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Among the most important volatile compounds in the aroma of strawberries are 2,5-dimethyl-4-hydroxy-
3(2H)-furanone (Furaneol) and its methoxy derivative (methoxyfuraneol, mesifuran). Three strawberry
varieties, Malach, Tamar, and Yael, were assessed for total volatiles, Furaneol, and methoxyfuraneol.
The content of these compounds sharply increased during fruit ripening, with maximum values at the
ripe stage. An enzymatic activity that transfers a methyl group from S-adenosylmethionine (SAM) to
Furaneol sharply increases during ripening of strawberry fruits. The in vitro generated methoxyfuraneol
was identified by radio-TLC and GC-MS. The partially purified enzyme had a native molecular mass
of ∼80 kDa, with optimum activity at pH 8.5 and 37 °C. A high apparent Km of 5 mM was calculated
for Furaneol, whereas this enzyme preparation apparently accepted as substrates other o-
dihydroxyphenol derivatives (such as catechol, caffeic acid, and protocatechuic aldehyde) with much
higher affinities (Km ∼ 105, 130, and 20 µM, respectively). A Km for SAM was found to be ∼5 µM,
regardless of the acceptor used. Substrates that contained a phenolic group with only one OH group,
such as p-coumaric and trans-ferulic acid, as well as trans-anol and coniferyl alcohol, were apparently
not accepted by this activity. It is suggested that Furaneol methylation is mediated by an
O-methyltransferase activity and that this activity increases during fruit ripening.

KEYWORDS: 2,5-Dimethyl-4-hydroxy-3(2 H)-furanone (Furaneol); methoxyfuraneol; O-methyltransferase;

strawberry ( Fragaria × ananassa )

INTRODUCTION

Strawberries are cultivated in nearly all countries of the world
and are one of the most popular and important red fruits
consumed either fresh or as a conserved or manufactured product
(1). Strawberry breeding has mainly focused on improving
yields, disease resistance, fruit appearance, firmness, size, and
storage properties. Selection for flavor has been subjective up
to now, depending mainly on breeders’ individual tastes and
their ability to differentiate aromas, with occasional use of panels
to rate final selections. There is a need to better assess and
quantify components of flavor to more purposefully improve
this trait.

Fruit aroma and taste are the result of a special assortment
and relative quantities of a mixture of different metabolites.

Whereas sweetness and acidity are caused by sugars and acids,
respectively, aroma is composed of unique combinations of
volatile molecules. The different proportions of the volatile
components and the presence or absence of trace components
often determine aroma properties. Strawberry cultivars have
been examined to test the characteristic effects of storage and
postharvest treatments on their aroma (2).

One of the most important flavor compounds in strawberries
is 2,5-dimethyl-4-hydroxy-3(2H)-furanone (Furaneol). Furaneol
was identified for the first time as a natural aroma component
in pineapples (3). It has since been detected in several fruits
such as strawberry (4), raspberry (5), mango (6), and tomato
(7). Due to their low odor threshold, and characteristic flavor,
Furaneol and its methoxy derivative (methoxyfuraneol and
mesifurane) are among the most important aroma compounds
in strawberry fruits. Flavor, however, also depends on the
presence of small quantities of other volatiles with low threshold
values, such as the pleasant-smelling estersγ- andδ-lactones
and methylanthranilates or the unpleasant-smelling compounds
such as hexanoic acid (1, 8). In addition, the nonvolatileâ-D-
glucopyranoside (9) and the malonylated derivatives of Furaneol
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(10) have been detected in strawberry fruits, but their role in
conferring aroma to fruits is still unclear.

Despite its importance as a natural aroma compound, little
is known about the biosynthesis and metabolism of Furaneol
in plants. Quantification of Furaneol, methoxyfuraneol, and
Furaneol glucoside during fruit ripening indicated conversion
of Furaneol into these derivatives (11, 12). Recently, a study
of the metabolism of Furaneol in detached ripening strawberry
fruits demonstrated the incorporation of bothS-(methyl-14C)-
adenosyl-L-methionine (SAM) and (14C)Furaneol into meth-
oxyfuraneol (13, 14). This observation indicates the putative
role of a methyltransferase enzyme, able to transfer the methyl
group from SAM to Furaneol. Methyltransferases are ubiquitous
enzymes that catalyze the transfer of a methyl group from SAM
to an acceptor substrate, generatingO-, N-, S-, andC-methyl
derivatives andS-adenosylhomocysteine (15,16). SAM-de-
pendent methyltransferases are involved in the O-methylation
of many plant natural products such as lignin, flavonoids,
phenylpropenes, and alkaloids (17, 18). Some of the known
O-methyltransferases (OMTs) display strict specificities toward
their acceptor substrate and to the position of the methylation
of the substrate (15). Other OMTs, especially those catalyzing
the methylation of catechol (o-dihydroxy) moiety substrates,
exhibit surprisingly broad substrate specificity: they have been
shown to be multifunctional enzymes (19) and can also catalyze
transformations in two different biosynthetic pathways such as
the alkaloid and phenylpropanoid pathways (19) or the flavonoid
and other phenylpropanoid pathways (20).

