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The molecular mechanisms responsible for postpollination changes in floral scent emission were investigated in snapdragon

 

cv Maryland True Pink and petunia

 

 

 

cv Mitchell flowers using a volatile ester, methylbenzoate, one of the major scent com-
pounds emitted by these flowers, as an example. In both species, a 70 to 75% pollination-induced decrease in methylbenzoate
emission begins only after pollen tubes reach the ovary, a process that takes between 35 and 40 h in snapdragon and 

 

�

 

32 h in
petunia. This postpollination decrease in emission is not triggered by pollen deposition on the stigma. Petunia and snap-

 

dragon both synthesize methylbenzoate from benzoic acid and 

 

S

 

-adenosyl-

 

L

 

-methionine (SAM); however, they use different
mechanisms to downregulate its production after pollination. In petunia, expression of the gene responsible for methylben-
zoate synthesis is suppressed by ethylene. In snapdragon, the decrease in methylbenzoate emission is the result of a de-

 

crease in both 

 

S

 

-adenosyl-

 

L

 

-methionine:benzoic acid carboxyl methyltransferase (BAMT) activity and the ratio of SAM to

 

S

 

-adenosyl-

 

L

 

-homocysteine (“methylation index”) after pollination, although the BAMT gene also is sensitive to ethylene.

INTRODUCTION

 

To improve reproductive success, flowering plants have
evolved floral scent in addition to visual and tactile cues as a
means of attracting pollinators. Similar to flower colors and
forms, there is a large diversity of floral scents that play a prom-
inent role in the location and selection of flowers by insects
(Dobson, 1994; Knudsen et al., 1999). Closely related plant
species that rely on different types of insects for pollination
produce different fragrances, reflecting the olfactory sensitivi-
ties or preferences of their pollinators (Henderson, 1986;
Raguso and Pichersky, 1995). The fact that insects can distin-
guish between these complex mixtures makes floral scent
patterns of key importance for plant–insect interactions. Such
species-specific floral scent may enhance pollinator specificity,
which, in turn, may reduce the chance of pollen loss and un-
successful interspecific pollination. Although species-specific
pollination appears to be advantageous to plants, many an-
giosperms are pollinated by several species to ensure their re-
productive success (e.g., orchids are pollinated by beetles, but-
terflies, bees, moths, flies, wasps, ants, and birds) (Dafni and
Bernhardt, 1990; Waser et al., 1996). However, even in general-
ized pollination systems, pollinators use the combination of
specific odor and visual cues to learn and return to target flow-
ers (Gegear and Laverty, 2001).

The composition of floral scent, as well as the total output,
changes during the life span of the flower in relation to flower

age (Tollsten, 1993; Pichersky et al., 1994; Wang et al., 1997;
Dudareva et al., 1998, 2000), pollination status (Tollsten, 1993;
Euler and Baldwin, 1996; Schiestl et al., 1997), environmental
conditions (Jakobsen and Olsen, 1994), and diurnal endoge-
nous rhythms (summarized by Dudareva et al., 1999). Plants
tend to emit scent at maximal levels when the flowers are ready
for pollination and concomitantly when their potential pollina-
tors are active. The rhythmic release of flower scent during the
day and night generally coincides with the foraging activities of
potential pollinators (Matile and Altenburger, 1988; Loughrin et
al., 1990; Nielsen et al., 1995; Dudareva et al., 2000). In addi-
tion, newly opened and young flowers, which are not ready to
function as pollen donors because their anthers have not yet
dehisced, usually produce less scent and therefore are less at-
tractive to pollinators (Jones et al., 1998; Dudareva et al., 2000;
summarized by Dudareva et al., 1999). In several cases, an
age-related decrease in scent production also was shown in
unpollinated flowers (Tollsten, 1993; Pichersky et al., 1994;
Wang et al., 1997; Dudareva et al., 1998, 2000, 2003).

The scent of many flowers is reduced markedly soon after pol-
lination. Such quantitative and/or qualitative postpollination
changes in floral bouquets, shown mostly in orchids (Arditti,
1979; Tollsten and Bergstrom, 1989; Tollsten, 1993; Schiestl et
al., 1997), decrease the attractiveness of these flowers and in-
crease the overall reproductive success of the plant by directing
pollinators to unpollinated flowers. This is particularly important
for plants with a low visitation rate, in which reproductive suc-
cess is mostly pollinator limited (Neiland and Wilcock, 1998).

Although the effects of pollination on the level of emission
and the composition of floral scent have been demonstrated
(summarized by Dudareva et al., 1999), there is no information
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about the specific molecular and biochemical mechanisms re-
sponsible for these postpollination changes of floral scent in
plants. The recent isolation and characterization of several
genes responsible for the formation of floral scent volatiles has
allowed the investigation of the developmental regulation of
scent biosynthesis. Transcriptional regulation of the expression
of these genes at the site of emission and the level of supplied
substrates for the reactions were found to be the major factors
that control scent production and, indirectly, scent emission
during snapdragon flower development (Dudareva et al., 1999,
2000, 2003). Moreover, the level of substrate (benzoic acid)
also plays a major role in the regulation of the circadian emis-
sion of methylbenzoate in diurnally (snapdragon) and noctur-
nally (petunia cv Mitchell and 

 

Nicotiana suaveolens

 

) emitting
flowers (Kolosova et al., 2001a).

In this study, we investigate the molecular mechanisms re-
sponsible for postpollination changes in floral scent emission in
snapdragon cv Maryland True Pink and petunia

 

 

 

cv Mitchell
flowers using a volatile ester, methylbenzoate, as an example.
Although petunia

 

 

 

cv Mitchell is a man-made hybrid and there-
fore did not evolve specific mechanisms for pollinator attraction
like its wild relatives, it appears to be a useful model system for
understanding physiological changes after pollination. In both
species, methylbenzoate is one of the major scent compounds
(Dudareva et al., 2000; Kolosova et al., 2001a; Verdonk et al.,
2003). Its emission is controlled by a circadian clock and
reaches a maximum level during the day in snapdragon and at
night in petunia (Kolosova et al., 2001a). We found that polli-
nated snapdragon and petunia flowers stop producing scent
only after pollen tubes reach the ovary, thereby ensuring that
successful fertilization likely has occurred. We also show that
genes responsible for methylbenzoate production in both plant
systems can be downregulated transcriptionally by ethylene.
However, only petunia uses ethylene to downregulate the ex-
pression of the gene responsible for methylbenzoate biosyn-
thesis after pollination, whereas in snapdragon, the combina-
tion of decreases in 

 

S

 

-adenosyl-

 

L

 

-methionine:benzoic acid
carboxyl methyltransferase (BAMT) activity and in the ratio of

 

S

 

-adenosyl-

 

L

 

-methionine (SAM) to 

 

S

 

-adenosyl-

 

L

 

-homocysteine
(SAH) (“methylation index”) after pollination accounts for the
decrease in methylbenzoate emission.

 

RESULTS

Effect of Pollination on Methylbenzoate Emission in 
Snapdragon Flowers

 

Methylbenzoate is one of the most abundant scent compounds
detected in the majority of snapdragon varieties, and its emis-
sion is regulated developmentally (Dudareva et al., 2000). To
determine the effect of pollination on floral scent emission,
snapdragon flowers were emasculated at the bud stage, 2 or 3
days before opening, and then hand self-pollinated at different
times after anthesis (4 and 5 days). Floral volatiles were col-
lected from single, living flowers for 24 h before pollination
(time 0 in Figures 1A to 1E) and for 4 days after pollination at
24-h intervals and analyzed by gas chromatography–mass
spectrometry. No new volatile compounds were detected in

pollinated flowers compared with unpollinated flowers (data not
shown). When flowers were pollinated on the 4th or 5th day af-
ter anthesis, a time when the stigma is receptive to pollen and
seed set is highest (Jones et al., 1998), the quantitative
changes in methylbenzoate emission were very similar (Figures
1A and 1B). During the first 2 days after pollination, there were
no differences in total amounts of methylbenzoate emitted from
pollinated and unpollinated flowers. A 70% decrease in emis-
sion was found on day 3 after pollination, followed by an addi-
tional 20% decrease in the next 24-h period, leaving pollinated
flowers with a small amount of emitted volatile ester (2.7 and
3.0 

 

�

 

g·flower

 

�

 

1

 

·24 h

 

�

 

