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The aroma of roses (Rosa hybrida) is due to more than 400 volatile compounds including terpenes, esters, and phenolic
derivatives. 2-Phenylethyl acetate, cis-3-hexenyl acetate, geranyl acetate, and citronellyl acetate were identified as the main
volatile esters emitted by the flowers of the scented rose var. “Fragrant Cloud.” Cell-free extracts of petals acetylated several
alcohols, utilizing acetyl-coenzyme A, to produce the corresponding acetate esters. Screening for genes similar to known
plant alcohol acetyltransferases in a rose expressed sequence tag database yielded a cDNA (RhAAT1) encoding a protein
with high similarity to several members of the BAHD family of acyltransferases. This cDNA was functionally expressed in
Escherichia coli, and its gene product displayed acetyl-coenzyme A:geraniol acetyltransferase enzymatic activity in vitro. The
RhAAT1 protein accepted other alcohols such as citronellol and 1-octanol as substrates, but 2-phenylethyl alcohol and
cis-3-hexen-1-ol were poor substrates, suggesting that additional acetyltransferases are present in rose petals. The RhAAT1
protein is a polypeptide of 458 amino acids, with a calculated molecular mass of 51.8 kD, pI of 5.45, and is active as a
monomer. The RhAAT1 gene was expressed exclusively in floral tissue with maximum transcript levels occurring at stage
4 of flower development, where scent emission is at its peak.

Roses (Rosa hybrida) are grown as garden plants, for
the cut-flower industry, and as a source of natural
fragrances. Many modern cut-flower rose cultivars
were selected for long vase life, flower shape, and
color. Intensive breeding has also generated garden
cultivars that have an intense “rose” scent. More than
400 different volatile compounds have been identi-
fied in rose scent, and these compounds have been
classified into several chemical groups including hy-
drocarbons, alcohols, esters, aromatic ethers, and
“others” (aldehydes such as geranial and nonanal,
rose oxide, and norisoprenes such as �-ionone; Fla-
ment et al., 1993; Weiss, 1997).

Volatile esters such as geranyl acetate and
2-phenylethyl acetate are important contributors to
the aroma of roses and many other flowers (Knudsen

and Tollsten, 1993). Volatile esters also contribute to
the unique aroma of fruits such as banana (Musa
acuminata), apple (Malus domestica), melon (Cucumis
melo), strawberry (Fragaria ananassa), and spice plants
such as lavender (Lavandula officinalis; Croteau and
Karp, 1991; Ueda et al., 1992). Despite the knowledge
of the contribution of volatile acetate esters to the
aroma of roses, including the demonstration of the
circadian emission of some major volatile acetate es-
ters by flowers of the rose var. “Honesty” (Helsper et
al., 1998), little is known about the mechanisms by
which these compounds are formed in roses.

Acetate esters in plants are normally generated as a
result of the action of alcohol acetyltransferase (AAT)
enzymes that transfer the acetyl moiety from acetyl-
CoA to an alcoholic substrate (Fig. 1; Harada et al.,
1985; Fellman and Mattheis, 1995; Perez et al., 1996;
Aharoni et al., 2000; Shalit et al., 2001). To date, only
two genes that code for AAT enzymes involved in
volatile esters formation in flowers have been iden-
tified (Dudareva et al., 1998; D’Auria et al., 2002).
They include the gene BEAT, which codes for a ben-
zyl AAT, and the gene BEBT, which codes for a
benzyl alcohol benzoyl transferase. The gene prod-
ucts generate benzyl acetate and benzylbenzoate, re-
spectively, two important volatiles emitted from the
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flowers of Clarkia breweri. BEAT and BEBT both be-
long to the BAHD family of acyltransferases, a group
of monomeric enzymes of roughly 450 amino acids
whose two main hallmarks are the HXXXD motif
believed to constitute the active site and an addi-
tional motif, DFGWG, of unknown function (St-
Pierre and De Luca, 2000).

