH-ACS2encoded an ACC synthase transcript of four exons interrupted by three introns. The ACC synthase
protein encoded by thePH-ACS2gene shared >80% homology with ACC synthases from tomatbE-ACS3) and potato
(ST-ACS1a. A chimeric PH-ACS2promoter-B-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 thE-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 tiRH-ACS2 promoter were
responsible for pollen-specific expression.

The plant hormone ethylene is synthesized from the amino atcitla senescence (Nichols etal., 1983; Pech etal., 1987; Whitehead
ACC by the enzyme ACC oxidase (Fluhr and Mattoo, 1996t al., 1983). The discovery that pollen from different sources
Kende, 1993). In most plant tissues, the rate of ethylene productiontains varying amounts of the ethylene precursor ACC, led to the
is determined by the activity of ACC synthase, which con&rtsproposal that pollen-borne ACC could account for the ethylene
adenosylmethionine to ACC (Kende, 1993). Genes encoding A@©@duced by the style immediately after pollination (Whitehead et
synthase and ACC oxidase have been identified in a numbealaf1983). Petunia pollen may contain as much as 1500 ninol-g
plant species, and in both cases are represented by multige®€ (Hoekstra and Weges, 1986; Singh et al., 1992). Singh et al.
families that exhibit differential patterns of expression (Fluhr aiti992) reported that the endogenous ACC content of pollen
Mattoo, 1996; Lasserre et al., 1996; Liang et al., 1992; 19@6rrelated with the amount of ethylene produced by petunia styles
Rottmann etal., 1991; Tang et al., 1993, 1994). ACC synthase gémesediately after pollination. They concluded that this early
have been shown to be regulated by auxin, ethylene, woundethylene was due to the conversion of pollen-borne ACC to
0zone, anaerobiosis, Li, senescence, cycloheximide, and/ or riperthglene. In support of this conclusion, it is known that an
(Kende, 1993; Fluhr and Mattoo, 1996). Expression studies hampollinated petunia stigma has high levels of ACC oxidase
revealed that the induction of ACC synthase activity is most often gretivity and the ability to convert applied ACC to ethylene at
result of increased accumulation of ACC synthase mRNAs (Kendethesis (Jones and Woodson, 1997; Pech et al., 1987; Tang et al.,
1993; Zarembinski and Theologis, 1994). However, in some sitd&94; Tang and Woodson, 1996).
tions the activity of ACC synthase has been shown to be regulated dthe male gametophyte (pollen grain) has been well character-
the posttranslational level (Felix et al., 1991). ized biochemically and cytologically. The differentiation of pollen

In many flowers, pollination stimulates ethylene productianvolves a well orchestrated sequence of events including meiosis
and accelerates corolla senescence (Jones and Woodson, 189@m a tetrad of haploid microspores, which are subsequently
Larsen et al., 1995; Stead, 1992). This pollination-induced ethndleased to undergo mitosis generating a single binucleate or
ene production is first detectable from the stigma/style andtrimucleate pollen grain. Recently, the development of the male
thought to coordinate postpollination development, including cgametophyte has been characterized at the molecular level and a
_— number of pollen-specific genes have been identified (Twell,
Received for publication 5 June 1998. Accepted for publication 4 Sept. 199894). These genes are often differentiated into two classes based
e ety oy s s e s e QI patiern of expression. The early genes are expressed
Agriculture/gNational Reseal)'/ch InitiaF:i?/e Com);)gtitive Grants Programpand fiég melotlcally and their transcnpts SUbs_equently decline during
American Floral Endowment. The cost of publishing this paper was defrayed in §8@ mMaturation of the pollen grain (Albani et al., 1990; Custers et
by the payment of page charges. Under postal regulations, this paper therefore@lyst1 997; Oldenhof et al., 1996). The late genes are typically
be hereby markeadvertisemensolely to indicate this fact. expressed following mitosis and are associated with the matura-
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Table 1. Primers used for PCR reactions and primer extension.

