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Developmental Regulation of Monoterpene
Biosynthesis in the Glandular Trichomes of Peppermint’
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Monoterpene production in peppermint (Mentha x piperita L.)
glandular trichomes is determined by the rate of biosynthesis, as
determined by '*CO, incorporation, and is restricted to leaves 12 to
20 d of age. Using oil glands isolated from peppermint leaves of
different ages, in vitro assay of the eight sequential enzymes respon-
sible for the biosynthesis of the principal monoterpene (—)-menthol
indicated that all but one biosynthetic enzyme had a very similar
developmental profile. Activities were highest in leaves 12 to 20 d
of age, with a sharp peak centered at 15 d. The exception, (-)-
menthone reductase, the last enzyme of the pathway, exhibited a
later peak of activity, which was centered at approximately 21 d.
The correlation between in vitro enzyme activity and the rate of
biosynthesis measured in vivo suggests that monoterpene formation
is controlled mainly by the coordinately regulated activity of the
relevant biosynthetic enzymes. Developmental immunoblotting of
limonene synthase, which catalyzes the committed step of the
pathway, demonstrated a direct correlation between enzyme activ-
ity and enzyme protein, suggesting that the dynamic time course for
the remaining pathway enzyme activities also reflects the corre-
sponding protein levels. RNA-blot analyses indicated that the genes
encoding enzymes of the early pathway steps are transcriptionally
activated in a coordinated fashion, with a time course superim-
posible with activity measurements and immunoblot data. These
results demonstrating coincidental temporal changes in enzyme
activities, enzyme protein level, and steady-state transcript abun-
dances indicate that most of the monoterpene biosynthetic enzymes
in peppermint are developmentally regulated at the level of gene
expression.

Monoterpenes (C,,) comprise the major components of
the essential oils of the mint (Lamiaceae) family, including
peppermint (Mentha X piperita) and spearmint (Mentha spi-
cata) (Lawrence, 1981). Peppermint has been developed as
a model system for the study of monoterpene metabolism
because of the commercial value of the essential oil, the fact
that the plant is clonal and easily propagated vegetatively,
and because the oil is chemically complex and the biosyn-
thetic pathway involves essentially all of the representative
reaction types of terpenoid metabolism (Croteau and Ger-
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shenzon, 1994). Monoterpene biosynthesis and accumula-
tion in mint is specifically localized to the glandular
trichomes (Gershenzon et al., 1989; McCaskill et al., 1992),
and the pathway originates in the plastids (leucoplasts) of
the secretory cells of these highly specialized, non-
photosynthetic glandular structures (Turner et al., 1999).
The monoterpene family of natural products therefore is
derived from the plastidial, mevalonate-independent path-
way for isoprenoid metabolism (Eisenreich et al., 1997;
Sagner et al., 1998), which provides isopentenyl diphos-
phate (and, by isomerization, dimethylallyl diphosphate)
as the universal precursors of the terpenoids (Lichtenthaler
et al., 1997; Eisenreich et al., 1998; McCaskill and Croteau,
1999).

The monoterpenes diverge from primary metabolism by
conversion of isopentenyl diphosphate and dimethylallyl
diphosphate, via the action of the prenyltransferase gera-
nyl diphosphate synthase, to geranyl diphosphate (Burke
et al., 1999), which undergoes subsequent cyclization by
limonene synthase to (4S)-(—)-limonene (Alonso et al.,
1992). (—)-Limonene serves as the common olefinic precur-
sor of the essential oil terpenes of both peppermint and
spearmint (Kjonaas and Croteau, 1983) by way of a series of
secondary, largely redox, transformations (Croteau and
Gershenzon, 1994) (Fig. 1). In peppermint, a microsomal
cytochrome (Cyt) P450 limonene-3-hydroxylase introduces
an oxygen atom in an allylic position to produce (—)-trans-
isopiperitenol and thereby establishes the oxygenation pat-
tern of all subsequent derivatives.