During the process of fruit maturation Furaneol can be rapidly
converted into methoxyfuraneol and its glucoside (11, 12).
Zabetakis and Holden (22) suggested that the total amount and
the ratio of Furaneol and methoxyfuraneol determine the
different taste of wild strawberry in contrast to that of cultivated
varieties. We hypothesized that methoxyfuraneol is formed due
to the action of an OMT activity on Furaneol, utilizing SAM
as the methyl group donor (Figure 1). This activity has not
been reported so far, despite the numerous OMTs known to
occur in plants, animals, and microorganisms and the many
studies concerning aroma formation in strawberry.

The objective of this study was to prove the existence of a
SAM/Furaneol OMT activity in strawberry fruits, to quantify
its activity during maturation of the fruits, to assess its presence
in several varieties, and to partially characterize some of the
biochemical properties of this activity. A better understanding
of the enzymes involved in the formation of methoxyfuraneol
will assist classical breeding and biotechnological efforts to
improve the aroma of strawberries.

MATERIALS AND METHODS

Plant Materials. Fresh (for volatiles) or frozen (for enzymatic
analyses) fruits ofFragaria × ananassavar. Tamar, Yael, and Malach
were obtained from the Volcani Institute, Israel. Plants were grown in
an unheated greenhouse on raised beds in sandy soil covered with black
plastic, 16 plants/m2. Fertilizer and pest control were applied mimicking
commercial growing conditions (23). Runner plants were planted at
the end of September, flowering began 4-6 weeks later, and fruit
harvest was carried out two or three times per week from the end
December until mid-May.

Tamar and Yael are sister lines from an Israeli breeding program
but differ in that Tamar produces sweet fruits which might be aromatic
or not depending on the growing conditions during ripening, whereas
Yael produces fruits that are less sweet and not aromatic. Malach, which
shares one common parent with Tamar and Yael, produces uniformly
sweet, aromatic fruits throughout the growing season.

Extraction of Volatiles. Fresh strawberry fruits (30 g) were
homogenized in a food processor (Braun) and extracted vigorously for

2 h with 50 mL of tert-butyl methyl ether containing 10µg of
isobutylbenzene as an internal standard. The organic phase was dried
on anhydrous Na2SO4 and evaporated under nitrogen to 1 mL (24).

GC-MS Analysis. Volatile compounds were analyzed on an HP-
GCD apparatus equipped with an HP-5 (30 m× 0.25 mm) fused-silica
capillary column. Helium (1 mL/min) 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. The detector temperature was 280°C.
Mass range was recorded fromm/z45 to 450, 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. The semiquantitative
analyses were determined using isobutylbenzene as an internal standard
(24, 25).

Chemicals and Radiochemicals.S-Adenosyl-L-methionine was
purchased from Sigma Chemical Co.S-Adenosyl-L-methyl[3H]-
methionine (s.a.) 15 Ci/mmol) and S-adenosyl-L-methyl[14C]-
methionine (s.a.) 55 mCi/mmol) were purchased from Amersham.
Phenolic substrates, including caffeic acid, catechol, protocatechuic
aldehyde, Furaneol, and methoxyfuraneol were purchased from Sigma-
Aldrich Co.

Preparation of Crude Cell-Free Extracts.Frozen strawberry fruits
(10 fruits for each replicate) were cut into∼1 cm3 slices, and cell-free
extracts were prepared as follows: slices (4-5 g) were weighed and
placed in a chilled mortar. The tissues were then ground with a pestle
in the presence of∼0.5 g of polyvinylpolypyrrolidone (PVPP) to

Figure 1. O-methylation of Furaneol to methoxyfuraneol in strawberry
fruits by the action of O-methyltransferase activity. Other substrates and
their methylated products are also shown.