Primer Primer extension

Primer A 5 -GCCGAATTCATGGG(G/AITIC)CT(G/AITIG)GC(G/AITIC)GA(G/A)AA(T/C)CA-3
Primer B 5 -GCCAAGCTTCC(G/A)TG(GA)TA(G/A)TC(T/IC)TG(G/A)AA-3’

Primer C 5"-GGCGGATCCAAAACCCTGACGCA-3’

Primer D 5'-CCGGAATTCA(G/A)CA(G/AITIC)AC(G/AITIC)C(GIT)(G/A)AACCA(G/AITIC)CC-3’
Primer E 5 -AGGAGGTAGGTAGGCACTATGA-3’

shown to encode proteins that are thought to play a role in pollerRnA EXTRACTION AND GEL BLOT ANALYsis. Total RNA from
germination and tube growth. These include pectate lyase (Wpgjunia tissue was extracted as described by Lawton et al., (1990)
et al., 1989) and polygalacturonase (Allen and Lonsdale, 1988d quantified spectrophotometrically. RNA was extracted from
Brown and Crouch, 1990). In this paper we report that petuaisthers from flowers staged as shown in Fig. 1. RNA was also
pollen accumulates the ethylene precursor ACC late during deesttracted from mature pollen, styles, ovaries, petals, leaves,
opment and this accumulation is associated with the expressiowafinded leaf and auxin treated leaves. Leaves were wounded with
a pollen-specific ACC synthase gerfeHCACS2. Further, we a wire dog grooming brush by a single impact and tissue was
show that thePH-ACS2promoter is capable of directing thecollected for RNA extraction 2 h after wounding. Auxin treated
expression of a chimerfzglucuronidase (GUS) gene in transgenileaves were incubated for 24 h in 100IAA. Twenty micrograms
petunia pollen. Our data clearly show thatPh€ACS2gene is a of total RNA was separated by electrophoresis through a 1% (w/
member of the late genes involved in pollen development and thadgarose gel containing 22formaldehyde. Separated RNAs
its expression is associated with the production of ACC in tivere transferred to Nytran membranes (Schleicher and Schuell)
pollen grain. and cross-linked with a Stratalinker controlled UV light source
(Stratagene). Membranes were prehybridized and hybridized as
Materials and Methods previously described (Jones et al., 1995). Membranes were hybrid-
ized for 20 h at 42C with 5x 10° cpm/mL 32P-labeleBH-ACS2
PLanT MATERIAL . Plants of ‘Mitchell’ Petunia hybridawere ThePH-ACS2orobe consisted of 1270 bp at the 3-prime end of the
maintained under standard greenhouse conditions. Supplemédntath exon. Membranes were washed*B5C (k SSC is 0.15
lighting was used to extend daylength to 16 h. Flowers were stagedaCl, 15 nm sodium citrate, pH 7.0) and 0.1% SDS for 15 min
by length, measuring from the base of the calyx to the tip of #ieroom temperature followed by 15 min at €5 Blots were
corolla. Bud lengths for the various stages were as follows: stagposed to Kodak XAR-5 film at —8@ for 6 d using a single
1,<2cm; stage 2, 2to 4 cm; stage 3, flowers 4 to 6 cm (corolla fuitensifying screen. To evaluate RNA loading, blots were reprobed
elongated); stage 4, flowers were open but the anthers werewitit a flax ribosomal RNA sequence (Goldsbrough and Cullis,
dehiscent; stage 5, flowers were open with dehiscent anthers1981).
Acc peTermINATION . Pollen was collected from dehiscent an-
thers in a 1.5-mL microcentrifuge tube using a vortex. ACC wa<
extracted from pollen in 80% ethanol, centrifuged and the suj
natant evaporated to dryness. The residue was resuspend
water and the ACC content was determined following convers
to ethylene as previously described (Lizada and Yang 1979).
RT-PCR AND cDNA CLONING . Tenpug of total RNA isolated from
anthers was reverse transcribed at@using M-MLV reverse
transcriptase and oligo dT as a primer. The products of this reau
were used to amplify ACC synthase cDNA using two degene