A soluble NADP-dependent dehydrogenase oxidizes the
alcohol to a ketone, (—)-isopiperitenone, thereby activating
the adjacent double bond for reduction by a soluble,
NADPH-dependent, regiospecific reductase to afford (+)-
cis-isopulegone. An isomerase next moves the remaining
double bond into conjugation with the carbonyl group,
yielding (+)-pulegone. A NADPH-dependent reductase
then converts (+)-pulegone to (+)-isomenthone and (—)-
menthone, which predominates. Finally, two stereoselective
NADPH-dependent reductases convert (—)-menthone and
(+)-isomenthone to (—)-menthol and (+)-neoisomenthol,
respectively, and (—)-menthone and (+)-isomenthone to
(+)-neomenthol and (+)-isomenthol, respectively. (—)-
Menthol greatly predominates among the menthol isomers
(often exceeding 50% of the essential oil) and is primarily
responsible for the characteristic flavor and cooling sensa-
tion of peppermint.
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Figure 1. The principal pathway for monoterpene biosynthesis in
peppermint. The responsible enzymes are: (1) gerany! diphosphate
synthase, (2) (45)-(—)-limonene synthase, (3) Cyt P450 (—)-limonene-
3-hydroxylase, (4) (—)-trans-isopiperitenol dehydrogenase, (5) (—)-
isopiperitenone reductase, (6) (+)-cis-isopulegone isomerase, (7) (+)-
pulegone reductase, and (8) (—)-menthone reductase.

Although the pathway for the biosynthesis of pepper-
mint monoterpenes is now well defined, the regulation of
monoterpene metabolism in this species is only poorly
understood (Gershenzon and Croteau, 1990, 1993). Both
developmental and environmental factors are known to
markedly influence the yield and composition of pepper-
mint oil, with obvious consequences for the commercial
production of this commodity (Burbott and Loomis, 1967;
Clark and Menary, 1980); however, the means by which
these variables exert regulatory control over the pathway
flux to isopentenyl diphosphate and the specific steps of
monoterpene metabolism are not known. Recent studies at
the level of the intact plant indicate that monoterpene
production (measured by incorporation of '*CO,) is re-
stricted to leaves 12 to 20 d of age, prior to full expansion,
and that metabolic turnover of oil components (Mihaliak et
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al., 1991) and evaporative losses of oil from the storage
compartment play only minor roles in determining oil
yield and composition (Gershenzon et al.,, 2000). These
results, coupled to the lack of evidence thus far for the
control of pathway enzyme activity by allosteric modula-
tion or covalent modification (Croteau, 1987, Wise and
Croteau, 1999), suggest that oil composition and yield may
reflect the simple kinetic consequences of the levels of
biosynthetic enzymes present, as determined by transcrip-
tional and translational production of these pathway cata-
lysts and their subsequent proteolytic turnover.

More detailed study of the regulation of monoterpene
metabolism has been seriously hampered by the strict lo-
calization of essential oil formation in the specialized oil
glands (glandular trichomes), which constitute only a small
fraction of the total leaf mass. This feature limits informa-
tion that can be gained through experiments at the level of
the intact tissue, and limits the utility of enzyme prepara-
tions and nucleic acid extracts from whole leaves in the
development of refined tools for molecular level analysis.
An early improvement over the use of whole leaf extracts
was the development of methods for preparing surface cell
extracts enriched in gland contents from the leaves of
essential-oil-producing plants (Gershenzon et al., 1987).

Subsequently, this method was improved to allow the
isolation of intact secretory cell clusters derived from the
glandular trichomes of a number of plants (Gershenzon et
al., 1992). This approach applied to mint species has al-
lowed the examination of monoterpene biosynthesis in situ
(McCaskill et al., 1992; McCaskill and Croteau, 1995) and
the detailed characterization, including amino acid micro-
sequencing, of biosynthetic enzymes isolated from this
highly enriched source (Alonso et al., 1992; Ponnampe-
ruma and Croteau, 1996; Lupien et al., 1999). More re-
cently, isolated gland cells have been used as a source of
mRNA for construction of highly enriched cDNA libraries,
from which cDNA clones encoding enzymes of both early
steps of isoprenoid biosynthesis (Lange et al., 1998; Lange
and Croteau, 1999a) and committed steps of monoterpene
metabolism have been isolated (Colby et al., 1993; Burke et
al., 1999; Lupien et al., 1999). The availability of these DNA
probes, and polyclonal antibodies directed to the corre-
sponding proteins, has for the first time provided tools for
examining transcriptional and translational control of
monoterpene metabolism. In this paper, we describe the
correlation of relevant monoterpene biosynthetic enzyme
activities with developmental western and northern anal-
yses to provide evidence that regulation of monoterpene
metabolism in peppermint oil glands resides at the level of
gene expression.