4026 J. Agric. Food Chem., Vol. 50, No. 14, 2002 Lavid et al.



adsorb phenolic materials, and 15 mL of extraction buffer A [100 mM
Tris-HCl, pH 8.5, containing 10% glycerol, 5 mM Na2S2O5, 10 mM
2-mercaptoethanol, and 1% poly(vinylpyrrolidone)-10 (PVP-10)] was
added (26). The slurry was mixed at 4°C for 30 min and then
centrifuged at 20000gfor 10 min at 4°C. The supernatant (crude
extract) was partially purified for the enzymatic assays, see below.

Partial Purification. All procedures were performed at 0-4 °C,
using buffer B (50 mM Tris-HCl, pH 8.5, containing 10% glycerol, 5
mM Na2S2O5, 10 mM2-mercaptoethanol, and 1 mM EDTA). The crude
extract (3 mL) was applied to a Bio-Gel P-6 (Bio-Rad Laboratories,
Inc.) column (1× 10 cm). Column equilibration and protein elution
were performed with buffer B. Fractions were tested for enzyme
activity, and active fractions were combined. The P-6-active fractions
(2 mL) were applied to a HiTrap Q Sepharose column (1× 5 cm,
FPLC, Amersham Pharmacia Biotech), equilibrated with buffer B.
Proteins were eluted with a three-step (10 min, 0-30%; 20 min, 30-
60%; 10 min, 60-100%, mL/min) linear 0-1 M KCl gradient in buffer
B. Fractions were tested for enzyme activity, and active fractions were
combined and used for further tests. All assays and enzyme charac-
terizations were done with this partially purified enzyme.

Native Molecular Mass.The molecular mass of the native enzyme
was determined by gel permeation chromatography of a 2 mLpartially
purified enzyme preparation separated through a Superdex 75 Hiload
Prep 16/60 (FPLC, Amersham Pharmacia Biotech), using buffer B at
a flow rate of 1 mL/min, and compared to molecular masses of known
proteins.

Assays of Enzyme Activity.The standard assay mixture consisted
of 30 µL of buffer B, 50 µL of enzyme solution (partially purified
sequentially by Bio-Gel P6 and HiTrap Q-Sepharose) containing 10-
25 µg of protein, 15 mM Furaneol, and 15µM [3H]SAM, in a total
volume of 100µL. The mixture was incubated at 30°C for 1-2 h.
The reaction was stopped by adding 10µL of 2 N HCl and mixed.
Then 1 mL of ethyl acetate was added to each tube, and the tubes
were vigorously vortexed and subsequently centrifuged for 1 min at
20000gto separate the phases. The upper ethyl acetate phase layers
containing the radioactive labeled enzyme products were transferred
to scintillation tubes containing 3 mL of scintillation liquid [4 g/L 2,5-
diphenyloxazole (PPO) and 0.05 g/L 2,2′-p-phenylenebis(5-phenylox-
azole (POPOP) in toluene]. The radioactivity was quantified using a
Kontron liquid scintillation counter model BETAmatic.

Effect of pH and Temperature on Enzyme Activity. To determine
the optimal pH for activity, enzymatic activity was assayed at 30°C
utilizing buffer B except that the buffer was substituted as follows: 50
mM sodium acetate and 50 mM Tris-HCl for the pH ranges of 5.0-
6.0 and 6.0-10.0, respectively. HEPES and MOPS (50 mM) were used
for the pH range of 6.5-8.2. To determine the effect of temperature
on enzymatic activity, incubations were performed at different tem-
peratures utilizing buffer B (pH 8.5).

Identity of the Biosynthetic Products.Radio-TLC.To confirm the
identity of the biosynthetic products by radio-TLC, similar incubations
were performed except that14C-labeled SAM (at the same specific
activity) was used. In this case the ethyl acetate layer was evaporated
to a volume of 20µL using a gentle stream of N2 and analyzed by
TLC-autoradiography using silica gel 60 F254 plates developed with
pentane/diethyl ether (5:1). Spots were visualized without any further
spraying by fluorescence at 254 nm UV light and compared to authentic
standard Furaneol and methoxyfuraneol. Radioactive spots were
detected by autoradiography on Kodak X-OMAT paper.

GC-MS.Similar incubations were performed with non-radioactive
SAM, and the reaction’s products were identified by GC-MS as
described above.