1

 

 for flowers pollinated on days 4 and 5,
respectively) compared with corresponding unpollinated con-
trol flowers (38 and 25 

 

�

 

g·flower

 

�

 

1

 

·24 h

 

�

 

1

 

) (Figures 1A and 1B).
Pollinated flowers still were fully turgid, although often freshly
abscised, by day 4 after pollination. Unpollinated emasculated
control flowers also showed some decrease in methylbenzoate
emission by the end of the experiment, similar to the develop-
mental changes in normal unpollinated flowers (Dudareva et al.,
2000), indicating that this decrease is the result of aging and
not emasculation. Similar patterns were found for the other two
major scent compounds, the monoterpenes myrcene (Figure
1C) and (

 

E

 

)-

 

�

 

-ocimene (data not shown).
To determine if this pollination-induced decrease in methyl-

benzoate emission is triggered by pollen deposition on the
stigma or if pollen tube growth through the style and/or fertiliza-
tion is necessary, snapdragon flowers were pollinated with for-
eign pollen from petunia and heat-inactivated (killed) self-pol-
len. Previously, it was shown that killed or foreign pollen, both
of which fail to germinate, elicit the initial response to pollina-
tion but do not elicit postpollination responses in the corolla
(Hoekstra and Weges, 1986; O’Neill, 1997; O’Neill and Nadeau,
1997). Pollination of snapdragon flowers on day 5 after anthesis
with petunia pollen resulted in no decrease in methylbenzoate
emission (Figure 1D). Similar results were obtained with heat-
inactivated self pollen, which failed to germinate (Figure 1E). In
both experiments, emission of methylbenzoate followed a de-
velopmentally regulated profile similar to that of unpollinated
flowers (Figures 1D and 1E).

To associate pollen tube growth with the pollination-induced
decrease in scent emission, cytological staining experiments
monitoring pollen tube penetration through the stigma and
style were performed. Snapdragon styles pollinated on day 5
after anthesis were stained with aniline blue at different times
after pollination, and callose deposits in growing pollen tubes
were visualized by fluorescence microscopy (Figure 1G). The
distance between the top of the stigma and the callose depos-
its most distal to the pollen grains was measured (Figure 1F).
Compatible self-pollination of snapdragon flowers resulted in
efficient pollen germination and tube growth through the style.
Four hours after pollination, pollen grains had germinated and
penetrated into the top of the style (Figure 1G). By 24 h after
pollination, most pollen tubes had grown through the upper
60% of the 2-cm-long style, and they had reached the style
base between 35 and 40 h (Figures 1F and 1G). These results
indicate that the pollination-induced decrease in methylben-
zoate emission begins after pollen tubes reach the ovary and is
not triggered by pollen deposition on the stigma.
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Effect of Pollination on Methylbenzoate Emission in 
Petunia Flowers

 

To determine whether the postpollination decrease in scent
emission occurs after pollen tubes reach the ovary in another
plant species, floral scent emission and pollen tube growth
through the style after pollination were analyzed in petunia cv
Mitchell. Petunia cv Mitchell emits methylbenzoate with maxi-
mum emission at approximately midnight (Kolosova et al.,
2001a; Verdonk et al., 2003). Petunia flowers were emasculated
1 day before corolla opening and hand-pollinated with self pol-
len on the night of the 2nd day after anthesis, when scent pro-
duction reaches its maximum (data not shown). As in snap-
dragon, floral volatiles were collected from single, living flowers
for 1 day before pollination and for 3 days after pollination at

12-h intervals. During the 1st day after pollination, there was no
decrease in methylbenzoate emission, which continued to os-
cillate in the same manner as in unpollinated flowers, with a
maximum at midnight (Kolosova et al., 2001a) (Figure 2A).
A 75% decrease in methylbenzoate emission was found at
36 h after pollination. By 60 h after pollination (the last night
of scent collection), the amount of emitted methylbenzoate
decreased by an additional 15%, accounting for 

 

�

 

10% (8.3

 

�

 

g·flower

 

�

 

1

 

·12 h

 

�

 

1

 

) of the amount emitted from flowers before
pollination (77 

 

�

 

g·flower

 

�

 

1

 

·12 h

 

�

 

1

 

) and from corresponding un-
pollinated control flowers (77.5 

 

�

 

g·flower

 

�

 

1

 

·12 h

 

�

 

1

 

) (Figure 2A).
The other major scent compounds, benzaldehyde (Figure 2B)
and phenylacetaldehyde (Figure 2C), exhibited similar patterns
of emission after pollination. Analysis of pollen tube growth
through the style in petunia flowers pollinated with self pollen

Figure 1. Effect of Pollination on Floral Scent Emission and Pollen Tube Movement in Snapdragon Flowers.

(A) and (B) Emission of methylbenzoate in snapdragon flowers pollinated with self pollen on day 4 (A) and day 5 (B) after anthesis.
(C) Emission of myrcene in snapdragon flowers pollinated with self pollen on day 5 after anthesis.
(D) and (E) Emission of methylbenzoate in snapdragon flowers pollinated on day 5 after anthesis with foreign pollen (D) and heat-inactivated self-pol-
len (E).
Closed circles represent emission in unpollinated flowers, and open circles represent emission in pollinated flowers. Arrows indicate the time of polli-
nation. Standard deviations are indicated by vertical bars. Each point is the average of 7 and 10 independent scent collections for unpollinated and
pollinated flowers, respectively, in (A), 8 independent scent collections for unpollinated and pollinated flowers in (B), 4 and 7 independent scent col-
lections for unpollinated and pollinated flowers, respectively, in (C), and 10 and 6 independent scent collections for unpollinated and pollinated flow-
ers, respectively, in (D) and (E).
(F) and (G) Pollen tube growth in snapdragon styles pollinated on day 5 after anthesis.
(F) Average style length is 2.02 � 0.02 cm (n � 30). Five styles were used at each time point.
(G) Styles were fixed and stained with aniline blue at different times after pollination. Stained pollen tubes were visualized by fluorescence microscopy
(at right). Bars � 1 mm (pistil), 50 �m (4 h after pollination), and 25 �m (24 and 41 h after pollination).
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on the night of day 2 after anthesis revealed that pollen tubes
reached the base of the 42-mm style at 

 

�

 

32 h after pollination
(Figure 2D). These results indicate that, as in snapdragon, the
decrease in scent emission begins after fertilization.

 

Effects of Pollination on BAMT Gene Expression, Level 
of BAMT Protein, BAMT Activity, the Endogenous 
Pool of Benzoic Acid, and Methylation Index in 
Snapdragon Flowers

 

In snapdragon flowers, the volatile ester methylbenzoate is
made predominantly in the conical cells of upper and lower
petal lobes by the enzymatic methylation of benzoic acid in the
reaction catalyzed by BAMT (Dudareva et al., 2000; Murfitt et
al., 2000; Kolosova et al., 2001b). Its biosynthesis during flower
development is regulated at the level of BAMT gene expression
as well as by the amount of benzoic acid, which is the substrate
for the reaction (Dudareva et al., 2000). To determine the mo-
lecular mechanisms responsible for postpollination changes in
methylbenzoate emission, we analyzed BAMT gene expres-
sion, level of BAMT protein, BAMT activity, and the endog-

enous pool of benzoic acid in pollinated and unpollinated
snapdragon flowers. For these experiments, emasculated snap-
dragon flowers were hand self-pollinated on day 5 after anthe-
sis, and samples were prepared from upper and lower petal
lobes at 24 h before pollination (time 0) and at different times
(1 to 4 days) after pollination. Unpollinated emasculated flowers
of the same age were used as a control. When the levels of
BAMT transcripts were examined in pollinated and unpollinated
flowers by RNA gel blot analysis, there were no differences in
BAMT gene expression during the first 3 days after pollination,
whereas a 50% decrease in BAMT expression was observed
on the 4th day after pollination (Figure 3A). Similarly, pollination
of emasculated snapdragon flowers led to a slight decrease in
BAMT activity on day 3 after pollination and to a 50% decrease
in BAMT activity on day 4 after pollination (4.03 

 

�

 

 0.53 pkat/
pollinated flower compared with 9.94 

 

�

 

 1.17 pkat/unpollinated
control flower) (Figure 3B).