200

primers: primer A and B (Table 1). The PCR reaction was |

formed with 35 cycles at F& denaturation, 50C annealing, and __ 180+
72°C amplification at 1 min per cycle. The first cycle was precec § 160+
by one cycle at 99C for 3 min and the last cycle followed by on g 140+
7-min cycle at 72C. A 134 bp product was produced, subclon % 1204
into pGEM7Zf(+) (Promega, Madison, Wis.), and its nucleoti & 100 -
sequence determined (Sanger et al. 1977). Sequence inform E 80 -
from this product was used to synthesize a specific primer, pri 5 60 -
C (Table 1). This primer, in conjunction with the degenerate prir % 40 |
D (Table 1), was used with petunia anther cDNA in a touchdc 20 |
PCR reaction (Don et al., 1991). Denaturation and amplificat 0 . . .

conditions were identical to the first reaction. Annealing tempe 1 2 3
tures were reduced from 63 to®l at 2°C intervals, each for two
cycles, followed by 30 cycles at an annealing temperature’@r.5(
The_ 1.1-kb product was Clor_‘ed into pPGEM7Zf(+), sequenced, afgl 1. Accumulation of ACC in petunia anthers during flower development. Stages
designated pPHACS?2. Radiolabeled pPHACS?2 was used to scregfiower developmentare depicted in the picture. Flowers were staged measuring
a Petunia hybridacv Mitchell genomic library as previously from the base of the calyx to the tip of the corollas: Stage 1, 3 to 4 cm; Stage 2,
described (Tang et al 1993) Hybridizing plaques were purifie to 5 cm; Stage 3, 5 to 6 cm; Stage 4, flower open, anther not dehiscing; Stage

. . ’ ’ L. . , flowers open, anthers dehiscent. Anthers were extracted in 80% ethanol and
and 'nsert .DNA isolated for restriction enzyme analyS|S aNQcc content determined following conversionto ethylene as previously described
subcloning into pGEM7Zf(+). in Lizada and Yang (1979).

Flower Stage
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PrIMER EXTENSION. The transcription start site was identifiedHoekstra and Weges, 1986; Singh et al., 1992). In order to
using primer extension, performed according to the methodsdefermine if the accumulation of this ACC is developmentally
Ausubel (1995). One hundred fifty nanograms of primer E (Tabkgulated, anthers were assayed for ACC content at various stages
1) was end labeled wifP-ATP. Fifty micrograms of total RNA of flower development. Little ACC was detected in anthers from
from stage 4 and stage 5 anthers was hybridized with the labéechature flower buds at stages 1 through 3 (Fig. 1). The transition
probe for 3 h at 68C. Reverse transcriptase mediated extensimom stage 3 to 4 during the early stages of flower opening was
was carried out for 1 h at 42 and the products were analyzed oassociated with a 100-fold increase in ACC contentin anthers. The
an 8% polyacrylamide gel. level of ACC continued to increase, until anther dehiscence at

ProMOTER DELETION ANALYsIs. Five different deletions were stage 5. This data indicates that the accumulation of ACC in pollen
generated from the 5-prime endRH-ACS2 The deletions were is a late event in development, occurring during the final stages of
constructed using a series of PCR primers that when amplifiedlen maturation.
gave promoter fragments of the following lengths: —846, —616, —l SOLATION OF AN ACC SYNTHASE cDNA BY RT-PCR. TO identify an
331,-3,and 155. Primers were designed to contain a Sall site aMBE synthase gene expressed in developing anthers, we used
5-prime end, and a BamHI site at the 3-prime end. The 3-prime eedenerate oligonucleotide primers (primers A and B; Table 1)
of each deletion was located at +329 of B¢ ACS2sequence. based on conserved sequences of ACC synthases isolated from a
These PCR fragments were purified from an agarose gel and tmember of plant species. Total RNA isolated from stage 5 anthers
digested with Sall and BamHI and ligated directly into pBI1012as used in a reverse transcription reaction. The resulting cDNA
as translational fusions with the GUS gene. Since the resultimas used as a template for the PCR reaction in the presence of
GUS protein was a fusion product, care was taken to ensure thatléigenerate primers. A 134-bp RT-PCR product was isolated
GUS coding region was in frame with the 5-prime end oPtHe following electrophoresis, subcloned into pGEM7Zf(+) and se-
ACS2protein, also found in the fusion product. guenced. Based on this sequence information, a specific 5-prime