Protein Determination. Protein was measured according to the
method described by Bradford (27), using the Bio-Rad protein reagent
(Bio-Rad) and bovine serum albumin (Sigma) as standard.

RESULTS AND DISCUSSION

Determination of SAM/Furaneol O-Methyltransferase
Activity from Strawberry Fruits. Incubation of strawberry
partially purified cell-free extracts with14C- or 3H-labeled SAM
and Furaneol resulted in the accumulation of ethyl acetate

soluble radiolabeled product(s). These products were absent
when the cell-free extracts were previously boiled for 5 min or
without a protein extract. This suggests that a methyltransferase
enzymatic activity is involved in the conversion of Furaneol
into methoxyfuraneol (Figure 1).

To confirm the identity of the radiolabeled compounds
formed, the ethyl acetate extracts were evaporated and analyzed
by TLC-autoradiography and GC-MS. Only one radioactive
substance originating in Furaneol and [14C]SAM fed extracts
was detected, and itsRf coincided with that of authentic
methoxyfuraneol (Figure 2). These results indicate that meth-
yltransferase activity, present in strawberry fruits, is able to
O-methylate Furaneol and release methoxyfuraneol. Further
confirmation of the product was performed utilizing GC-MS
(Table 1).

Extraction and Properties of the SAM/Furaneol O-
Methyltransferase Activity from Strawberry Fruits. In crude
cell-free extracts prepared from ripe strawberry fruits, we noticed
the formation of unidentified radioactive, ethyl acetate soluble
products, even without added Furaneol (up to 10-30% of the
levels obtained in complete assays with Furaneol), indicating
the presence of endogenous substrates. These interfering
substances were effectively removed after partial purification
using adsorption to vinylpyrrolidone polymers, gel filtration,
and ion exchange chromatography. The inclusion of PVP and
PVPP during the extraction was also crucial for stabilizing the
enzymatic activity, which could be kept (after partial purifica-
tion) for >3 months at-20 °C without an apparent loss of
activity.

The activity levels linearly increased with incubation time
for up to 2 h and were linearly dependent on protein concentra-
tion up to 25µg of protein. Activity increased linearly with
increasing assay temperature up to an optimal 37°C (Figure

Figure 2. Radio-TLC determination of enzymatically formed methoxy-
furaneol by strawberry cell-free extracts: lane 1, enzyme + [14C]SAM;
lane 2, enzyme + Furaneol; lane 3, [14C]SAM + Furaneol; lane 4, complete
assay (enzyme, + Furaneol + [14C]SAM). Partially purified (after P6 and
Hi-Trap Q Sepharose chromatography) cell-free extracts from strawberry
fruits were incubated with the corresponding additions. The products of
the reactions were analyzed as described under Materials and Methods.
S.f. indicates the solvent front.

Table 1. Substrate Specificity of OMT Activity from Strawberry Fruitsa

substrate
concn
(mM) product identifiedb

relative
activityc

caffeic acid 1 ferulic acid 100
catechol 1 guaiacol 131
protocatechuic aldehyde 1 vanillin 140
Furaneol 10 methoxyfuraneol 27

a Assays were made and analyzed as described under Materials and Methods.
p-Coumaric acid, cinnamic acid, ferulic acid, vanillic acid, trans-anol, chavicol,
coniferyl alcohol, phenol, hydroquinone, and o-cresol were not methylated in
detectable levels by the enzyme preparation. b As determined by GC-MS, by
comparison of retention times and mass spectra with authentic standards. c Percent
rate of caffeic acid methylation.
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3A). Activity was irreversibly lost at incubation temperatures
>45 °C, probably due to protein denaturation. The optimum
pH was found to be∼8.5 (Figure 3B). The preparation was
virtually inactive at pH values<6 or >10.

Some methyltransferases require the presence of metal
cofactors for activity. To test whether the Furaneol-O-meth-
yltransferase from strawberry requires any metal cofactor for
activity, 1 or 10 mM of either CaCl2, MgCl2, MnCl2, CoCl2,
ZnSO4, or FeSO4 was added to the assays. All of the additions
caused only a minor diminution of the activity as compared to
the untreated controls. This indicated that the Furaneol-sustained
OMT activity from strawberry apparently does not require a
metal cofactor to be active.