The floral scent of “Fragrant Cloud,” a rose garden
variety that is profoundly scented, consists largely of
esters (mainly acetate derivatives), aromatic alcohols
(mainly 2-phenylethyl alcohol), monoterpene alco-
hols (such as citronellol and geraniol), and other
monoterpenes and sesquiterpenes (primarily germa-
crene D; Flament et al., 1993; Guterman et al., 2002).
To study volatile ester formation in roses, we have
followed an integrated approach, combining data ob-
tained from the analysis of volatile composition in
the headspace of flowers, together with enzymatic
activity data from petal cell-free extracts, bioinfor-
matic analysis of expressed sequence tag (EST) data-
bases, and functional expression of candidate genes
in Escherichia coli. This approach has already led to
the isolation and characterization of several genes
involved in biosynthesis of terpenoid and methyl-
ether volatile components of the rose floral scent
(Channeliere et al., 2002; Guterman et al., 2002; Lavid
et al., 2002). Here, we describe the determination of
the main volatile acetate esters present in “Fragrant
Cloud” roses headspace, the identification of AAT
activities involved in volatile acetate formation, and
the isolation and characterization of a new gene,
highly expressed in developing rose petals, which
encodes a protein that catalyzes the formation gera-
nyl acetate in vitro.

RESULTS

Volatile Acetate Esters Are Major Constituents of
“Fragrant Cloud” Floral Scent

The levels of volatile acetate esters emitted from
flower buds (stages 1 and 2) of “Fragrant Cloud”
roses are very low (0.4 �g per flower per 24 h and 0.2

�g per flower per 24 h, respectively) and consist
almost exclusively of cis-3-hexenyl acetate (Fig. 2A).
During flower opening, the level of emission of ace-
tate esters increased to 50 �g per flower per 24 h at
stage 3 and 90 �g per flower per 24 h at stage 4,
reaching maximal levels of 200 �g per flower per 24 h
at fully open flowers (stage 5) and decreasing to only
15 �g per flower per 24 h in fully open flowers (stage
6; Fig. 2A). 2-Phenylethyl acetate and cis-3-hexenyl
acetate were the major acetates emitted. Geranyl ace-
tate, citronellyl acetate, hexyl acetate, and 2-hexenyl-
acetate were also abundant, whereas benzyl acetate
and neryl acetate were emitted only at low levels.
Although the total levels of emission of acetate esters
changed during development, the ratios between the
different acetate esters in each flowering stage (except
when the flowers are still closed, stages 1 and 2) were
generally constant throughout flower opening. At
stage 6, only 2-phenylethyl, cis-3-hexenyl, and hexyl
acetate were noted.

Figure 1. Formation of volatile esters by AAT enzymatic activity.
AAT enzyme catalyzes the formation of esters using acetyl-CoA and
alcohols as the substrates. A few of the main substrates of these
enzymes are shown.

Figure 2. Emission of acetate esters from intact flowers (A) and
alcohol:acetyl-CoA enzymatic activity levels in cell-free extracts of
rose petals (B and C). Emission of acetate esters from “Fragrant
Cloud” flowers was assessed by the headspace technique (A). Means
of five to 10 determinations per flower stage are given. The levels of
AAT activity in cell-free extracts utilizing the monoterpenoids ge-
raniol, citronellol or nerol as substrates (B), and the aromatic
2-phenylethyl alcohol or the aliphatic cis-3-hexenyl-1-alcohol as
substrates (C). Means and SE of two replicates, each representing an
individual flower. The experiment was replicated three times with
similar results.
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AAT Activities in Cell-Free Extracts
Derived from Petals

Cell-free extracts from open flowers were prepared
to evaluate the possible involvement of AATs in the
formation of volatile acetate esters. Alcoholic sub-
strates putatively involved in the formation of the
major acetate esters emitted in “Fragrant Cloud”
open flowers (stages 4 and 5) were tested (Table I).
The highest levels of AAT enzymatic activity were
detected with medium-chain aliphatic alcohols such
as cis-3-hexene 1-alcohol and 1-hexanol (237% and
204%, respectively, as compared with the rates ob-
tained with geraniol). High activity (80%–150% as
compared with the rate obtained for geraniol) was
also detected when medium-chain aliphatic 1-octanol
and the aromatic alcohol 2-phenylethyl alcohol, and
the aliphatic isoamyl alcohol and butanol and the
monoterpene citronellol were used as substrates.
Moderate levels of activity (30%–50% of the rate of
geraniol) were observed when the monoterpene al-
cohol nerol, the medium-chain aliphatic1-decanol,
and the aromatic benzyl alcohol were used as sub-
strates. Relatively low levels of activity (15%–20% of
the rate of geraniol) were detected with ethanol, and
with linalool, a tertiary monoterpene alcohol.