MATERIALS AND METHODS
Plant Material

Peppermint (Mentha X piperita L. cv Black Mitcham)
plants were propagated from rhizomes in peat moss:
pumice:sand (55:35:10, v/v) and grown in a controlled
environment chamber with a mixture of fluorescent and
incandescent bulbs (yielding 500 umol m~? s~ ! photosyn-
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thetically active radiation at plant height), a 16-h photope-
riod, and a 22°C/10°C (day/night) temperature cycle.
Plants were watered and fertilized daily with a complete
fertilizer (N:P:K, 20:20:20) plus iron chelate and micronu-
trients. For the developmental survey, a single cohort of
leaves was followed from initiation to senescence. This
cohort was initiated on 3-week-old stems (as determined
by microscopic dissection of the apical bud) that were 10 to
15 cm high. For biochemical analysis, initial samples were
taken when leaves were 8 d old (average length = 0.2 cm,
average fresh weight = 5 mg), because it was impractical to
isolate large quantities of leaves at younger stages. Addi-
tional samples were harvested at 10, 12, 15, 18, 21, 25, 30,
40, and 55 d. Leaves grew rapidly, reaching full expansion
(average length about 3.5 cm, average weight about 155
mg) at 21 d. At 30 to 35 d, flower buds first appeared on the
apices of the stems, which began to open when leaves were
45 to 50 d old. By 55 d, nearly half of the leaves had
senesced.

Preparation of Enzyme Extracts

Since monoterpene biosynthesis in peppermint is con-
fined to the secretory cells of glandular trichomes (Gersh-
enzon et al., 1989; McCaskill et al., 1992), to obtain extracts
enriched in monoterpene biosynthetic enzymes, purified
preparations of secretory cells were isolated by modifica-
tion of a previously described surface abrasion protocol
(Gershenzon et al., 1992). Freshly harvested leaves were
soaked in deionized water for 1 h at 4°C, and their sur-
faces abraded using a cell disrupter (Bead-Beater, Biospec
Products, Bartlesville, OK) filled with 20 g of plant mate-
rial, 120 g of 0.5-mm-diameter glass beads, 20 g of
XAD-4 polystyrene resin beads, and a buffer comprised
of 25 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), pH 7.4, containing 200 mm sorbitol, 2 mm
Suc, 10 mm KCI, 5 mm MgCl,, 5 mm dithiothreitol, 0.5
mm KH,PO,, 0.1 mm Na,P,0,, 1% (w/v) polyvinylpyrro-
lidone (M, = 40,000), and 0.6% (w/v) methyl cellulose.
Leaves longer than 2.0 cm were cut into smaller pieces
prior to soaking. When the isolated secretory cells were to
be used for RNA extraction, 1 mm aurintricarboxylic acid
was added to the buffer (Gonzalez et al., 1980).

Abrasion was carried out for three 1-min periods at 4°C
using a rotor speed controlled with a rheostat set at 85 V.
Following abrasion, the contents of the disruption chamber
were filtered through a series of nylon filters of succes-
sively smaller mesh size (350, 150, and 20 um) to separate
the secretory cell clusters from the glass beads, XAD-4
resin, and residual plant material. Secretory cell clusters
(approximately 60 um in diameter) were collected on the
20-um mesh filter and then resuspended and refiltered
several times in the 25 mMm HEPES buffer described above
(without methyl cellulose or polyvinylpyrrolidone) to re-
move impurities. To quantify the number of clusters
obtained, a sample was removed for observation with a
hemocytometer.

For enzyme assays, secretory cells were disrupted by
grinding with liquid nitrogen in a prechilled mortar. The
ground material was suspended in a 50 mm KH,PO,

buffer, pH 6.0, containing 10% (v/v) glycerol, 10 mm
Na,S,05, 1 mm ascorbic acid, 1 mm EDTA, 1 mwm dithio-
threitol, 5 um FAD, 5 um FMN, 1% (w/v) polyvinylpyrro-
lidone (M, = 10,000), and about 100 mg of XAD-4 resin.
After passage through a 20-um nylon filter, the filtrate was
centrifuged at 18,000¢ for 20 min and the resulting super-
natant recentrifuged at 150,000¢ for 90 min. The microso-
mal pellet was stored under argon at —80°C and used for
limonene-3-hydroxylase assays. The remaining enzymes
were assayed using the 150,000¢ supernatant, which was
adjusted to the various assay conditions by desalting
through a series of polyacrylamide columns (6-kD exclu-
sion limit, Bio-Rad, Richmond, CA). No limonene-3-
hydroxylase activity was detected in the 150,000 superna-
tant, and no activity of the remaining enzymes was found
in the pellet.