A native molecular mass of∼80 kDa was determined for
the strawberry OMT by gel permeation chromatography (Figure
4). This is consistent with the reported molecular mass of other
plant OMTs (16, 28), many of which consist of homodimers,
with ∼40 kDa subunits (18).

The OMT activity had an apparentKm for Furaneol of∼5
mM utilizing both Lineweaver-Burk and Eadie-Hofstee equa-
tions. This isnot within the range ofKm values obtained for
substrates of OMTs from other sources, which normally display
Km values lower by orders of magnitude (16). Conversely,

keeping a constant 15 mM of the acceptor substrate Furaneol,
a Km for SAM was found to be∼5 µM.

Substrate Specificity of theO-Methyltransferase Activity.
We have provided evidence that, in strawberry, Furaneol can
be enzymatically O-methylated, to generate methylfuraneol by
SAM-dependent OMT activities. Nevertheless, we found that
theKm for this activity (5 mM) is relatively high in comparison
with usualKm values of acceptor substrates of other OMTs (Km

) 5-500µM) (16, 26). It was therefore of interest to study the
substrate specificity of this Furaneol OMT activity.

To test for the substrate specificity of this activity, we chose
several compounds, in concentrations of 1 and 10 mM (Table
1). Interestingly, only compounds containingo-dihydroxyphen-
ols (catechol, caffeic acid, and protocatechuic aldehyde;Figure
1) or similar o-dihydroxy compounds (enolic tautomer of
Furaneol, Figure 1; and dithiotreitol, not shown) were accepted
by this enzyme activity, resulting in the transfer of a methyl
group from SAM to create methylhydroxy compounds. The
enzyme preparation had a much lowerKm toward catechol
(∼105 µM), protocatechuic aldehyde (∼20 µM), and caffeic
acid (∼130µM) than toward Furaneol (∼5 mM). Substrates
that contained only one OH group, such asp-coumaric or ferulic
acid, trans-anol, and coniferyl alcohol, were not efficiently
methylated by this activity. AKm for SAM was found to be
∼5 µM, regardless of the acceptor used (Furaneol, caffeic acid,
protocatechuic aldehyde, or catechol). The resulting methylated
products (guaiacol for catechol; vanillin for protocatechuic
aldehyde; ferulic acid for caffeic acid) were identified by GC-
MS (Table 1). In all cases, the activity toward these substrates
was found in the same fractions collected along the purification
process as the activity toward Furaneol.

In the case of substitutedo-diphenols (caffeic acid and
protocatechuic aldehyde), the O-methylation was observed only
on the hydroxy group at the meta position to the substituent,
similary to other caffeic acid OMTs from other plants (16,29).

Furaneol, Methoxyfuraneol, and Methyltransferase Activ-
ity in Different Varieties and Maturation Stages. Three
strawberry varieties, Malach, Tamar, and Yael, differing in their
aroma, were assessed for total volatiles, Furaneol, methoxy-
furaneol, and methyltransferase activity during ripening. The
unripe green stage was devoid of Furaneol and methoxyfuraneol,
and, accordingly, no Furaneol-sustained OMT activity was
detected. In all three varieties, the content of both Furaneol and
methoxyfuraneol sharply increased during fruit ripening, with
maximum values at the ripe stage (Table 2). This is in
agreement with the results reported by Sanz et al. (11), who
studied seven strawberry varieties and found that in most cases
the content of these compounds sharply increased during fruit
ripening, with maximum values at the overripe stage. The
Furaneol OMT activity measured sharply increased in all
varieties during ripening. Malach is an aromatic variety and
accumulates relatively high levels of total volatiles, including
both Furaneol and methoxyfuraneol (Table 2). This variety also
contains the highest values of Furaneol-sustained OMT at the
ripe stage (Figure 5C). Cell-free extracts from all varieties also
displayed significant OMT activity when catechol and caffeic
acid were used as substrates, much higher than when Furaneol
was used as substrate (Figure 5). Tamar and Yael varieties are
much less aromatic, and this is reflected in the lower levels of
total volatiles (<1/10 of the levels found in Malach;Table 2).
Still, cell-free extracts from ripe fruits of these two varieties
displayed significant OMT activities toward Furaneol, catechol,
and caffeic acid, close to the levels found in Malach (Figure
5). Thus, the various amounts of methoxyfuraneol detected in

Figure 3. Effect of assay temperature (A) and pH (B) on OMT activity.
The partially purified enzyme was incubated with SAM and Furaneol as
described under Materials and Methods. A temperature of 37 °C and a
pH 8.5 were optimal for activity.