To test for changes in AAT enzymatic activities in
rose petals during flower development, cell-free ex-
tracts of petals of the six flowering stages were pre-
pared and tested for potential enzymatic acetylation
activity with five putative alcohol substrates (Fig. 2, B
and C). Enzymatic activity leading to the synthesis of
geranyl acetate and citronellyl acetate from the
monoterpene alcohols geraniol and citronellol, re-

spectively, moderately increased during flower devel-
opment, reaching a maximum level of about 15 pkat
mg�1 protein for geranyl acetate formation at stages 3
and 4 and a maximum of 12 pkat mg�1 protein at stage
4 for citronellyl acetate formation (Fig. 2B). In contrast,
the potential for neryl acetate formation was low dur-
ing all flower developmental stages. In addition, AAT
activities with 2-phenylethyl alcohol and cis-3-hexene
1-alcohol, which led to the formation of 2-phenylethyl
acetate and cis-3-hexenyl acetate, respectively, were
already high at stage 1 (20 pkat mg�1 protein and 55
pkat mg�1 protein, respectively; Fig. 2C), reached
maximal levels at stages 2 to 3 (35 pkat mg�1 protein
for 2-phenylethyl alcohol and 60 pkat mg�1 protein for
cis-3-hexene 1-alcohol), and subsequently declined at
stages 4 to 6 to lower levels than those seen in the first
stages (15 pkat mg�1 protein for 2-phenylethyl alcohol
and 25 pkat mg�1 protein for cis-3-hexene 1-alcohol).

Isolation and Characterization of RhAAT1, an AAT
Gene, from “Fragrant Cloud” Petals

An EST database of “Fragrant Cloud” petals that
contains more than 1,834 unigenes has been estab-
lished (Guterman et al., 2002). A search in this data-
base for genes encoding potential AAT enzymes high-
lighted three ESTs displaying sequence similarity with
known BAHD AAT genes from other sources. One
such cDNA, which we designated as RhAAT1, en-
codes a polypeptide of 458 amino acid residues (Fig. 3)
with a calculated molecular mass of 51.8 kD and a pI
of 5.45. The protein contains the two highly conserved
motifs HXXXD and DFGWG present in the enzymes
of the plant BAHD O-acyltransferases family.

The protein sequence shows the highest identity,
69%, to a strawberry protein designated SAAT,
which was isolated from ripening strawberry fruits
and shown to catalyze the formation of medium-
chain aliphatic acetate esters (Aharoni et al., 2000).
RhAAT1 is also 31% identical to the protein encoded
by the benzyl AAT gene (BEAT), which catalyzes the
formation of benzyl acetate in flowers of C. breweri
(Dudareva et al., 1998).

RhAAT1 was highly similar (E value � 10�49) to the
pfam transferase (PF02458) domain and is also rela-
tively closely related to two other enzymes of the
BAHD plant acetyltransferases. It is 31% identical to
DAT, an acetyltransferase involved in vindoline for-
mation in Catharanthus roseus (St-Pierre et al., 1998;
Laflamme et al., 2001) and 27% identical to TAT, an
acetyltransferase involved in taxol formation in
Taxus cuspidata (Walker et al., 2000; Fig. 3B).

Substrate Preference of the Recombinant
RhAAT1 Enzyme

The coding region of RhAAT1 was subcloned into a
pET (11a) expression vector (Studier et al., 1990;
Lavid et al., 2002) for functional expression in E. coli.

Table I. Relative alchohol acetyltransferase activity of crude �
3 � 95 extracts derived from “Fragrant Cloud” rose petals (stages 4
and 5 combined) and of partially purified recombinant RhAAT
gene product with selected alcohol substrates. Activity with ge-
raniol was set as 100%. Means and SEs of two replicates. The ex-
periments were repeated three times with similar results.

Substrate Testeda Crude Extract RhAAT1

Monoterpene alcohols
Geraniol 100 � 15 100 � 7.7
Citronellol 87 � 8.8 60 � 3.1
Nerol 35 � 2.8 15.6 � 1.6
Linalool 22 � 0.3 3.6 � 0.6

Aromatic alcohols
2-Phenylethyl alcohol 144 � 5.4 7.9 � 0.5
Benzyl alcohol 35 � 0.7 8.9 � 0.5

Aliphatic alcohols
cis-3-Hexene 1-ol 237 � 11 10.6 � 1.2
1-Hexanol 204 � 21 13.9 � 1
1-Octanol 147 � 7.7 34.8 � 7
1-Butanol 101 � 11 4.2 � 0.1
Isoamyl alcohol 97.4 � 14 4.0 � 2.0
1-Decanol 50 � 0.1 5.1 � 0.2
3-Hexanol 28.7 � 1.2 4.5 � 0.2
Ethanol 16.5 � 1.2 2.4 � 0.3

a All substrates were tested at a conentration of 10 mM.
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To test for the substrate specificity of the RhAAT1
gene product for potential alcoholic substrates and to
determine its general catalytic and kinetic parame-
ters, we used a simple and sensitive radio-assay as
well as gas chromatography-mass spectrometry (GC-
MS) analysis for the identification of products (Du-
dareva et al., 1998; Shalit et al., 2001). The RhAAT1
protein was partially purified (see “Materials and