BAMT protein levels in upper and lower petal lobes of polli-
nated and unpollinated snapdragon flowers were determined
by the chemiluminescence protein gel blot technique using
polyclonal anti-BAMT antibodies (Dudareva et al., 2000). The

Figure 2. Effect of Pollination on Floral Scent Emission and Pollen Tube Movement in Petunia Flowers.

(A) Emission of methylbenzoate in wild-type and etr1-1 petunia flowers pollinated with self pollen on the night of day 2 after anthesis.
(B) and (C) Emission of benzaldehyde (B) and phenylacetaldehyde (C) in wild-type petunia flowers pollinated with self pollen on the night of day 2 af-
ter anthesis. Increases in the amount of benzaldehyde and phenylacetaldehyde at 1 day after pollination relative to the emission on the day of pollina-
tion reflect developmental changes.
Closed circles represent emission in unpollinated wild-type flowers, and open circles and open diamonds represent emission in pollinated wild-type
and etr1-1 flowers, respectively. Arrows indicate the time of pollination. Standard deviations are indicated by vertical bars. Each point is the average
of five and six independent scent collections for unpollinated and pollinated wild-type flowers, respectively, and four independent scent collections for
etr1-1 flowers.
(D) Pollen tube growth in petunia styles pollinated on the night of day 2 after anthesis. Average style length is 4.15 � 0.03 cm (n � 30). Three styles
were used at each time point. Standard deviations are indicated by vertical bars.
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antibodies selectively recognized one protein with an apparent
molecular mass of 49 kD in crude petal extracts separated by
SDS-PAGE. The level of BAMT protein remained stable after
pollination (Figure 3C), indicating that post-translational regula-
tory mechanisms are responsible for the decrease in BAMT ac-
tivity on day 4 after pollination.

The level of benzoic acid in petal tissue was shown to be in-
volved in the regulation of developmental and rhythmic methyl-

 

benzoate emission in snapdragon (Dudareva et al., 2000; Kolosova
et al., 2001a). To investigate its possible involvement in the reg-
ulation of methylbenzoate emission after pollination, we mea-
sured the endogenous pools of benzoic acid in petal tissue of
pollinated and unpollinated control flowers. Pollination did not
affect the levels of benzoic acid (2.84 

 

�

 

 1.39 

 

�

 

g/g petal tissue for
pollinated flowers on day 4 after pollination and 3.3 

 

�

 

 0.01 

 

�

 

g/g
petal tissue for corresponding unpollinated control flowers; Fig-

Figure 3. Effect of Pollination on BAMT Gene Expression, BAMT Activity, the Levels of BAMT Protein and Benzoic Acid, and SAM/SAH Ratio in
Snapdragon Flowers Pollinated on Day 5 after Anthesis.

(A) RNA gel blot analysis of steady state BAMT mRNA levels in unpollinated and pollinated snapdragon flowers at different times after pollination. To-
tal RNA was isolated from upper and lower petal lobes of snapdragon flowers pollinated on day 5 after anthesis at the times indicated at top, and 5 �g
of total RNA was loaded in each lane. The top gel represents the results of hybridization with a BAMT probe. Autoradiography was performed over-
night. The blot was rehybridized with an 18S rDNA probe (bottom gel) to standardize samples. RNA gel blots were scanned with a PhosphorImager,
and values were used to generate a graph of fluctuation in relative BAMT mRNA levels after pollination. Each point on the graph is the average of eight
independent experiments The transcript level on the day before pollination was taken as 1. Closed and open circles represent transcript levels in un-
pollinated and pollinated flowers, respectively. Standard error values are indicated by vertical bars.
(B) BAMT activity in unpollinated and pollinated snapdragon flowers at different times after pollination. For each time point, enzyme assays were run
in duplicate on at least three independent crude extract preparations for unpollinated and pollinated flowers, and the standard deviations (indicated
by vertical bars) were obtained. Closed bars represent BAMT activity in unpollinated flowers, and open bars represent BAMT activity in pollinated
flowers.
(C) BAMT protein levels in unpollinated and pollinated snapdragon flowers at different times after pollination. The representative protein gel blot
shows the 49-kD protein recognized by anti-BAMT antibodies. Proteins were extracted from upper and lower petal lobes at the times after pollination
indicated at top, and 11 �g of protein was loaded in each lane.
(D) Amount of benzoic acid in unpollinated and pollinated snapdragon flowers at different times after pollination. Benzoic acid was extracted from up-
per and lower petal lobes by supercritical carbon dioxide extraction and analyzed by HPLC. Closed bars represent benzoic acid levels in unpollinated
flowers, and open bars represent benzoic acid levels in pollinated flowers. Standard error values are indicated by vertical bars. Each point is the aver-
age of three independent experiments.
(E) Levels of the SAM/SAH ratio in unpollinated and pollinated snapdragon flowers at different times after pollination. Closed and open circles repre-
sent the SAM/SAH ratio in unpollinated flowers and pollinated flowers, respectively. Standard error values are indicated by vertical bars. Each point is
the average of three independent experiments. SAM and SAH levels on the day before pollination were 38.99 � 4.01 and 1.21 � 0.14 nmol/g fresh
weight, respectively, where � corresponds to a 95% confidence interval of the mean.
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ure 3D), suggesting that it does not contribute to the postpolli-
nation decrease in methylbenzoate emission, in contrast to its
involvement in the regulation of developmental and rhythmic
emission (Dudareva et al., 2000; Kolosova et al., 2001a).

Because the decrease in BAMT activity on the 3rd day after
pollination could not account completely for the 70% decrease
in methylbenzoate emission (Figure 1B), we analyzed the intra-
cellular levels of SAM and SAH, the methyl donor and product,
respectively, of the BAMT-catalyzed reaction (Murfitt et al.,
2000). The SAM/SAH ratio (methylation index) is used fre-
quently to reflect the cellular methylation potential and to indi-
cate whether methylation reactions in tissues are likely to be in-
hibited (Cantoni et al., 1979). Pollination of snapdragon flowers
led to an increase in SAH level and a decrease in SAM level, re-
sulting in a 30% decrease in the methylation index from 41.12 

 

�

 

8.3 to 28.73 

 

�

 

 2.73 at 3 days after pollination, with an addi-
tional 10% decrease the next day (Figure 3E). These results
show that the intracellular methylation capacity changed, con-
tributing to the downregulation of methylbenzoate biosynthesis
after pollination (Figure 1B).

 

Isolation and Characterization of Carboxyl 
Methyltransferase cDNAs That Encode 
Enzymes Responsible for Methylbenzoate 
Biosynthesis in Petunia

 

To isolate the gene(s) responsible for methylbenzoate formation
in petunia, we searched ESTs generated by random sequenc-
ing of several petunia flower cDNA libraries constructed at the
University of Florida for potential carboxyl methyltransferases.
This search initially revealed one EST clone of 390 nucleotides
(ID 63582) with high amino acid identity to known 

 

S

 

-adenosyl-

 

L

 

-methionine:salicylic acid carboxyl methyltransferases (SAMT).
Two methods, cDNA library screening and 5

 

�

 

 rapid amplifica-
tion of cDNA ends, were used to recover the corresponding
full-length clone for this EST. A second full-length cDNA clone
was revealed by further sequencing of random clones. These
two full-length cDNAs, 1473 and 1425 bp in size and designated
BSMT1 and BSMT2, respectively (for 

 

S

 

-adenosyl-

 

L

 

-methionine:
benzoic acid/salicylic acid carboxyl methyltransferase; see be-
low), are 99% identical to each other in their coding regions
and 65% identical in their 3

 

�

 

 untranslated regions. They encode
proteins of 357 amino acids that are 99% identical, differing in
three amino acids located within the last 23 amino acids of their
3

 

�

 

 ends. Two of these differences represent substitutions by
similar amino acids. The proteins encoded by these cDNAs are
84% identical to SAMT from 

 

Atropa belladonna

 

 and 57 to 62%
identical to SAMTs from 

 

Stephanotis floribunda

 

 (Pott et al.,
2002), 

 

Antirrhinum majus

 

 (Negre et al., 2002), and 

 

Clarkia brew-
eri

 

 (Ross et al., 1999). They also share 44% identity with snap-
dragon BAMT (Dudareva et al., 2000; Murfitt et al., 2000). To
determine the enzymatic activity of these almost identical pro-
teins, their coding regions were subcloned into the expression
vector pET-28a and expressed in 

 

Escherichia coli

 

, and recom-
binant proteins were purified to near homogeneity using nickel-
based affinity chromatography. The purified recombinant pro-
teins as well as petal cell-free extracts were used to determine
substrate specificity (Table 1). General catalytic properties and

kinetic parameters were determined for recombinant proteins
(Table 2).