PLANT TRANSFORMATION . Transgenic petunias were producegrimer (primer C; Table 1) was generated, which was used in
using both the full-lengtiPH-ACS2constructs and the deletioncombination with a degenerate 3-prime primer (primer D) to
series. Petunialeaf disks were transformed as described by Jorgearsgiify an ACC synthase cDNA from anther RNA. This yielded
etal. (1996) except that acetylsyringone was not used and selection
on kanamycin was at 5Q0g-mL?. Shoots that rooted in the

—_— Fr=--a E R ol 'l At Ha- e
presence of kanamycin were transferred to soil, establishe : s Ll el Mumaeedtitiens
greenhouse conditions and grown to flowering. Pollen was « e L
lected from transgenic plants and the pollen stainefi-fsucu- racnin woettAimaTe o

[RIH | . us LepaqE P ]

ronidase (GUS) activity using 5-bromo-4-chloro-3-ind@yb-
glucuronide as a substrate (Stomp 1992). Methanol (20% v/v)
included in the GUS staining solution to reduce endogen
background (Kosugi et al. 1990).

AcCC SYNTHASE INDUCTION EXPERIMENTS. A number of treat-
ments known to induce ACC synthase in other systems v
conducted in order to demonstrate the pollen specific natBig-of
ACS2expression. Cuttings were rooted from plants express
PH-ACS2-GUSn pollen. The roots of these plants were st
merged in water for 48 h, harvested and stained for GUS acti
Stigmas from transgenic plants expres$tfACS2-GUSwere
pollinated either with wild type or transgenic pollen. Styles we
removed 24 h after pollination and stained for GUS activi
Mature leaves from transgenic petunias expresBIiHgACS2-
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GUSwere excised from plants and treated overnight withd00 PRI INFR R
2,4-D then stained for GUS. Mature leaves were also woun [~ S
with a wire dog grooming brush and stained for GUS activi pagi. Leaind il
Transgenic (T1) petunia seeds from lines staining positive for C TR ENEIF AL
activity in pollen were germinated and grown for 7to 10 d in 1 A
dark on Murashige and Skoog (1962) media without hormor T e
Etiolated seedlings (at least 10) were transferred to MS mu WAF AR A ETH
containing either 1, 10, or 1Q IAA. Seedlings were incubatec . ! Moot Srom tdes e
in the dark on this media for 24 h and then stained for GUS acti : e AmE T L

. . . . R —_— : Rraczl  acabldazs oo i3owk:
Etiolated seedlings were also maintained in the dark on basa T
(Murashige and Skoog 1962) media but transferred to an airt e TR
22.4 L chamber through which nitrogen was passed at 50 niL-| —_ =raenl mchIOiLATERTI
1, Seedlings were maintained in this environment for 24 or 48 h - e T )

' . - . : . s I e B L L
then stained for GUS activity. Petunia seedlings expressing ( coanel Eony besymozian
constitutively were used as positive controls. . Chemw --:t: AN
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Results

Fig. 2. Phylogenetic analysis of ACC synthases from several plant species.
. Sequence alignment was obtained using the PILEUP program, part of the