Methods”), and a number of alcohols were tested as
substrates (Table I). RhAAT1 was most active with
geraniol, catalyzing the production of geranyl acetate
from geraniol and acetyl-CoA (Fig. 4A). The reaction
depended on the presence of enzyme (Fig. 4B), on the
presence of the alcoholic substrate geraniol (Fig. 4C),
and acetyl-CoA (Fig. 4D). Controls of the same cells
lacking a recombinant RhAAT1 gene did not possess

Figure 3. Comparison of the amino acid sequence of the RhAAT1 enzyme with closely related sequences (A) and positioning
of RhAAT1 gene on the phylogenetic map (B). A, RhAAT1 (accession no. BQ106456), BEAT (accession no. AF043464), and
SAAT (accession no. AF193789) amino acid sequences are compared. Amino acid shaded in black represent identical
matches; gray-shaded boxes represent conservative changes. B, Non-rooted phylogenetic tree. Alignments and phylogenetic
tree program used was ClustalX (Thompson et al., 1997).
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AAT activity (Fig. 4E). The 2-saturated derivative
citronellol was accepted as a substrate at an interme-
diate rate (60% as compared with geraniol). Only low

levels of activity were observed with nerol (16%), a
cis isomer of geraniol, and almost no activity (3.6%)
was attained with the tertiary monoterpene alcohol
linalool. A moderate level of activity was also ob-
served with 1-octanol (35%), lesser activity with
1-hexanol (14%), and cis-3-hexen 1-alcohol (10%).
Only a slight level of activity was observed when
benzyl alcohol, n-butanol, ethanol, and isoamyl alco-
hol (9%–2%) were offered as substrates. Interestingly,
RhAAT1 had low activity (8%) with 2-phenylethyl
alcohol compared with geraniol, even though
2-phenylethyl alcohol is the apparent substrate for
the formation of 2-phenylethyl acetate, the major vol-
atile emitted from “Fragrant Cloud” flowers, and
AAT enzymatic activity catalyzing the formation
2-phenylethyl acetate is higher than geranyl acetate-
forming AAT activity in cell-free extracts derived
from petals (Table I).

Characterization of Kinetic Parameters of the RhAAT1
Enzymatic Activity

The determination of the general catalytic properties
and kinetic parameters of the recombinant partially
purified RhAAT1 enzyme was done utilizing geraniol,
citronellol, 1-hexanol, and 1-octanol as alcoholic sub-
strates and acetyl-CoA as acyl donor. The apparent Km
values were: geraniol, 0.16 mm; citronellol, 0.20 mm;
1-hexanol, 0.5 mm; and 1-octanol, 0.46 mm. The Km
value for acetyl-CoA was 65 �m regardless of the
alcoholic substrate used. The size of the purified na-
tive enzyme, determined by gel filtration chromatog-
raphy, was 53 kD, similar to the predicted size of the
subunit (51.8 kD), indicating that the enzyme is active
as a monomer, as noted earlier for other plant AATs of
the BAHD family (St-Pierre and De Luca, 2000). The
optimum temperature for catalysis was in the range of
25°C to 35°C. The pH optimum was between pH 7.0
and 8.0. The addition of EDTA to the reaction buffer
did not affect the activity, indicating a divalent metal-
independent catalysis.

RhAAT1 Expression Is Regulated during
Flower Development

We monitored the level of RhAAT1 transcript levels
in petals from different developmental stages (1, 2, 4,
and 6) as well as from leaves (Fig. 5). No RhAAT1
transcripts were detected in leaves and in the early
stages of flower development (stage 1). RhAAT1
transcript reached maximum level at open flowers
(stage 4), and lower transcript was detected at full
bloom (stage 6).