The highest activity was found with salicylic acid as a sub-
strate, and approximately fivefold lower activity was detected
with benzoic acid for both cell-free extracts and recombinant
proteins (Table 1). Activities with the other tested substrates,
including cinnamic acid, salicylic acid and benzoic acid deriva-
tives, did not exceed 1.5% of the highest activity. Similar to
other carboxyl methyltransferases (Ross et al., 1999; Murfitt et
al., 2000; Negre et al., 2002), the active enzymes exist as ho-
modimers, as was determined by comparison of the molecular
masses obtained by gel filtration chromatography and SDS-
PAGE (Table 2). Both recombinant enzymes possessed a pH
optimum of �7 when benzoic or salicylic acid was used as a
substrate. BSMT1 and BSMT2 had similar kinetic parameters
with regard to SAM, with apparent Km values 8 to 11 times
higher with benzoic acid than with salicylic acid (Table 2). Both
enzymes also had similar apparent Km values for salicylic acid,
which were 24 to 33 times lower than the apparent Km values
for benzoic acid. Similar Km values for salicylic and benzoic ac-
ids (65.65 � 1.36 and 2280.3 � 243 �M, respectively) were ob-
tained for partially purified plant proteins.

The apparent catalytic efficiency (kcat/Km ratio) of BSMT1 and
BSMT2 was 40- to 75-fold higher with salicylic acid than with
benzoic acid, indicating that salicylic acid is the preferred sub-
strate. Although we detected high carboxyl methyltransfer-
ase activity toward salicylic acid in petals (24.6 pkat/flower in
2-day-old flowers), petunia flowers do not emit methylsalicylate
(Verdonk et al., 2003). This finding could be explained by a very
small internal pool of free salicylic acid that was �10 times
lower than the apparent Km values of these enzymes for sali-
cylic acid (J. Boatright and A. Enyedi, unpublished data) and
that might not be available to the enzymes as a result of com-
partmentalization. This indicates that the catalytic activities of
BSMT enzymes toward salicylic acid do not contribute to floral
scent.

The apparent Km values of BSMT1 and BSMT2 toward ben-
zoic acid are very similar to that of the snapdragon BAMT (1.1

Table 1. Relative Activity of Crude Extracts from Petunia Petals and of 
Purified BSMTs with a Variety of Substrates

Substrate
Crude 
Extracts BSMT1 BSMT2

Salicylic acid 100 100 100
Benzoic acid 22.45 � 0.25 16.34 � 3.71 27.27 � 5.49
3-Hydroxybenzoic acid 1.14 � 0.09 0.65 � 0.14 1.32 � 0.20
trans-Cinnamic acid 1.00 � 0.02 0.41 � 0.05 0.69 � 0.11
p-Coumaric acid 0.47 � 0.01 0.07 � 0.04 0.29 � 0.12
m-Coumaric acid 0.51 � 0.02 0.24 � 0.05 0.50 � 0.14
o-Coumaric acid 0.48 � 0.02 0.14 � 0.07 0.25 � 0.05
Benzyl alcohol 0.92 � 0.03 0.07 � 0.02 0.33 � 0.14

Values are averages of three independent measurements. All substrates
were tested at a concentration of 2 mM. The BSMT activity with salicylic
acid, set as 100%, was 32.15 � 0.79 pkat/mg protein for crude ex-
tracts, 284.9 � 4.1 pkat/mg protein for BSMT1, and 243.3 � 20.4 pkat/
mg protein for BSMT2.
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and 1.5 mM for plant and recombinant proteins, respectively
[Murfitt et al., 2000]). Moreover, the level of benzoic acid at
midnight in 1-day-old petunia petals is 70.5 � 15.5 �g/g fresh
weight (Kolosova et al., 2001a), which corresponds to a con-
centration of �7 mM and is in the range of Km values for ben-
zoic acid for these enzymes, suggesting that both proteins
could be involved in methylbenzoate emission, which was con-
firmed genetically by RNA interference knockout. Using this ap-
proach, the resulting transformants showed a significant de-
crease in BSMT expression as well as a decrease in
methylbenzoate emission (B. Underwood and D.G. Clark, un-
published data).

Examination of BSMT gene expression in leaves and different
flower organs of 2-day-old petunia flowers by RNA gel blot anal-
ysis using the BSMT coding region as a probe revealed BSMT
mRNA transcripts predominantly in the limbs and tubes of petu-
nia corollas (Figure 4A). This expression pattern is very similar to
that of other known genes involved in scent production, with
petals being the principal emitters of volatiles (Dobson, 1994;
Dudareva et al., 1999). BSMT1 had a 1.8 times lower Km value
for benzoic acid and was catalytically more efficient (kcat/Km ratio)
than BSMT2 (Table 2), suggesting that BSMT1 might contribute
to methylbenzoate biosynthesis to a greater extent. Reverse
transcriptase (RT)–PCR with 3� untranslated region gene-specific
primers was performed to determine the contribution of each
gene to the total expression level, because the signals detected
in the RNA gel blot experiments represent the sum of transcripts
for both BSMT genes. When total RNA isolated from the limbs
and tubes of 2-day-old petunia corollas was used in RT-PCR,
similar expression patterns were found for each BSMT (Figure
4B), revealing that both genes contribute to methylbenzoate
emission. Although the biochemical properties of the isolated
enzymes are very similar to those of SAMTs described previ-
ously (Ross et al., 1999; Negre et al., 2002; D’Auria et al., 2003),
they are involved in methylbenzoate formation in petunia flowers
and therefore are designated BSMTs.

Effect of Pollination on BSMT Gene Expression, BSMT 
Activity, and Protein Level in Petunia Flowers

In contrast to its effects in snapdragon, BSMT gene expression
(Figure 5A) and corresponding enzyme activity toward benzoic
acid (Figure 5B) in pollinated petunia flowers were tightly corre-

lated with methylbenzoate emission (Figure 2A). Two days after
pollination, BSMT mRNA transcripts and BSMT activity were
barely detectable (Figures 5A and 5B) in petal tissue of petunia
flowers, resulting in a significant decrease in methylbenzoate
emission (Figure 2A). To determine if, as in snapdragon, post-
translational regulation is involved in the decrease of BSMT ac-
tivity, we used polyclonal anti-SAMT antibodies raised against
the denatured snapdragon SAMT protein overexpressed in E.
coli, which were able to recognize both denatured pure petunia
BSMT proteins, as determined by immunoblot analysis (Figure
5C), and the native proteins, as determined by immunopre-

Figure 4. Tissue Specificity of Petunia BSMT Gene Expression.

(A) RNA gel blot of total RNA (5 �g per lane) isolated from young leaves,
sepals, tubes and limbs of corollas, pistils, stamens, and ovaries of
2-day-old petunia flowers. The top gel represents the results of hybrid-
ization with a coding region of the BSMT genes as a probe. The length
of the BSMT mRNA was estimated as 1.5 kb using RNA molecular
markers in an adjacent lane. Autoradiography was performed overnight.
The blot was rehybridized with an 18S rDNA probe (bottom) to stan-
dardize samples.
(B) Contribution of each BSMT gene to total BSMT expression. RT-PCR
with gene-specific primers was performed on RNA isolated from the
limbs and tubes of 2-day-old petunia corollas. The amplified products
were run on a 1.2% agarose gel and stained with ethidium bromide. The
RT-PCR products for rRNA are shown at bottom.