ACCACCUMULATION IN DEVELOPING ANTHERS. Petunia pollenhas  isconsin Sequence Analyze Package (Devereux et al., 1984). The Genbank
been shown to contain as much as 1,000 nmol-g—1 of AC&zcession numbers for each sequence are in parentheses.
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Fig. 3. Expression dPH-ACS2 A, Anther stages synthase gene§T-ACS1andST-ACS1bThe counterpart first

msrﬂgggg?r?;gﬁ;%‘ggp 12345p intron is missing in the potato genes. The nucleotide sequence of
(A) Total RNA was extracted thePH-ACS2exons are highly con_served with respect ta e
from anthers at stages of m ACS3and ST-ACS1lagenes, sharing over 80% homology. A
developmentillustrated in Fig. specific oligonucleotide primer (primer E; Table 1) representing
% and frog)pgmn from Sttage 5 the 5-prime untranslated region of fld-ACS2gene was used to
owers. was extrac- H At H i H
ted from the tissus ndicated. '.' M ' . dgterm[ne the transcr|pt|on_al start site by primer-extension analy-
Twenty micrograms of total sis. This primer, along with total RNA isolated from mature
RNA was separated by electro- anthers as a template, was used for primer extension and yielded a
phoresis through agarose under ® single product (data not shown; GenBank accession number
dec?it“””glcond'“onbs'”a”Sferc‘j 2 AF049711). This revealed that the cloried-ACS2gene con-
Lerobe% E)S'iﬁg lmzi(r;q_b;ag?pr?mne _ § § Faineq_ over 1000 b.p of upstream sequence. A sequence was
from the fourth exon oPH- S 2425 c ¥ identified 41 nucleotides upstream of the transcriptional start site
ACS2 A flax ribosomal RNA SE>S 3 "g § :E and likely represents the TATA box. The 5-prime regioritf
probe was used to check RNA Q®®» oo === ACS2LE-ACS3andST-ACSlahare little homology. In contrast
L‘:’aﬂg”‘i]gsifo'dsmough and to the 5-prime region, the 3-prime untranslated regi®tbACS2
' '" and LE-ACS3share >70% homology over a span of 250 nucle-
otides. Taken together, these data indicate th&HhACS2gene
al.1-kb cDNA, whichwas is a close homologue to the tomate-ACS3gene.
subcloned into pGEM7Zf "I .' "' EXPRESSION OF THE PH-ACS2 GENE. TO determine the pattern of
(+) and designated expression of thBH-ACSZyene during pollen development, total
pPHACS?2. The nucleotide RNA isolated from anthers at the five stages of floral development

sequence of pPPHACS?2 was determined (data not shown) and shaesdanalyzed by RNA gel blots using pPHACS?2 as a probe (Fig.
70% nucleotide identity with the petunia ACC syntHaACSIlin  3A). The stages in the northern blot correspond to the flowers
the caling region (Michael et al., unpublished; EMBL Accessioshown in Fig. 1. pPHACS2 transcripts were first detected in
No. Z18953). Based on sequence homology with other A@@thers from Stage 4 flowers, concomitant with the first evidence
synthases, pPHACS2 was not full length and was missing botloBACC accumulation shown in Fig. 1. Continued development of
and 3-prime sequences. flowers was associated with high levels RIi-ACS2mRNA.