DISCUSSION

Petals of “Fragrant Cloud” Roses Display AATs
Capable of Synthesizing Many Volatile Acetyl Esters

In previous work, the major constituents of the
floral scent of the rose var. “Fragrant Cloud” were

Figure 4. Identification by GC-MS of the acetate esters product
formed in vitro by the product of RhAAT1. Bacterial lysates overex-
pressing RhAAT1 were incubated with geraniol and acetyl-CoA in
assay buffer as described in “Materials and Methods.” The identifica-
tion of the geranyl acetate product was done by matching with the
retention time and the mass spectrum of authentic geranyl acetate, and
by comparison with the computerized Wiley library. The Kovac index
of geranyl acetate also corresponded with that of authentic standard.
A, Lysates (derived from cells overexpressing RhAAT1) � geraniol �
acetyl-CoA. B, Reaction buffer � geraniol � acetyl-CoA. C, Lysates
derived from cells overexpressing RhAAT1 � acetyl-CoA. D, Lysates
derived from cells overexpressing RhAAT1 � geraniol (no acetyl-
CoA). E, Control lysates (derived from control E. coli BL21 [DE3]
pLysS cells, not overexpressing RhAAT1) � geraniol � acetyl-CoA.
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determined and found to be mostly acetate esters,
alcohols, monoterpenes, and sesquiterpenes (Guter-
man et al., 2002; Lavid et al., 2002). The emission of
high levels of volatile acetate esters suggested that
AAT enzymatic activities might be involved in
flower scent production as noted before for C. breweri
(Dudareva et al., 1998). We tested this hypothesis by
measuring AAT activity in crude extracts derived
from petals with acetyl-CoA and various alcoholic
substrates. The results (Fig. 2; Table I) show a signif-
icant correlation between the presence of specific
acetate esters in the headspace and the ability of petal
cell-free extracts to produce these acetate esters in
vitro. Nonetheless, the cell-free extracts have the po-
tential to acetylate alcohols whose acetate esters are
not detected in the headspace of “Fragrant Cloud”
flowers. Thus, the production of acetate esters in rose
petals depends not only on the specificity of the
AATs present, but also on other factors that may
include substrate availability and cell and tissue com-
partmentalization of substrates and enzymes.

RhAAT1 Is an Acetyltransferase with Limited
Substrate Specificity

Screening a rose petal EST database for sequences
with similarity to known AATs of the BAHD acyl-
transferase family of plants (St-Pierre and De Luca,
2000) yielded three cDNAs. One of them, RhAAT1,
was analyzed in detail in this study and shown to
encode an enzyme with high affinity for geraniol that
catalyzes the formation of geranyl acetate. The en-
zyme also readily accepts citronellol, a 2-saturated
derivative of geraniol (approximately 60% the rate
obtained with geraniol), but is relatively inefficient
(approximately 16% the rate obtained with geraniol)
in acetylating nerol, the cis isomer of geraniol. The
enzyme had also lower levels of activity with cis-3-
hexene 1-alcohol and 2-phenylethyl alcohol (Table I).
Therefore, it is likely that cis-3-hexenyl acetate and

2-phenylethyl acetate, the two main esters emitted
from “Fragrant Cloud” roses (Fig. 2A), are synthe-
sized by another enzyme or enzymes. This hypothe-
sis is also supported by the observation that the
patterns of the changes in cis-3-hexenyl-1-acetate and
2-phenylethyl acetate-forming AAT activity levels
over the developmental stages of the flower, al-
though similar to each other (Fig. 2C), are different
from the corresponding pattern of geranyl acetate-
forming AAT activity levels (Fig. 2B). The maximum
for the former occurs at stage 3, whereas the maxi-
mum for the latter occurs at stage 4.

RhAAT1 Is Similar to SAAT and Other
Acetyltransferases in the BAHD Family

The phylogenetic analysis (Fig. 3B) indicates that
the enzyme encoded by RhAAT1 is most similar to
SAAT, an enzyme involved in the production of vol-
atile acetate esters in strawberry fruits. Both rose and
strawberry belong to the Rosaceae family, and the
high sequence similarity (69%) may indicate that the
two sequences are descendants from a common gene,
diverging after recent gene duplications (Pichersky
and Gang, 2000). Although SAAT has marked AAT
activity with medium-chain alcohol substrates and is
less active with short-chain alcohols, the highest ac-
tivity of RhAAT1 was obtained when the monoter-
pene alcohol geraniol was used as a substrate. How-
ever, RhAAT1 also has marked activity with
medium-chain alcohols and some but lesser activity
with short-chain alcohols. The potential acetylating
activity of SAAT toward the monoterpene alcohols
geraniol and citronellol has not been reported. It is
also interesting that the Km value of RhAAT1 for
geraniol, the preferred substrate, is 0.16 mm, whereas
it is 0.20, 0.45, and 0.5 mm for citronellol, 1-octanol,
and 1-hexanol, respectively. In contrast, the cal-
culated Km value of SAAT with 1-octanol and
1-hexanol, the best alcoholic substrates, are much
higher (5.7 and 8.9 mm, respectively).