Enzyme Assays

Geranyl diphosphate synthase (Burke et al., 1999) was
assayed with a 1-mL aliquot of diluted supernatant in 25
mM piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES)
buffer, pH 6.75, containing 10% (w/v) glycerol, 10 mm
MgCl,, and 1 mm dithiothreitol, with 100 um dimethylallyl
diphosphate and 100 pm [1-°HJisopentenyl diphosphate
(22.5 Ci/mol), synthesized by diphosphorylation of
[1-°H]isopentenol according to a previously published pro-
cedure (Croteau and Purkett, 1989). After addition of a
1-mL pentane overlay to trap volatile products, assays
were incubated at 30°C for 30 min. The diphosphate ester
products and remaining substrates were hydrolyzed by
treatment with 1 unit each of wheat germ alkaline phos-
phatase and potato apyrase, added to each assay in a
volume of 1 mL of 250 mm Tris buffer, pH 9.5, and allowed
to incubate for at least 8 h at 30°C. The pentane overlay and
a diethyl ether extract of the aqueous layer were combined
and passed over anhydrous sodium sulfate to remove re-
sidual water.

After the addition of a mixture of unlabeled isopentenol,
dimethylallyl alcohol, geraniol, E,E-farnesol, and isomeric
geranylgeraniols as carriers, the extract was concentrated
under a stream of nitrogen and an aliquot counted by
liquid scintillation spectrometry. Analysis of the remainder
by radio-GLC was carried out with a gas chromatograph
(model 550P, Gow-Mac, Bridgewater, NJ; He carrier gas
flow at 65 mL/min, injector at 220°C), equipped with a
thermal conductivity detector (240°C, 150 mA) and at-
tached to a gas proportional counter (model 7357, Nuclear
Chicago, Des Plaines, IL). Separations were accomplished
on a 3.6-m X 2.15-mm i.d. stainless steel column of 15%
SE-30 (polydimethylsiloxane) coated on 80/100-mesh
Chromosorb WHP (Alltech Associates, Deerfield, IL), and
programmed from 80°C (5 min hold) to 250°C at 8°C/min.
Thermal conductivity and radioactivity signals were mon-
itored with a dual-channel data system, and all radioactiv-
ity measurements were externally calibrated with [*H]tolu-
ene. The identity of the biosynthetic product was
confirmed by co-chromatography of the alkaline phospha-
tase cleavage product with an authentic standard of ge-
raniol on several different polarity phases, and by analysis
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of a pooled sample by gas chromatography-mass spec-
trometry (GC-MS) (described below). Non-enzymatic ac-
tivity was negligible.

(4S)-(—)-Limonene synthase assays were performed with
1-mL aliquots of diluted supernatant using [1-°H]geranyl
diphosphate as a substrate, as previously described
(Alonso et al., 1992). (—)-Limonene-3-hydroxyalse assays
were performed using the microsomal pellet as the enzyme
source, as previously described (Karp et al., 1990).

(—)-trans-Isopiperitenol dehydrogenase was assayed
with 1-mL aliquots of supernatant diluted with 50 mm Gly
buffer, pH 10.5, containing 10% (w/v) sorbitol and 1 mm
dithiothreitol, and incubated with 1 mMm NADP and 200 um
(—)-trans-isopiperitenol for 30 min at 30°C (Kjonaas et al.,
1985). The reaction was stopped by the addition of 1 mL of
diethyl ether followed by vigorous shaking. After the ad-
dition of 25 nmol of (+)-camphor as an internal standard,
the ether layer was removed and the reaction mixture
re-extracted twice with additional 1-mL portions of ether.
The combined ether extracts were decolorized with char-
coal, washed with 1 mL of water, passed through a short
column of silica gel (type 60A, Mallinckrodt, Chesterfield,
MO) overlaid with anhydrous sodium sulfate in a Pasteur
pipette, and concentrated to 40 uL under a stream of ni-
trogen.

Enzymatic products and unreacted substrate were sepa-
rated by GC (model 5890 gas chromatograph with 3396
integrator, Hewlett-Packard, Palo Alto, CA) using a 30-m X
0.25-mm i.d. fused silica capillary column coated with a
0.25-um film of AT-1000 (polyethyleneglycol ester, All-
tech Associates) operated with H, as carrier (1.5 mL
min '), with cool on-column injection (ambient tempera-
ture) and temperature programming (45°C for 5 min
hold, then 10°C min~! to 220°C, and 10 min hold) with
a flame ionization detector (230°C). The product, (—)-
isopiperitenone, was identified by comparison of retention
time and mass spectrum with those of an authentic stan-
dard from our own collection (Kjonaas et al., 1985), and
was quantified by comparison of the detector response to
that of the internal standard. GC-MS was performed on a
Hewlett-Packard 5840A-5985B system at 70 eV with col-
umn and separation conditions as described above.