Table 2. Properties of Petunia BSMTs

Enzyme

Holoenzyme 
Mass by Gel
Filtration (D)

Subunit 
Mass by 
SDS-PAGE (D)

Calculated 
Subunit 
Mass (D) Substrate

pH 
Optimum

Apparent Km 
for Substrate 
(�M) kcat � 10�2 (s�1) kcat/Km (mM�1·s�1)

BSMT1 78,430 �45,000 40,659 SAM SA 1.93 � 0.18 1.45 � 0.024 7.65 � 0.618
SAM BA 15.78 � 1.34 0.75 � 0.023 0.48 � 0.047
Salicylic acid 7.0 to 8.0 51.55 � 2.73 1.2 � 0.16 0.23 � 0.038
Benzoic acid 7.5 1273.2 � 37 0.39 � 0.04 0.003 � 0.0003

BSMT2 77,100 �45,000 40,673 SAM SA 2.76 � 0.04 0.57 � 0.099 2.07 � 0.015
SAM BA 30.78 	 0.78 0.79 � 0.06 0.26 � 0.015
Salicylic acid 7.0 to 7.5 69.6 � 1.31 0.4 � 0.028 0.057 � 0.005
Benzoic acid 6.5 to 7.5 2355.9 � 88 0.32 � 0.0096 0.0014 � 0.0084
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cipitation of enzymatic activity in crude extracts, partially puri-
fied plant proteins, and pure recombinant proteins (data not
shown). In crude extracts from petunia petals separated by
SDS-PAGE, these antibodies predominantly recognized a pro-
tein with an apparent molecular mass of 45 kD. Immunoblot
analysis of two-dimensional gels of crude extracts as well as a
mixture of BSMT1 and BSMT2 confirmed the specificity of the
antibodies. The BSMT proteins still were detected in petal
crude extracts on day 2 after pollination by immunoblot analy-
sis of both one-dimensional (Figure 5C) and two-dimensional
(data not shown) gels, whereas BSMT activity already had de-
creased significantly (Figure 5B), indicating the involvement of
post-translational regulatory mechanisms. The presence of the
BSMT proteins on the 2nd day after pollination, when the level
of BSMT transcripts was reduced significantly, could be the re-
sult of a lag between transcription and translation processes
and the stability of the BSMT proteins.

Does Ethylene Play a Role in the Downregulation of 
Methylbenzoate Emission after Pollination?

There is considerable evidence that many postpollination pro-
cesses in flowers, such as corolla abscission and/or senes-

cence, pigmentation changes in the perianth, and ovary matu-
ration, are mediated by endogenous ethylene that is produced
as a consequence of pollination (Clark et al., 1997; Wilkinson et
al., 1997; Ketsa et al., 2001; Kato et al., 2002). In petunia, polli-
nation leads to two distinct phases of ethylene production: a
sharp increase in ethylene synthesis in the stigma at �3 h after
pollination, followed by a burst of synthesis in the corolla at
�36 h after pollination (Jones et al., 2003). To determine
whether ethylene plays a regulatory role in the downregulation
of methylbenzoate emission in petunia, ethylene-insensitive
transgenic petunia cv Mitchell plants (etr1-1) (Wilkinson et al.,
1997) were used in experiments. These transgenic plants con-
tain the dominant mutant ethylene receptor etr1-1 gene from
Arabidopsis driven by the 35S promoter of Cauliflower mosaic
virus and display an ethylene-insensitive delayed-petal-senes-
cence phenotype (Wilkinson et al., 1997). Pollination of emas-
culated etr1-1 transgenic plants on the night of day 2 after an-
thesis did not affect the emission of methylbenzoate. Indeed, 3
days after pollination, methylbenzoate emission remained un-
changed in etr1-1, whereas in the wild type, there was no me-
thylbenzoate emission (Figure 2A). Analysis of BSMT gene ex-
pression and corresponding enzyme activity toward benzoic
acid in etr1-1 transgenic plants after pollination revealed no

Figure 5. Effect of Pollination on BSMT Gene Expression, BSMT Activity toward Benzoic Acid, and Protein Level in Wild-Type and etr1-1 Petunia
Flowers.

(A) and (D) BSMT gene expression in unpollinated and pollinated wild-type (A) and etr1-1 (D) petunia flowers at different times after pollination. Total
RNA was isolated from the limbs and tubes of corollas of petunia flowers pollinated on day 2 after anthesis at the times indicated at top, and 5 �g of
total RNA was loaded in each lane. The top gels represent the results of hybridization with a BSMT probe. Autoradiography was performed overnight.
The blots were rehybridized with an 18S rDNA probe (bottom) to standardize samples. Each blot represents a typical result of three independent ex-
periments.
(B) and (E) BSMT activity toward benzoic acid in unpollinated and pollinated wild-type (B) and etr1-1 (E) petunia flowers at different times after polli-
nation. For each time point, enzyme assays were run in duplicate on at least four (B) and three (E) independent crude extract preparations for unpolli-
nated and pollinated flowers. Closed and open bars represent BSMT activity toward benzoic acid in unpollinated and pollinated flowers, respectively.
Standard error values are indicated by vertical bars.
(C) BSMT protein levels in unpollinated and pollinated petunia flowers at different times after pollination. The representative protein gel blot shows the
45-kD protein recognized by anti-SAMT antibodies. Proteins were extracted from petunia petals at the times after pollination indicated at top, and 12
�g of protein was loaded in each lane. A total of 0.76 �g of pure BSMT2 protein was loaded in the first (left) lane and used as a control. The blot
shown here represents a typical result of three independent experiments.



T
he

 P
la

nt
 C

el
l

3000 The Plant Cell

changes in BSMT mRNA (Figure 5D) and BSMT activity (Figure
5E) at 3 days after pollination, whereas in the wild type, BSMT
mRNA (Figure 5A), protein (Figure 5C), and activity (Figure 5B)
were undetectable.

To confirm that the decrease in methylbenzoate emission in
wild-type petunia after pollination is the result of ethylene ac-
tion, both wild-type and etr1-1 petunia flowers were treated
with 2 �L/L ethylene for 4, 8, 12, 16, and 24 h, and BSMT gene
expression, protein level, and activity were analyzed after these
different treatment periods (Figures 6A to 6C). Ethylene treat-
ments had a drastic effect on BSMT gene expression and cor-
responding enzyme activity toward benzoic acid in wild-type
petunia plants. Four hours of ethylene treatment resulted in a
significant reduction of BSMT expression, which continued to
decrease to an undetectable level with an extension of the du-
ration of ethylene treatment (Figure 6A). In etr1-1 petunia flow-
ers, the expression of BSMT and corresponding enzyme activ-
ity remained unaffected by ethylene treatment (Figures 6A and
6C), indicating that the BSMT gene is ethylene sensitive. How-
ever, the transcriptional downregulation of BSMT expression
by ethylene in wild-type flowers did not result in a decrease of
BSMT protein level after a 24-h ethylene treatment (Figure 6B).
The 50% decrease in BSMT activity toward benzoic acid de-
tected after an 8-h ethylene treatment (9.16 � 0.29 pkat/flower)
compared with BSMT activity in corresponding ethylene-treated
etr1-1 flowers (17.6 � 0.73 pkat/flower) (Figure 6C) probably is
the result of post-translational regulation.

To determine if the snapdragon BAMT gene also is sensitive
to ethylene, snapdragon flowers were treated with air or 2 �L/L
ethylene for the same time used in petunia treatments, and
BAMT gene expression, protein level, and activity were ana-
lyzed. A decrease in BAMT gene expression was found after 12
h of ethylene exposure, resulting in no detectable transcripts
after 24 h of treatment, whereas BAMT expression in control
flowers was stable (Figure 6D). These results indicate that, sim-
ilar to the petunia BSMT gene, the snapdragon BAMT is sensi-
tive to ethylene. An �35% decrease in BAMT activity also was
found after 12 h of ethylene treatment (3.95 � 1.04 pkat/ethyl-
ene-treated flower versus 6.07 � 0.58 pkat/air-treated flower)
(Figure 6F) and remained level after 16- and 24-h ethylene
treatments. However, no changes in the BAMT protein level
were detected during the experiments (Figure 6E), indicating
the stability of the BAMT protein and suggesting the involve-
ment of post-translational mechanisms in the regulation of
BAMT activity after ethylene treatment.

DISCUSSION

Pollination-Induced Changes in Methylbenzoate 
Emission in Snapdragon and Petunia Flowers

In nature, floral structure, color, and scent are critical factors in
attracting pollinators to flowers. Although floral structure and
color provide important information for pollinators at a close
range, floral scent can function as both a long- and short-dis-
tance attractant and as a nectar guide to a variety of insect pol-
linators (Dobson, 1994). Pollination of flowers by insects leads
to changes in scent emission, which, to our knowledge, has

been shown previously only in orchids (Tollsten and Bergstrom,
1989; Tollsten, 1993; Schiestl et al., 1997). These changes in
scent emission after pollination include a general decrease in
all scent compounds, as found in Platanthera bifolia (Orchi-
daceae) (Tollsten and Bergstrom, 1989; Tollsten, 1993), or a
decrease in some compounds while others increase or remain
unchanged, as was discovered in Ophrys orchids (Schiestl et
al., 1997; Schiestl and Ayasse, 2001). Although alterations in
scent emission in response to pollination have been shown, the
actual mechanisms responsible for postpollination changes of
floral scent have not been investigated because of the lack of
knowledge about the enzymes responsible for the biosynthesis
of scent compounds.