Regulation of Volatile Emission from Rose Petals at the
Enzymatic and Transcriptional Level

Emission of acetate volatiles is very low at stages 1
and 2, it became apparent at stage 3 of flower devel-
opment, and then rapidly increased to a maximum at
stage 5. The major acetates emitted are 2-phenyl ethy-
lacetate and cis-3-hexenyl acetate. Nevertheless,
acetyltransferase activity able to utilize 2-phenylethyl
alcohol and cis-3-hexenyl alcohol (the corresponding
precursors) is already prominent at stages 1 and 2. It
could be possible that substrate availability is limit-
ing the formation of the corresponding acetates. The
levels of the emission of the corresponding alcohol
substrates are very low at stages 1 and 2 and increase
at stage 3 (M. Shalit and E. Lewinsohn, unpublished
data), paralleling the increase in acetate emissions. It

Figure 5. RNA gel-blot analysis of RNA samples derived from “Fra-
grant Cloud” roses. RNA gel-blot analyses of RhAAT1. RNA was
extracted from rose cv “Fragrant Cloud” leaves (L) and from petals at
different developmental stages (1, 2, 4, and 6) and analyzed for
RhAAT1 expression. Ethidium bromide staining of rRNA is presented
(bottom).
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is also possible that the alcohols and/or the acetates
might be formed in the petals at stages 1 and 2 but
not emitted due to anatomical, developmental, or
other physiological constrains. This possibility is un-
likely, as indicated by studies in which rose petals
were solvent (methyl-tert-butyl ether), extracted, and
found to be devoid of these alcohols and their ace-
tates (data not shown). Nevertheless, other processes,
such as tissue or subcellular compartmentization of
the enzymes and substrates, can explain these obser-
vations. Moreover, maximal emission of these com-
pounds occurs up to stage 5, whereas the maximal
recorded enzyme activity is at stage 3. Therefore, it
seems that the nonoptimal levels of enzyme activity
can account for the emissions observed. It can also be
possible that due to low turnover rates of the ester
products, they are maximally emitted at a stage in
which enzyme activities are already declining. Con-
cerning the emission of geranyl and citronellyl ace-
tates, the maximal levels of the measured AAT en-
zyme activities also do not correlate exactly with the
highest levels of volatile emission. It could be that the
high geraniol- and citronellol-specific AAT activities
observed in cell-free extracts in stages 1 and 2 are due
to other AAT enzyme activities compartmentized
from their substrates. This is corroborated by the
RhAAT1 expression analyses, which indicate an ap-
parent lack of RhAAT1 transcript at stages 1 and 2.
Therefore, we assume that other acetyltransferases
that could use geraniol and citronellol as potential
substrates might yield substantial activity measure-
ments in stages 1 and 2. Moreover, two additional
cDNAs with sequences similar to genes of the BAHD
family have been identified in the “Fragrant Cloud”
rose EST database, but have not yet been fully char-
acterized. In accordance, it seems that additional
AAT genes could be involved in formation of volatile
esters emitted from the flowers.

CONCLUSION

Volatile acetate esters are very important contrib-
utors to the aroma of many plants, including com-
mercially important crops. Only a few genes encod-
ing enzymes involved in volatile ester formation
have been identified and characterized. We have de-
scribed the identification and characterization of the
gene that codes for RhAAT1, an enzyme able to
catalyze the formation of volatile esters in a major
ornamental crop. The rose RhAAT1 is currently the
only known AAT that can utilize the monoterpene
geraniol as substrate to generate geranyl acetate, a
compound with a fruity rose note reminiscent of pear
(Pyrus communis) and slightly of lavender that occurs
in the scent of many plants (Bauer et al., 2001). The
availability of RhAAT1 and similar AAT genes that
encode enzymes for the formation of fragrances will
allow a better understanding of the factors that in-
fluence and limit the biogeneration of scent com-

pounds. This information can be used to generate
crops with improved or modified fragrance using the
modern biotechnological tools available (Galili et al.,
2002).

MATERIALS AND METHODS

Plant Material

Flowers of rose (Rosa hybrida) cv “Fragrant Cloud” were harvested from
plants grown in a greenhouse in the Newe-Ya’ar Research Center, Israel,
under controlled conditions (Lavid et al., 2002).

Chemicals and Radiochemicals

All chemicals and radiochemicals were purchased from Sigma (St. Louis)
unless otherwise noted.