Figure 4. Determination of native molecular mass (MW) of Furaneol
O-methyltransferase activity from strawberry fruits. The partially purified
enzyme was further separated on a Superdex 75 Hi Load 16/60 column
(Pharmacia FPLC) using a buffer solution of 50 mM Tris-HCl (pH 8.5)
containing 10% glycerol, 5 mM Na2S2O5, 10 mM 2-mercaptoethanol, and
1 mM EDTA (flow rate ) 1 mL/min). Fractions were assayed for OMT
activity as indicated under Materials and Methods. A molecular weight of
80 ± 2 was estimated by comparison to protein standards [alcohol
dehydrogenase (MW ∼ 150 kDa), phosphorylase b (MW ∼ 97 kDa),
bovine serum albumin (MW ∼ 66 kDa), carbonic anhydridrase (MW ∼
29 kDa), cytochrome c (MW ∼ 12.4 kDa), and aprotinin (MW ∼ 6.5
kDa), all from Sigma].
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these strawberry cultivars might be dependent on the availability
of Furaneol, rather than on the OMT activity levels. Breeding
programs aimed at improving strawberry aroma should therefore
focus on increasing Furaneol biosynthesis and/or on preventing
its degradation, and less on its methylating enzyme. Furaneol
has better organoleptic properties and a lower odor threshold
than methoxyfuraneol but is less stable than methoxyfuraneol,
which is especially important for the aroma of processed
strawberry products. High Furaneol/methyltransferase activity
in fruits may contribute to higher levels of total Furaneol
derivatives, due to reduced degradation of methoxyfuraneol.

It is somewhat surprising that developing strawberry fruits
display such high OMT activity levels toward caffeic acid,
protocatechuic aldehyde, and catechol, [forming ferulic acid,
vanillin, and guaiacol, respectively (Table 1)]. Although vanillin
has been found in wild and some cultivated strawberries (30)
and probably contributes to their aroma, we found only traces
of this compound in the cultivars we analyzed (data not shown).
Caffeic acid and ferulic acids are ubiquitous precursors of lignin,
but catechol and guaiacol have not been reported in strawberry
to the best of our knowlegde. Caffeic and ferulic acids might
be involved in lignin formation of the developing seeds and in
vascular tissues. Caffeic acid is not usually an intermediate in
anthocyanin pigmentation biosynthesis, a process that takes place
concomitantly with ripening and methoxyfuraneol formation in

strawberry. Ripening-related gene sequences that code for
proteins involved in key metabolic events including anthocyanin
biosynthesis were isolated from strawberry (31) and were not
found to be active in green fruits. Cyanidin, an anthocyanin
precursor in strawberry, also contains ano-dihydroxyphenol
structure typical of that of caffeic acid and might be recognized
by the OMT activity. Peonidin glucoside (theO-methyl deriva-
tive of cyanidin glucoside) has been found in strawberry cell
suspensions (32).

It is presently unknown whether one enzyme with a relatively
low substrate specificity is able to catalyze the transfer of a
methyl group to each of the several substrates, or if in a mixture
of more than one enzyme (unseparable under our conditions),
each is capable to O-methylate a different substrate. The
availability of cDNAs coding for the respective enzymes and
their functional expression will be valuable in attempts to answer
this question. Many enzymes of secondary metabolism are
known to be able to recognize more than one substrate, although
they often have different catalytic rates toward them (33-35).
It has been postulated that this phenomenon is probably due to
gene evolution of ancestor genes, involved in primary metabo-
lism, such as the caffeic acid methyltransferase involved in
lignification (17). For example, the gene fromCarkia breweri
that encodes an isoeugenolO-methyltransferase (IEMT) has
been suggested to have arisen from a caffeic acidO-methyl-
transferase gene (17,33). Multiple OMTs displaying small but
defined substrate discrimination can be found within the same
plant and even within the same tissues (36,37). Therefore, it
could be that Furaneol methylation occurs as a result of and in
parallel with other reactions involving the methylation of caffeic
acid, catechol, anthocyanidin, or other as yet unidentified
o-diphenols that increase during fruit ripening.
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(9) Mayerl, F.; Näf, R.; Thomas, A. F. 2,5-Dimethyl-4-hydroxy-
3(2H)-furanone glucoside: isolation from strawberries and
synthesis.Phytochemistry1989,28, 631-633.