Here, we used snapdragon and petunia as model systems to
identify the molecular mechanisms responsible for changes in
scent emission after pollination. We found that in both species,
all major scent compounds decreased after pollination similar to
P. bifolia (Tollsten and Bergstrom, 1989; Tollsten, 1993) (Figures
1A to 1C and 2A to 2C). Floral scent of snapdragon and petunia
flowers is dominated by the volatile ester methylbenzoate
(Dudareva et al., 2000; Kolosova et al., 2001a; Verdonk et al.,
2003), which is synthesized from benzoic acid and SAM in the
reaction catalyzed by BAMT in snapdragon (Dudareva et al.,
2000; Murfitt et al., 2000) and, as shown in the present study, by
BSMT in petunia. We observed that a significant pollination-
induced decrease in methylbenzoate emission (�70 to 75%;
Figures 1B and 2A) begins after pollen tubes reach the ovary, a
process that takes between 35 and 40 h in snapdragon (Figures
1F and 1G) and �32 h in petunia (Figure 2D). This postpollination
decrease in scent emission is not triggered by pollen deposition
on the stigma. When snapdragon flowers were pollinated with
foreign pollen from petunia and heat-inactivated self pollen, no
changes in scent emission were found compared with that in un-
pollinated flowers (Figures 1D and 1E), suggesting that fertiliza-
tion is a prerequisite for the reduction of floral scent after pollina-
tion. By decreasing scent emission only after pollen tubes reach
the embryo sac, plants protect their reproductive process,
thereby ensuring that successful fertilization will occur.

Pollination did not completely eliminate floral scent, leaving
snapdragon flowers on day 4 after pollination with low scent
emission (2.7 and 3.0 �g·flower�1·24 h�1 when flowers were
pollinated on days 4 and 5 after anthesis, respectively; Figures
1A and 1B). In petunia, flowers on day 3 after pollination also
produced a low amount of methylbenzoate (8.3 �g·flower�1·12
h�1), which accounts for 10% of the amount emitted by corre-
sponding unpollinated control flowers (Figure 2A). This retained
floral scent continues to contribute to the overall fragrance of
the whole inflorescence or plant, likely enhancing the orienta-
tion cue for pollinator attraction.

Different Molecular Mechanisms Are Responsible for the 
Postpollination Downregulation of Methylbenzoate 
Emission in Snapdragon and Petunia Flowers

Analysis of BAMT activity in snapdragon flowers pollinated on
day 5 after anthesis revealed only a slight decrease in BAMT
activity on day 3 after pollination (Figure 3A), which could not
account completely for the 70% decrease in methylbenzoate
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emission (Figure 1B). This raises at least two questions. (1)
Does pollination affect the release of methylbenzoate, leading
to its accumulation in floral tissue? (2) Does pollination affect
the level of benzoic acid and/or the level of SAM, which is the
methyl group donor for the BAMT-catalyzed reaction (Dudareva
et al., 2000; Murfitt et al., 2000), thereby decreasing methylben-
zoate emission after pollination?

We found no accumulation of methylbenzoate within snap-
dragon petal tissue at 3 and 4 days after pollination (data not
shown). When the endogenous pool of benzoic acid was mea-
sured in pollinated flowers, no differences were found between

pollinated and unpollinated flowers (Figure 3D). These data in-
dicate that the benzoic acid level does not contribute to the
regulation of methylbenzoate emission after pollination in snap-
dragon flowers, unlike its involvement in the regulation of de-
velopmental and rhythmic emission (Dudareva et al., 2000;
Kolosova et al., 2001a). However, pollination affected the meth-
ylation index (i.e., the SAM/SAH ratio), leading to a 40% total
decrease by day 4 after pollination (Figure 3E). These results
suggest that the postpollination decrease in methylbenzoate
emission in snapdragon flowers is the result of a decrease in
both the methylation index and BAMT activity.

Figure 6. Effect of Ethylene Treatment on BSMT and BAMT Gene Expression, Protein Levels, and Corresponding Enzyme Activities in Petunia and
Snapdragon Flowers.

(A) BSMT gene expression in wild-type and etr1-1 petunia petals after different periods of ethylene treatment. Poly(A) mRNA was isolated from whole
flowers at anthesis after the periods of ethylene treatment indicated at top, and 2 �g of mRNA was loaded in each lane. The top gels for the wild type
and etr1-1 represent the results of hybridization with a BSMT probe. Autoradiography was performed overnight. The blots were rehybridized with a
ubiquitin probe (UBQ) to standardize samples. Each blot represents a typical result of three independent experiments.
(B) BSMT protein levels in wild-type and etr1-1 petunia flowers after different periods of ethylene treatment. Representative protein gel blots show the
45-kD protein recognized by anti-SAMT antibodies. Proteins were extracted from petunia petals after the periods of ethylene treatment indicated at
top, and 12 �g of protein was loaded in each lane. A total of 0.76 �g of pure BSMT2 protein was loaded in the first (left) lane and used as a control (c).
Each blot represents a typical result of three independent experiments.
(C) BSMT activity toward benzoic acid in wild-type and etr1-1 petunia flowers after different periods of ethylene treatment. Closed and open bars represent
BSMT activity toward benzoic acid in wild-type and etr1-1 flowers, respectively. For each time point, enzyme assays were run in duplicate on at least four
independent crude extract preparations for both wild-type and etr1-1 flowers, and the standard deviations indicated by vertical bars were obtained.
(D) BAMT gene expression in upper and lower petal lobes of snapdragon flowers after different periods of ethylene treatment. Flowers treated with air
were used as a control. Total RNA was isolated from upper and lower petal lobes of 5-day-old snapdragon flowers after the periods of ethylene or air
treatment indicated at top, and 5 �g of total RNA was loaded in each lane. The top gel for each experiment represents the results of hybridization with
a BAMT probe. Autoradiography was performed overnight. The blots were rehybridized with an 18S rDNA probe (bottom gels) to standardize sam-
ples. Each blot represents a typical result of three independent experiments.
(E) BAMT protein levels in snapdragon flowers treated with ethylene and air (control) after different periods of treatment. The representative protein
gel blot shows the 49-kD protein recognized by anti-BAMT antibodies. Proteins were extracted from upper and lower petal lobes, and 11 �g of pro-
tein was loaded in each lane. The blot shown represents a typical result of three independent experiments.
(F) BAMT activity in snapdragon flowers treated with ethylene and air (control) after different periods of treatment. Enzyme assays were run in dupli-
cate for each time point on at least five independent crude extract preparations for both ethylene- and air-treated flowers, and the standard deviations
indicated by vertical bars were obtained. Closed and open bars represent BAMT activity in air- and ethylene-treated snapdragon flowers.
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Comparison of BAMT activity and BAMT gene expression in
snapdragon flowers after pollination revealed that they followed
the same pattern and showed a strong positive correlation (Fig-
ures 3A and 3B), both decreasing by 50% on day 4 after polli-
nation. However, the decrease in BAMT gene expression did
not affect the level of BAMT protein on this day (Figure 3C),
likely because of a lag between the transcription and transla-
tion processes. At least a 24-h shift between the mRNA and its
corresponding protein level often has been observed for other
genes involved in scent production (Wang et al., 1997; Dudareva
et al., 1999, 2000). Thus, the 50% decrease in BAMT activity on
the 4th day after pollination (Figure 3B) likely is attributable to
regulation at the post-translational level.

Such post-translational regulation is not unique to BAMT. The
involvement of post-translational modifications in the regulation
of enzyme activities has been shown for several other plant en-
zymes (Khayat et al., 1993; Chang and Gallie, 1997; Rudrabhatla
and Rajasekharan, 2002; Smith et al., 2002). Protein modifica-
tions, such as phosphorylation, methylation, carboxylation, glu-
cosylation, acetylation, and prenylation, often contribute to the
regulation of enzyme activities (Lillo et al., 1997; Siddiqui et al.,
1998; Tanase et al., 2002). Future experiments involving se-
quencing of the post-translationally modified protein will show
the nature of the modification that occurs for BAMT.