Headspace Volatile Collection

Intact individual rose flowers, still attached to the bush, were enclosed in
a 1-L glass container with the appropriate openings, and headspace was
trapped for 24 h at 25°C using a method modified from Raguso and
Pichersky (1995), utilizing a Porapak Q 80/100 (Waters Corp., Milford, MA)
polydivinylbenzene filter. Photon fluence was 22 � 2 �E m�2 s�1 as deter-
mined by an LI-188B integrating quantum radiometer/photometer (LI-COR,
Lincoln, NE). The photoperiod was 15 h, and the starting of the sampling
was initiated 4 h after the lights were turned on. Volatiles were eluted
utilizing 10 mL of HPLC-grade hexane containing 100 �g of ethylmyristate
as an internal standard and evaporated to 0.5 mL. One microliter of each
sample was analyzed by GC-MS (Lavid et al., 2002).

GC-MS Analysis

The volatile compounds collected from the headspace were analyzed on
an Hewlett-Packard-GCD apparatus equipped with an HP-5 (30 m � 0.25
mm) fused-silica capillary column. Helium (1 mL min�1) was used as a
carrier gas. The injector temperature was 250°C, set for splitless injection.
The oven was set to 50°C for 1 min, and then the temperature was increased
to 200°C at a rate of 4°C min�1. The detector temperature was 280°C. Mass
range was recorded from 45 to 450 mass-to-charge ratio, with electron
energy of 70 eV. Identification of the main components was done by
comparison of mass spectra and retention time data with those of authentic
samples and supplemented with a Wiley GC-MS library (Lewinsohn et al.,
2001; Shalit et al., 2001). Quantification of the compounds was performed by
utilizing the total mass ions detected and compared with the internal
standard.

Cloning of Rose AAT Gene

RhAAT1 was identified in the “Fragrant Cloud” petal EST database
(Guterman et al., 2002) by homology search (BLAST) with other AATs.
RhAAT1 was subcloned into a T7-dependent expression vector pET (11a) by
PCR with the appropriate oligonucleotides according to the manufacturer’s
instructions as previously described (Wang and Pichersky, 1999).

RNA Extraction and Analysis

Total RNA was extracted from petals and leaves as previously described
(Manning, 1991). RNA samples (10 �g) were fractionated in a 1% (w/v)
agarose gel containing formaldehyde and blotted onto Hybond N� mem-
branes (Amersham, Buckinghamshire, UK). The blots were hybridized in a
solution containing 0.26 m Na2PO4, 7% (w/v) SDS, 1 mm EDTA, and 1%
(w/v) bovine serum albumin at 60°C with 32P-labeled RhAAT1 cDNA probe
(Redprime, Amersham). The membranes were washed twice in 2� SSC and
0.1% (w/v) SDS at 60°C for 20 min each and exposed to x-ray film (Fuji,
Tokyo; Lavid et al., 2002).
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Preparation of Cell-Free Extracts Derived from
Rose Petals

Cell-free soluble protein extracts were prepared from petals of “Fragrant
Cloud” using a protocol modified from Lavid et al. (2002). Petals were
chosen from several stages of flower development: from a green closed bud
(stage1), beginning of anthocyanin accumulation (stage 2), full red closed
flower (stage 3), flowers start to open (stage 4), fully open flower (stage 5),
and a wilting faded flower (stage 6). Fresh flowers were weighed and frozen
in liquid nitrogen in a chilled mortar. Tissue was ground with a pestle in the
presence of 1% (w/w) sand and 1% (w/w) polyvinylpolypyrrolidone until
a uniform powder was obtained. Ice-cold extraction buffer (50 mm bis-Tris
[pH 6.9] containing 10% [v/v] glycerol, 5 mm Na2S2O5, 10 mm dithiothretiol
[DTT], 1% [w/w] polyvinylpyrrolidone 40) was added at a 10:1 ratio (w/v),
and grinding was continued at 4°C until reaching an homogenous texture.
The slurry was centrifuged at 20,000g for 10 min at 4°C. The supernatant
(crude extract) was either used fresh or kept for up to 2 weeks at �40°C until
its use for enzymatic assays as described below.

Expression of RhAAT1 in Escherichia coli

Recombinant E. coli BL21 (DE3) Gold (Stratagene, La Jolla, CA) bacteria
were plated in Luria-Bertani broth (LB)-agar containing 50 �g mL�1 ampi-
cillin and 34 �g mL�1 chroramphenicol. Individual colonies were grown in
2 mL of LB liquid medium containing 50 �g mL�1 ampicillin overnight to
be used as starter cultures. Five hundred microliters of bacterial cell sus-
pensions was transferred into 50 mL of LB liquid medium containing
ampicillin and grown at 37°C with shaking (200 rpm) until the OD600

reached 0.6. Isopropylthio-�-galactoside was then added to a final concen-
tration of 0.3 mm, and the cultures were grown for another 4 to 5 h at room
temperature and aliquoted in 2-mL polypropylene tubes to 1.5-mL aliquots.
Cells were harvested by centrifugation at 20,000g for 10 min at 4°C and
frozen at �20°C until use (Lavid et al., 2002).