| DENTIFICATION AND CHARACTERIZATION OF THE PH-ACS2 GENE.  Pollen isolated from dehiscent anthers was analyzed for the pres-
To identify thePH-ACS2gene, a library of genomic fragmentence ofPH-ACS2mRNA by northern blot analysis. This revealed
from petunia was screened with the pPHACS?2 partial cDNA. Thie presence of high levelsPifl-ACS2nRNA and indicates that
screen identified two independent genomic clones representingrerPH-ACS2gene is likely expressed in the developing pollen
overlapping region of the genome «f5 kbp. These genomicgrain. Expression of pPPHACS2 was unique to pollen and anthers
clones were digested with restriction enzymes and the resuli@sgno transcripts ¢fH-ACS2were detected in RNA from leaves,
fragments cloned into pGEM7Zf(+) for nucleotide sequencing.@dvaries or petals of petunia (Fig. 3B). TPld-ACS2gene is most
region of 3.7 kbp that hybridized to the pPHACS2 cDNA cloremilar to ACC synthases from tomatd-ACS3 and potatoST-
was completely sequenced and shown to encodPHRACS2 ACS1laandST-ACS1) which have previously been shown to be
gene in four exons, interrupted by three introns (GenBank acagaressed in response to the hormone auxin (Destéfano-Beltran et
sion number AF049711). The predicteti-ACS2peptide con- al., 1995; Yip et al., 1992). Also, tHee-ACS3gene has been
tained 470 amino acids with a molecular weight of 52,993 and ashbwn to be expressed in response to wounding (Yip et al., 1992).
of 6.71. Thé?H-ACSZrotein shares over 85% identify with ACCWe did not detect increased levels of tld-ACS2transcript
synthases from tomatbE-ACS3 Olson et al., 1995) and potatdfollowing wounding of leaves or treatment with auxin (Fig. 3B).
(ST-ACSlaand ST-ACS1pDestéfano-Beltran et al., 1995). InTaken together, this data reveal that Bt¢-ACS2gene is ex-
contrast, the full lengtAH-ACS2oeptide shares only 52% identitypressed specifically in pollen late during development, just before
with the only other reported ACC synthase from petuRid-( anther dehiscence and does not appear to be regulated by wounding
ACS1 EMBL Accession No. Z18953). TirH-ACS2olypeptide or the plant hormone auxin.
was compared to 42 other known ACC synthases found in th€THE PH-ACS2 PROMOTER DIRECTS POLLEN -SPECIFIC EXPRESSION
protein databases (Fig. 2). This analysis is presented in Fig. 2@nd cHIMERIC Gus GeNE. Using a translationd®?H-ACS2GUS
shows thaPH-ACS2is more similar to ACC synthase polypepfusion, we generated transgenic petunias expressing GUS under
tides from other species than to the other known ACC synthasetrol of the 1057 bpPH-ACS2promoter. Pollen was isolated
from petunia. Th®H-ACS2polypeptide contained the conserveétom a number of independent transformed plants at anthesis and
dodecapeptide SLSKPLGLPGFR in exon 4, that is part of thssessed for GUS activity by histological staining. This revealed
active site of ACC synthases (Fluhr and Mattoo, 1996; Yip et @hat the chimeri®H-ACS2-GUS)ene was expressed in mature
1990). PH-ACS2also contained the 11 invariant amino acidsollen (Fig. 4). No activity of GUS could be detected in pollen
conserved in ACC synthases and amino transferases (Fluhriaakhted from immature pollen before stage 3 (data not shown). In
Mattoo, 1996). order to determine if there aris-elements present in the 5-prime-