In pollinated snapdragon just before abscission (day 4 after
pollination), BAMT transcripts and BAMT activity were 50%
lower than those of corresponding unpollinated flowers (Fig-
ures 3A and 3B). By contrast, pollination in petunia resulted in
undetectable BSMT mRNA transcripts, enzyme activity, and
BSMT protein level on the last day (day 3) after pollination be-
fore flowers start to wilt (Figures 5A to 5C). There was a lag pe-
riod of �24 h between the decrease in the BSMT transcript
level at 2 days after pollination (Figure 5A) and the disappear-
ance of the corresponding protein at 3 days after pollination
(Figure 5C), indicating that, as in snapdragon, post-transla-
tional regulation also contributes to a decrease in BSMT activ-
ity soon after fertilization (day 2 after pollination). However,
unlike in snapdragon, the postpollination decrease in methyl-
benzoate emission in petunia was the result of a decrease in
BSMT activity toward benzoic acid, which is regulated at the
transcriptional and post-translational levels.

Involvement of Ethylene in the Regulation of 
Methylbenzoate Emission after Pollination 
in Petunia and Snapdragon

In flowering plants, pollination initiates a cascade of develop-
mental events, including perianth senescence, pigmentation
changes, and ovule differentiation, in which ethylene plays an
important role in coordinating postpollination development
(O’Neill, 1997; O’Neill and Nadeau, 1997; Ketsa et al., 2001;
Kato et al., 2002). Pollination also affects floral scent emission,
as was shown in this study for snapdragon and petunia and
previously for orchids (Tollsten and Bergstrom, 1989; Tollsten,
1993; Schiestl et al., 1997). Because all of these species are
considered ethylene sensitive, these findings raise the question
of ethylene’s involvement in the regulation of floral scent emis-
sion after pollination. There is growing evidence that in many

cases, plant responses to ethylene are associated with changes
in gene expression (Llop-Tous et al., 2000; Weterings et al.,
2002). Our data show that in petunia, pollination downregulates
BSMT gene expression, which is correlated tightly with BSMT
activity toward benzoic acid and methylbenzoate emission (Fig-
ures 2A, 5A, and 5B), revealing the possibility of ethylene in-
volvement in this process. Indeed, a comparative analysis of
methylbenzoate emission, BSMT activity toward benzoic acid,
and corresponding gene expression after pollination in ethyl-
ene-insensitive transgenic etr1-1 and wild-type petunia flowers
(Figures 2A and 5) revealed the ethylene-dependent nature
of the pollination-induced downregulation in scent emission.
Three days after pollination in etr1-1 flowers, methylbenzoate
emission (Figure 2A), BSMT gene expression (Figure 5D), and
BSMT activity toward benzoic acid (Figure 5E) remained level,
whereas significant decreases to almost undetectable levels
were found in wild-type petunia flowers (Figures 2A, 5A, and
5B). Moreover, treatment of petunia flowers with exogenous
ethylene led to the downregulation of BSMT gene expression
and BSMT activity toward benzoic acid in wild-type plants but
not in etr1-1 plants (Figures 6A and 6C), indicating that the
BSMT gene is ethylene sensitive.

In snapdragon, the BAMT gene also is sensitive to ethylene,
although the decrease in BAMT expression was found only af-
ter 12 h of ethylene exposure, in contrast to 4 h in petunia (Fig-
ures 6A and 6D), indicating that snapdragon is less sensitive to
ethylene than petunia or that it responds more slowly to ethyl-
ene. In both wild-type petunia and snapdragon, ethylene treat-
ment affected benzoic acid carboxyl methyltransferase activi-
ties, resulting in no activity in petunia and 50% lower activity
than in the control in snapdragon after 24 h of ethylene treat-
ment (Figures 6C and 6F). However, in both snapdragon and
petunia, BAMT and BSMT protein levels remained unchanged
after ethylene treatment (Figures 6B and 6E), suggesting that
post-translational regulatory mechanisms are responsible for
the decrease in corresponding enzyme activities.

In summary, our results show that scent genes are sensitive
to ethylene in both model systems, with snapdragon respond-
ing more slowly than petunia (Figures 6A and 6D). In petunia,
ethylene downregulates the expression of scent biosynthetic
genes and the subsequent emission after pollination. Although
we detected ethylene production in snapdragon flowers at 3
days after pollination (21 nL·g�1 fresh weight·h�1 compared
with an undetectable level in control flowers), a 70% decrease
in methylbenzoate emission on day 3 after pollination occurred
without a concomitant decrease in the BAMT transcript level
(Figures 1B and 3A), indicating that this decrease in emission is
not the result of an ethylene-induced downregulation of BAMT
expression. The 50% decrease in BAMT mRNA levels on day 4
after pollination (Figure 3A) likely is the result of ethylene action,
and we would expect eventually to see a complete disappear-
ance of BAMT transcripts if snapdragon flowers do not abscise.
Together, our data indicate that in snapdragon, the decrease in
methylbenzoate emission after pollination is not the result of a
transcriptional downregulation of the BAMT gene but rather of
decreases in methylation index and post-translationally regu-
lated BAMT activity. Because snapdragon flowers produce eth-
ylene after pollination, its biosynthesis contributes to the de-
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crease in the methylation index via the use of SAM. Overall,
although the effects of ethylene on petal pigmentation, abscis-
sion, and/or senescence in ethylene-sensitive flowers after polli-
nation have been characterized thoroughly, our results demon-
strate a new role of ethylene as a signal in the downregulation of
floral scent emission after pollination in petunia flowers.

METHODS

Plant Material and Headspace Analysis of Floral Volatiles

Snapdragon (Antirrhinum majus cv Maryland True Pink; Ball Seed, West
Chicago, IL) and petunia (Petunia hybrida cv Mitchell; Ball Seed) were
grown under standard greenhouse conditions as described previously
(Dudareva et al., 2000; Kolosova et al., 2001a). Headspace collections of
petunia volatiles were performed in a greenhouse, and snapdragon
flower volatiles were collected in growth chambers (model E8; Conviron,
Asheville, NC) under previously described conditions (Dudareva et al.,
2003). Flowers were emasculated at 2 to 3 days before opening for
snapdragon and 1 to 2 days before opening for petunia and hand polli-
nated on the 2nd day after anthesis (petunia) and on days 4 and 5 after
anthesis (snapdragon). The compatibility of pollen was confirmed by
seed production. Emitted volatiles were determined by headspace anal-
ysis as described previously (Raguso and Pichersky, 1995; Raguso and
Pellmyr, 1998) at 24-h intervals for snapdragon and 12-h intervals (be-
ginning at 10 PM) for petunia. Trapped floral scent compounds were an-
alyzed by gas chromatography–mass spectrometry with a FinniganMAT
GCQ instrument (Thermoquest, San Jose, CA) and by gas chromatogra-
phy with an Agilent 6890-series gas chromatograph (Agilent Technolo-
gies, Palo Alto, CA) as described previously (Dudareva et al., 2000;
Kolosova et al., 2001a).

BAMT Enzyme Assays

Crude protein extracts were prepared from upper and lower petal lobes
of snapdragon flowers and from tubes and corollas of petunia flowers as
described previously (Dudareva et al., 2000). For each collection time, at
least three and five flowers from different plants were combined for pe-
tunia and snapdragon, respectively. Enzyme assays were performed at
the saturation level of substrates (100 �M SAM and 2 mM benzoic acid)
as described previously (Dudareva et al., 2000), eliminating the effect on
enzyme activity of the increased amount of SAH in the crude extracts af-
ter pollination.

RNA Isolation and RNA Gel Blot Analysis

Total RNA samples from floral tissues (upper and lower petal lobes of
snapdragon flowers, and limbs and tubes of petunia corollas) were iso-
lated as described previously (Dudareva et al., 1996, 1998, 2000; Wang
et al., 1997; Kolosova et al., 2001a). A 1.3-kb EcoRI fragment containing
the coding region of the BAMT gene was used as a probe for RNA gel
blot analysis in snapdragon, and a 1-kb EcoRI fragment containing the
coding region of the BSMT genes was used as a probe for RNA gel blot
analysis in petunia. Hybridization signals were quantified with a Storm
860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA), and mRNA
transcript levels were normalized to rRNA levels to overcome errors in
RNA quantitation by spectrophotometry.