(10) Roscher, R.; Herderich, M.; Steffen, J. P.; Schreier, P.; Schwab,
W. 2,5-dimethyl-4-hydroxy-3(2H)-furanone 6′-O-malonyl-D-glu-
copyranoside in strawberry fruits.Phytochemistry1996, 43, 155-
159.

(11) Sanz, C.; Richardson, D. G.; Perez, A. G. 2,5-dimethyl-4-
hydroxy-3(2H)-furanone and derivatives in strawberries during
ripening. In Fruit FlaVors. Biogenesis, Characterization, and
Authentication; Rouseff, R. L., Leahy, M. M., Eds.; ACS
Symposium Series 596; American Chemical Society: Washing-
ton, DC, 1995; pp 268-275.

(12) Perez, A. G.; Olias, R.; Sanz, C.; Olias, J. M. Furanones in
Strawberries: Evolution during ripening and postharvest shelf
life. J. Agric. Food Chem.1996,44, 3620-3624.

(13) Roscher, R.; Schreier, P.; Schwab, W. Metabolism of 2,5-
dimethyl-4-hydroxy-3(2H)-furanone in detached ripening straw-
berry fruits.J. Agric. Food Chem.1997,45, 3202-3205.

(14) Wein, M.; Lewinsohn, E.; Schwab, W. Metabolic fate of isotopes
during the biological transformation of carbohydrates into 2,5-
dimethyl-4-hydroxy-3(2H)-furanone.J. Agric. Food Chem.2001,
49, 2427-2432.

(15) Luckner, M.Secondary Metabolism in Microorganisms, Plants
and Animals, 3rd ed.; Springer-Verlag: Berlin, Germany, 1990;
pp 94-95.

(16) Ibrahim, R. K.; Bruneau, B.; Bantignies, B. PlantO-methyl-
transferases: molecular analysis, common signature and clas-
sification.Plant Mol. Biol. 1998,36, 1-10.

(17) Pichersky, E.; Gang, D. R. Genetics and biochemistry of
secondary metabolites in plants: an evolutionary perspective.
Trends Plant Sci.2000,5, 439-445.

(18) Ibrahim, R. K.; Muzac, I. The methyltransferase gene super-
family: a tree with multiple branches. InEVolution of Metabolic
Pathways; Romeo, J. T., Ibrahim, R., Varin, L., Eds.; Recent
Advances in Phytochemistry 34; Elsevier Science: Amsterdam,
The Netherlands, 2000; pp 349-384.

(19) Li, L.; Popko, J. L.; Zhang, X. H.; Osakabe, K.; Tsai, C. J.;
Joshi, C.; Chiang, V. L. A novel multifunctionalO-methyltrans-
ferase implicated in a dual methylation pathway associated with
lignin biosynthesis in lobolly pine.Proc. Natl Acad. Sci. U.S.A.
1997,94, 5461-5466.

(20) Frick, S.; Kutchan, T. M. Molecular cloning and functional
expression ofO-methyltransferases common to isoquinoline
alkaloid and phenylpropanoid biosynthesis.Plant J. 1999,17,
329-339.

(21) Gauthier, A.; Gulick, P. J.; Ibrahim, R. K. Characterization of
two cDNA clones which encodeO-methyltransferases for the
methylation of both flavonoid and phenylpropanoid compounds.
Arch. Biochem. Biophys.1998,351, 243-249.

(22) Zabetakis, I.; Holden, M. A. Strawberry flavour: Analysis and
biosynthesis.J. Sci. Food Agric.1997,74, 421-434.

(23) Freeman, S.; Nizani, Y.; Dotan, S.; Even, S.; Sando, T. Control
of Colletotrichum acutatumin strawberry under laboratory,
greenhouse, and field conditions.Plant Dis.1997,81, 749-752.

(24) Lewinsohn, E.; Schalechet, F.; Wilkinson, J.; Matsui, K.; Tadmor,
Y.; Kyoung, H. N.; Amar, O.; Lastochkin, E.; Larkov, O.; Ravid,
U.; Hiatt, W.; Gepstein, S.; Pichersky, E. Enhanced levels of
the aroma and flavor compoundS-linalool by metabolic engi-
neering of the terpenoid pathway in tomato fruits.Plant Physiol.
2001,127, 1256-1265.