Preparation of Bacterial Lysates

Individual bacterial pellets were suspended in reaction buffer. Ten mi-
crograms per milliliter chicken egg white lysosyme (grade VI, Sigma, 60,000
units mg�1 protein) was added. The samples were vigorously mixed and
incubated in ice water (4°C) for 15 min. After the cells lysed, the suspensions
were centrifuged (20,000g for 10 min at 4°C). The supernatants were used
fresh for characterization of the enzymatic activity of the gene products.

Partial purification of RhAAT1 Recombinant Enzyme

Three milliliters of crude cell-free extracts was purified on a 10-mL P6
column (15 � 120 mm; Bio-Rad, Munich), the active fractions were taken for
further purification on a Sepharose Q HiTrap 1-mL column (0.7 � 2.5 cm;
Pharmacia Biotech, Piscataway, NJ), and eluted with 25 mm bis-Tris (pH 6.9)
buffer containing 5% (v/v) glycerol, 5 mm Na2S2O5, and 10 mm DTT in a
gradient of 0 to 1 m NaCl. Fractions containing the highest AAT activity
(eluted at 200 mm NaCl) were pooled and utilized for characterization
experiments.

AAT Enzymatic Activity from Cell-Free Extracts
Derived from Rose Petals and Recombinant E. coli

Radioactive Assay

Small-scale assays were performed by mixing10 �L of crude extract, 10
mm alcohol substrate, and 23 �m (7.8 �Ci �mol�1 [14C]acetyl-CoA, Amer-
sham) into a final volume of 50 �L of assay buffer (50 mm bis-Tris [pH 6.9],
10% [v/v] glycerol, 5 mm Na2S2O5, and 10 mm DTT). The assays were
incubated for 1 h at 30°C. One milliliter of hexane was added to each tube,
which was then vigorously vortexed and spun for 30 s at 5,000g to separate
phases. The upper hexane layer, containing the newly formed radiolabeled
alcohol acetate esters, was transferred to 5-mL scintillation tubes containing
3 mL of scintillation liquid (4 g L�1 2,5 phenyloxazol, 0.05 g L�1 2,2-�-
phenylene-bis-5-phenyloxazol, and 10% [v/v] Triton X-100 in toluene). The
radioactivity was quantified using a liquid scintillation counter (model 810,

Kontron Instruments, Watford, Herts, UK). Enzyme activity in picokatals
was calculated based on the specific activity of the substrate and using
appropriate correction factors for the counting efficiency of the scintillation
machine (Shalit et al., 2001). The reaction velocities were linear for all
substrates tested.

GC-MS Assay

Enzymatic assays were performed by mixing 10 mm of the appropriate
alcohol substrate, 0.2 mm acetyl-CoA, and 200 �L of crude extract in a total
volume of 2 mL in assay buffer incubated for 8 h at 30°C. Two milliliters of
hexane was added to each tube, which was then vigorously vortexed and
spun for 30 s at 2,000g to separate phases. The upper hexane layers were
dried with sodium sulfate and concentrated by a Turbo Vap II (Zymark,
Hopkinton, MA) to a final volume of 400 �L. One microliter was injected to
the GC-MS for the identification of volatiles (Shalit et al., 2001).

Protein Determination

The Bradford assay (Bradford, 1976) utilizing the Bio-Rad Protein assay
reagent was used. A595 was determined using a spectrophotometer (810,
Uvikon, Rotkreuz, Switzerland). Bovine serum albumin (Sigma) served as a
standard.

Sequence Selection, Alignment, and
Phylogenetic Analysis

The RhAAT1 clone was used to conduct BLASTX (Altschul et al., 1990)
analysis for related proteins in Viridiplantae using the GenBank nonredun-
dant database of July 2002. The sequences with an E value cutoff of 1 �
10�10 were retrieved. From these sequences, those with confirmed in vitro
acetyl-CoA acetyltransferase activity were compiled, aligned, and analyzed
by using ClustalX (Thompson et al., 1997). The weighing matrix used was
PAM250. The aligned sequences were analyzed with the Neighbor Joining
method of Saitou and Nei (1987).
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