Immunoblot Analysis

Crude extracts were prepared from the upper and lower petal lobes of
snapdragon flowers and petunia petals as described previously (Dudareva

et al., 2000). For two-dimensional electrophoresis, an immobilized linear
(3 to 10) pH gradient (Immobiline DryStrip pH 3-10; Amersham Bio-
science, Uppsala, Sweden) was used in an IPGphor isoelectric focusing
unit (Amersham Bioscience, Piscataway, NJ). Immunodetection was
performed using rabbit anti-BAMT purified polyclonal antibodies or rab-
bit anti-SAMT polyclonal antibodies (1:2,500 dilution), with goat anti-
rabbit IgG horseradish peroxidase conjugate (1:30,000 dilution) as a
secondary antibody. Antigen bands were visualized using chemilumi-
nescence reagents (DuPont–New England Nuclear Life Science Prod-
ucts, Boston, MA) for protein gel blots, according to the manufacturer’s
protocols, and exposed on Eastman Kodak X-Omat AR film.

Extraction and Quantification of Endogenous Substrate Pools

Benzoic acid was extracted from snapdragon petal tissue (upper and
lower lobes of at least 10 flowers per collection time) by supercritical car-
bon dioxide extraction at 414 bars and 40
C with an SFX-210 Extractor
outfitted with a model-2600 pump and a temperature-controlled variable
restrictor (ISCO, Lincoln, NE) and quantified by HPLC as described pre-
viously (McHugh and Krukonis, 1994; Dudareva et al., 2000; Kolosova et
al., 2001a).

For the quantification of endogenous SAM and SAH, petal tissue from
upper and lower lobes of at least 10 snapdragon flowers per collection
time were frozen in liquid nitrogen, ground to a powder, and resus-
pended in 10% (w/v) trichloroacetic acid (1 �L/mg fresh weight). After
centrifugation, SAM and SAH were measured as their fluorescent isoin-
doles as described previously (Capdevila and Wagner, 1998).

Analysis of Pollen Tube Growth

Five-day-old emasculated snapdragon flowers and 2-day-old emascu-
lated petunia flowers were hand-pollinated with self pollen and pistils
(five for snapdragon and three for petunia) and harvested at different
times after pollination (3, 17, 24, 32, and 40 h for snapdragon, and 5, 15,
25, and 32 h for petunia). Callose staining of pollen tubes was performed
as described (Tang and Woodson, 1996), and pollen tubes were visual-
ized with a fluorescence microscope (E800; Nikon, Tokyo, Japan) using
a 360- � 20-nm exciter filter and a 420-nm long-pass emitter filter.

Expression of BSMT in Escherichia coli, and Purification and 
Characterization of Recombinant Protein

To isolate a full-length cDNA, cDNA library screening and 5� rapid ampli-
fication of cDNA ends were performed as described previously (Dudareva
et al., 2003). The coding region of BSMT was subcloned into the NdeI-
EcoRI site of the expression vector pET-28a (Novagen, Madison, WI) by
PCR using the appropriate oligonucleotide primers as described previ-
ously (Murfitt et al., 2000; Negre et al., 2002). E. coli BL21(DE3) cells ex-
pressing BSMT were grown in Luria-Bertani medium with 50 �g/mL kan-
amycin at 37
C, and induction, harvesting, and protein purification by
nickel-based affinity chromatography were performed as described pre-
viously (Murfitt et al., 2000; Negre et al., 2002). For partial purification of
plant BSMT proteins, crude protein extracts (up to 100 mL) obtained
from 2-day-old petunia petals were loaded onto a DEAE-cellulose col-
umn (10 mL of DE53; Whatman) preequilibrated in buffer A (50 mM Bis-
Tris-HCl, pH 6.9, 10% glycerol, and 10 mM �-mercaptoethanol). After
washing to remove unbound proteins, the BSMT enzymes were eluted
with a linear salt gradient (60 mL) from 0 to 400 mM KCl in buffer A. Frac-
tions with the highest BSMT activity were pooled and dialyzed against
2 L of buffer A overnight at 4
C. Enzyme assays, assessment of kinetic
properties, and native molecular mass determination were performed as
described previously (Murfitt et al., 2000; Negre et al., 2002). In assays
for pH optimum, cofactor requirements, and Km measurements, proper
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concentrations of purified BSMT were chosen so that the reaction veloc-
ity was proportional to the enzyme concentration and was linear with re-
spect to time for at least 30 min. The protein content of samples was de-
termined by the Bradford method using the Bio-Rad protein reagent
(Hercules, CA) and BSA as a standard.

Reverse Transcriptase–PCR

The contribution of each BSMT gene in the expression pattern was ana-
lyzed by reverse transcriptase (RT)–PCR as described previously (Dudareva
et al., 2003). One microgram of total RNA isolated from the limbs and
tubes of petunia corollas was used to make cDNA using random hex-
amer primers with the Advantage RT-for-PCR kit according to the man-
ufacturer’s instructions (Clontech, Palo Alto, CA). Two pairs of gene-
specific primers from the 3� untranslated regions were used for PCR. For
BSMT1, the primers were designed to amplify a fragment of �270 bp
and were as follows: 5�-TCTATTTTCGGTCGAAATCCGG-3� (forward)
and 5�-CTGTGGTACAGAACCTTTAGTG-3� (reverse). For BSMT2, the
forward (5�-TGTCTGAGGAGGATTAAGAACG-3�) and reverse (5�-AGA-
GAGATCTGAAAGGACCCC-3�) primers amplified products of 200 bp.
Reactions were performed in duplicate for 30 cycles at an annealing
temperature of 54
C. Analysis of the products obtained with different
amounts of cDNA in PCR (5, 10, 15, and 20 �L) showed that product in-
creased linearly. Fifteen microliters of cDNA was chosen as optimal for
further PCR steps. To ensure that an equal amount of RNA was used for
all samples and that RT reactions were equally effective, PCR with the
18S rRNA gene-specific primers (5�-GATAAAAGGTCGACACGGGCT-
CTGC-3� [forward] and 5�-AACGGAATTAACCAGACAAATCGCTCC-3�

[reverse]) was performed. For rDNA, PCR was performed for 15 cycles at
an annealing temperature of 60
C. The amplified products were run on
1.2% agarose gels and stained with ethidium bromide.

Ethylene Measurements and Treatments of Snapdragon 
and Petunia Flowers

To determine ethylene production, flowers were harvested at 12-h inter-
vals for petunia and 24-h intervals for snapdragon beginning at time 0 af-
ter pollination and placed into gas-tight 20-mL vials. After 12 h for petu-
nia and 24 h for snapdragon, 1 mL of gas was analyzed with a gas
chromatograph equipped with an activated alumina column and flame
ionization detector (GC-8A; Shimadzu, Kyoto, Japan). Ten flowers were
used for each time point. The concentration of ethylene was determined
by comparing the sample with an authentic ethylene standard.

For ethylene treatments, petunia plants were placed in two air-proof
Plexiglas chambers, and snapdragon flowers were treated individually
on the inflorescences. Ethylene gas was injected to a final concentration
of 2 �L/L in one of the chambers (for petunia) or in individual 0.5-L air-
tight flasks (for snapdragon). For snapdragon, flowers treated with air
were used as a control. Flowers of the same age were harvested at var-
ious times after ethylene injection (0, 4, 8, 12, 16, and 24 h) and frozen in
liquid nitrogen. Crude extracts were prepared from petal tissue for en-
zyme assays and protein blot analysis, and RNA was extracted for RNA
gel blot analysis. For petunia, total RNA was extracted from whole flow-
ers as described previously (Ciardi et al., 2000), and poly(A) mRNA was
isolated using the Oligotex mRNA purification system (Qiagen, Valencia,
CA). To standardize samples, filters containing petunia poly(A) mRNA af-
ter hybridization with the BSMT probe were rehybridized with petunia
ubiquitin cDNA (clone PhUBQ1 from the petunia EST database), which
shares 80 to 90% nucleotide identity with Arabidopsis ubiquitin genes.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact N. Dudareva, dudareva@hort.purdue.edu.

Accession Numbers

The GenBank accession numbers for BSMT1 and BSMT2 are AY233465
and AY233466, respectively. The accession number for SAMT from At-
ropa belladonna is AB049752.
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