(25) Shalit, M.; Katzir, N.; Tadmor, Y.; Larkov, O.; Burger, Y.;
Shalekhet, F.; Lastochkin, E.; Ravid, U.; Amar, O.; Edelstein,
M.; Karchi, Z.; Lewinsohn, E. Acetyl-CoA: Alcohol acetyl-
transferase activity and aroma formation in ripening melon fruits.
J. Agric. Food Chem.2001,49, 794-799.

(26) Lewinsohn, E.; Ziv-Raz, I.; Dudai, N.; Tadmor, Y.; Lastochkin,
E.; Larkov, O.; Chaimovitsh, D.; Ravid, U.; Putievsky, E.;
Pichersky, E.; Shoham, Y. Biosynthesis of estragole and methyl-
eugenol in sweet basil (Ocimum basilicumL.). Developmental
and chemotypic association of allylphenolO-methyltransferase
activities.Plant Sci.2000,160, 27-35.

(27) Bradford, M. M. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding.Anal. Biochem.1976,72, 248-254.

(28) Wang, J.; Pichersky, E. Characterization ofS-adenosyl-L-
methionine: (iso)eugenolO-methyltransferase involved in floral
scent production inClarkia breweri.Arch. Biochem. Biophys.
1998,349, 153-160.

(29) Strack, D.; Mock, H. P. Hydroxycinnamic acids and lignins. In
Methods in Plant Biochemistry. Enzymes of Secondary Metabo-
lism; Lea, P. J., Ed.; Academic Press: London, U.K., 1993; Vol.
9, pp 45-97.

(30) Honkanen, E.; Hirvi, T. The flavour of berries. InFood FlaVours.
Part C. The FlaVour of Fruits; Morton, I. D., Macleod, I. D.,
Eds.; Elsevier: Amsterdam, The Netherlands, 1990; pp 125-
193.

(31) Manning, K. Isolation of a set of ripening-related genes from
strawberry: their identification and possible relationship to fruit
quality traits.Planta 1998,205, 622-631.

(32) Nakamura, M.; Seki, M.; Furusaki, S. Enhanced anthocyanin
methylation by growth limitation in strawberry suspension
culture.Enzyme Microb. Technol.1998,22, 404-408.

(33) Wang, J.; Pichersky, E. Identification of specific residues
involved in substrate discrimination in two plantO-methyltrans-
ferases.Arch. Biochem. Biophys.1999,368, 172-180.

(34) Allina, S. M.; Pri-Hadash, A.; Theilmann, D. A.; Ellis, B. E.;
Douglas, C. J. 4-Coumarate:coenzyme A ligase in hybrid poplar.
Properties of native enzymes, cDNA cloning and analysis of
recombinant enzymes.Plant Physiol.1998,116, 743-754.

(35) Maury, S.; Geoffroy, P.; Legrand, M. TobaccoO-methyltrans-
ferases involved in phenylpropanoid metabolism. The different
caffeoyl-coenzyme A/5-hydroxyferuloyl-coenzyme A 3/5-O-
methyltransferase and caffeic acid/5-hydroxyferulic acid 3/5-O-
methyltransferase classes have distinct substrate specificities and
expression patterns.Plant Physiol.1999,121, 215-223.

(36) Gang, D. R.; Wang, J.; Dudareva, N.; Nam, K. H.; Simon, J.;
Lewinsohn, E.; Pichersky, E. An investigation of the storage and
biosynthesis of phenylpropens in sweet basil (Ocimum basilicum
L.). Plant Physiol.2001,125, 539-555.

(37) Gang, D.; Lavid, N.; Zubieta, C.; Cheng, F.; Beuerle, T.;
Lewinsohn, E.; Noel, J. P.; Pichersky, E. Characterization of
phenylpropeneO-methyltransferases from sweet basil. Conver-
gent evolution within a plant OMT gene family.Plant Cell2002,
14, 505-519.

Received for review October 25, 2001. Revised manuscript received
March 4, 2002. Accepted May 1, 2002. This work was funded by the
German-Israeli Foundation for scientific research and development
(G.I.F. Research Grant G-591-113.12/98), and the TUBITAK of Turkey.
E.K. was partially supported by a fellowship from The Scientific and
Technical Research Council of Turkey (TUBITAK). Publication 137-
2001 of the Agricultural Research Organization, Bet Dagan, Israel.

JF011409Q

4030 J. Agric. Food Chem., Vol. 50, No. 14, 2002 Lavid et al.