The structure of th€H-ACS2gene was compared to otheflanking regions of th@H-ACSZgene that are responsible for the
known ACC synthase genes (Table 2). The four exons encodixgression in pollen, a series of 5-prime-deletions were generated
the PH-ACS2transcript are interrupted by three introns withising PCR and fused to the GUS reporter gene. These chimeric
consensus 5-prime GT and 3-prime AG dinucleotides locatedyahes were introduced into petuniafgyrobacteriummediated
their boundaries. The intron positions are identical to those of trensformation and the transgenic plants analyzed for GUS expres-
LE-ACS3yene; however, the introns share little sequence similsien (Fig. 4). Promoters containing 846, 616 and 331 bp of 5-
ity. Two of the three introns are conserved with the potato AQ@me-flanking DNA all led to the expression of GUS in pollen of
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and Weges, 1986; Singh et al., 1992; White-
: <l i - head et al., 1983). In petunia flowers, pollina-
5 e ~ o2 O L% o tion leads to a very rapid burst of ethylene
iy i 2 ik ] J 0 ) . ;
o production by the stigma, which may be par-
i :f 8= [ 1 tially mediated by the transfer of ACC from
A~ Deev | g - pollen to the stigmatic surface during pollen
s 5 = hydration (Singh et al., 1992). Consistent with
i O 8 - this, ACC oxidase activity (Pech et al., 1987)
. and mRNA levels (Tang et al., 1994; Tang and
. ! 5 Woods_on, 19_96) in_crease to high !evels at
ADE? . 545 ks T L 331~ 5 anthesis, leading to mcrease_zd capacity to con-
- T ] vert ACC to ethylene. As a first step in study-
o ol & _ DO O ing the role of pollen-born ACC in pollination-
" [Ty = ' induced ethylene production, we have investi-
— T3] u[j-'t %) gated the accumulation of ACC in petunia
; £ pollen. Here we report that ACC accumulates
a4 T in pollen just before anthesis at a stage when
E I.'" s Oud pollen grains are undergoing the final stages of
i f_‘__\Q' *}j'_ maturation. Pollak et al., (1993) studied the
% o o O L ;‘“3-: development of petunia pollen and reported
s - " 159 i - that the death of the sporophytic tapetal tissue
3 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
Fig. 4. Expression of tHeH-ACS2GUS fusion gene and promoter deletions of thinucleate pollen grain occur at a stage before ACC accumulates
PH-ACS2GUS in transgenic petunia. Pollen was isolated and stained for G_LﬁSpO“en_ Given the lack of association of the maturing pollen
e oot o e g0 4 oeelon (et B with the sporophytc ssue of the anther at the final stages
(untransformed pollen) was also stained for GUS. of development when ACC accumulates, our results suggest that
ACC is synthesized directly in the haploid pollen grain by either
transgenic petunias. A deletion of all 5-prime-flanking DNAhe vegetative or generative cell of the binucleate pollen.
including the putative TATA box resulted in no detectable GUS The enzyme ACC synthase catalyzes the conversids of
activity of a number of independent transgenic plants. Furtheadenosyl-L-methinonine to ACC. Genes encoding ACC synthase
deletion ending 155 bp downstream of the transcriptional start $it&e been identified in a number of plant species (Fluhr and
was similarly inactive. Taken together, this data indicates thaattoo, 1996). In an effort to elucidate the molecular basis for
sequences between —331 and the transcriptional start siteA@@€ accumulation in petunia pollen, we utilized RT-PCR to
necessary for pollen-specific expressioPblF-ACS2 amplify an ACC synthase cDNA from mature anthers. This cDNA
Previously, it was reported that thE-ACS3yene was respon-was used to identify theH-ACS2gene from a library of petunia
sive to auxin (Yip et al., 1992) and flooding (Olson et al., 199%)enomic fragments. TheH-ACS2gene encoded an ACC syn-
Given the high level of homology betwet-ACS2andLE- thase protein based on extensive homology with other ACC
ACS3 we investigated whether tiRH-ACS2promoter was ca- synthases from tomathE-ACS3 and potato$T-ACS1andST-
pable of directing the expression of GUS in response to th@ggS1l. In addition, the predicte@H-ACS2protein contained all
stimuli. Transgenic petunias carrying the full length promotgn of the invariant amino acids found in other functional ACC
fused to GUS were analyzed for expression under conditionsgiithases (Fluhr and Mattoo, 1996) and the sequence of the
flooding and auxin treatment. No GUS activity was detected whemizyme’s active site was completely conserved (Yip et al., 1990).
roots were flooded for 48 h or when mature, detached leavegiee tomato counterpart to tiRH-ACS2gene shared a similar
seedlings were treated with auxin. Similarly, wounding of matusgructure with 4 exons interrupted by 3 introns in the identical

leaves from transgenic plants did not result in GUS expression . .
(data not shown). No GUS activity could be detected in transgeﬁ?{?le 2. Comparison of the structures of Bie-ACS2gene withl.E-

i
[
3

plants carrying thBH-ACS2-GUgene except in pollen. Stigmas ACS3andST-ACS1a
of transgenic plants did not stain for GUS activity (Fig. 5). Homology (%)
However, when pollinated with transgenic pollen fleRACS2- o . LE-ACS3 ST-ACS1
GUS plants, GUS activity could be detected on the stigmagigr'i(;:e Jistal 5 i3 a
surface. Furthermore, GUS activity was detected on the stigmggigrime proximal 44 39
surface of wild-type ‘Mitchell’ plants pollinated witAH-ACS2- Exon 1 88 84
GUSpollen (Fig. 5). These data indicate thet-ACS2ds a pollen- tron 1 49 nd
specific gene and sequences in the 5-prime-flanking region of US 1 2 89 83
gene are necessary for expression in pollen. Intron 2 49 a4
. . Exon 3 85 86
Discussion Intron 3 52 40
Petunia pollen has previously been found to contain the ethg{ —Or?nf'e untranslated 7970 828

ene precursor ACC at levels greater than 1,000 nmgekstra
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proteins thought to play a role in pollen develop-
ACS2.GUS contral GUS % Mitchall 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 thBH-ACS2yene was shown

to direct the transcription of a chimeric GUS
reporter gene specifically in pollen of transgenic
petunia plants. We analyzed the promoter for
potentialcis-acting sequences found in other pol-
len-specific genes. Previously, thAT 52 56
and59genes 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 tiH-ACSZromoter
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 th&eT
52gene showed that this sequence was necessary
for maximal expression in pollen (Twell, 1994).
Similar elements have been identified in other
Fig. 5. Expression of tfeH-ACS2GUS fusion gene in transgenic petunia. Contrgpollen specific genes (see Twell, 1994 for review).

or transgenic styles were pollinated with control or transgenic poltgnlefft) In summary, the accumulation of ACC in petunia pollenis alate

transgenic control (unpollinatediidttom right) transgenic pollen on*Mitchell” - jayelopmental event and is likely the result of the expression of a

;z:g’é%cﬁtggnnfgtg;{fgfﬁgh'c pollen on transgenic stytep(right) Mitchel pollen-specific ACC synthase gene. At present, the role of ACCin

pollen is unclear, but previous research has suggested that it plays

position (Olson et al., 1995). While introns between the two gera®le in pollination-induced ethylene (Hilletal., 1987; Singh etal.,
shared little homology, the 3-prime untranslated region was wE#192). The identification of a pollen-specific ACC synthase will
conserved, with >70% homology in a span of 200 bp. In contragen the way for us to address this role directly using genetic
the potato genes, while sharing >85% amino acid identity with g¥egineering approaches to inhibit the expression of the ACC
PH-ACS2gene, did not share the same structural features. Theygethase gene and therefore limit the production of ethylene.
genes did not contain the first counterpart intron and shared little
homology in the 3-prime region (Destéfano-Beltran et al., 1995). Literature Cited

Interestingly, the potato genes are closely linked and transcribeglg}ﬂm] D.,L.SRobert, P.A. Donaldson, | Altosaar, P.G. Arnison, and S.F.

opposite directions. Itis not clear that tomato or petunia share t}t3 ijanski. 1990. Characterization of a pollen-specific gene family from
structure with a closely linked homologue to liEeACS30rPH-  Brassica napusvhich is activated during early microspore develop-

ACS2genes, respectively. However, this can not be ruled out at thgent. Plant Mol. Biol. 15:605—622.

present time given the limited data on the flanking sequence®lgn, R.L. and D.M. Lonsdale. 1993. Molecular characterization of one

these genes. of the maize polygalacturonase gene family members which are ex-
Expression studies revealed fid-ACS2gene was expressed pressed during late pollen development. Plant J_. 3:261-271. _

concomitant with the accumulation of ACC in developing anthefusubel, F.M. 1995. Short protocols in molecular blo!ogy: acompendlum

Further, thH-ACS2ranscript was detected in mature pollen anc? methods from Current Protocols in Molecular Biology. Wiley, New

; ; : P ork, NY
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