The remaining enzymes were assayed similarly, by as-
says described in detail elsewhere (Croteau et al., 1991),
using 1-mL aliquots of supernatant diluted in 50 mm
KH,PO, buffer, pH 7.0, containing 10% (w/v) sorbitol and
1 mwm dithiothreitol. Substrates used were 180 um (—)-
isopiperitenone (for isopiperitenone reductase) (Kjonaas et
al., 1985), 200 uMm (+)-cis-isopulegone (for cis-isopulegone
isomerase) (Croteau and Venkatachalam, 1986), 200 um
(+)-pulegone (for pulegone reductase) (Croteau et al.,
1991), and 500 uMm (—)-menthone (for menthone reductase)
(Kjonaas et al.,, 1982). All of the reductase assays also
included 1 mMm NADPH and an NADPH-regenerating sys-
tem consisting of 1 unit of Glc-6-P dehydrogenase and 6
mM Glc-6-P. Remaining assay conditions, extractive isola-
tion and separation protocols, and GC and GC-MS analyses
were the same as those described above for (—)-trans-
isopiperitenol dehydrogenase. Two of these activities
yielded more than one product. Pulegone reductase pro-
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duced menthone and isomenthone in an average ratio of
2.5:1, while menthone reductase produced menthol and
neomenthol in a ratio that declined from 7:1 in the early
stages of leaf development to about 3:1 in the oldest leaves.

The assay of each enzyme activity at each developmental
stage was run in duplicate on at least three independent
enzyme preparations. Preliminary trials were conducted
for all assays to determine the dilutions giving linearity for
enzyme extracts at each developmental stage. Boiled con-
trol assays, assays extracted immediately after substrate
addition (zero time controls), and controls without sub-
strate or cofactor were used to measure the extent of non-
enzymatic conversion and to determine the background of
endogenous monoterpenes in each extract. The only sub-
strate prone to substantial non-enzymatic conversion was
isopiperitenol, which was oxidized to isopiperitenone at a
rate as high as 5% of the total added. The only enzyme
product present endogenously in the extract at detectable
levels was menthone, which was found at up to 2% of the
amount of product formed from added pulegone in the
assays for pulegone reductase.

As an additional control, to ensure that developmental
changes in enzyme activities were not caused by ontoge-
netic alterations in levels of interfering substances, extracts
from several different ages were mixed together and as-
sayed for activity. In all cases, the activity obtained was
equal to the sum of the activities when measured sepa-
rately. Unless specified, all substrates and standards were
from our own collection. All of the enzyme assays were
standardized based on oil gland numbers and were con-
verted to a per leaf basis using the average number of
glandular trichomes per developmental stage (G. Turner, J.
Gershenzon, and R. Croteau, unpublished data). To deter-
mine whether there were significant differences between
time points, statistical analyses were performed using
Excel (Microsoft, Redman, WA). Each data point represents
the mean of three to six independent measurements from
which the sp was calculated.

Immunoblots

For immunoblotting, secretory cells were disrupted by
sonication (Sonic 2000, Braun, Allentown, PA) with the
microprobe operated at maximum power for four 30-s
bursts at 0°C to 4°C in a buffer similar to that used for
liquid nitrogen grinding (but without FAD and FMN), and
the extract was filtered and centrifuged as described above.
Proteins (150,000g supernatant) from the oil gland extracts
of leaves of different ages were resolved on a 10% (w/v)
SDS-polyacrylamide gel (Mini-Electrophoresis System,
Bio-Rad) and transferred to nitrocellulose membranes us-
ing an Electro Transblot apparatus (Bio-Rad) according to
the manufacturer’s instructions. Immunodetection was
performed according to the method of Ausubel et al. (1991)
using rabbit anti-(4S)-(—)-limonene synthase polyclonal
antibodies (Alonso et al., 1993) with alkaline phosphatase-
conjugated goat anti-rabbit polyclonals as secondary anti-
body. Antigen bands were visualized using 5-bromo-4-
chloro-3-indolyl phosphate/nitroblue tetrazolium chloride
according to the manufacturer’s specifications (Bio-Rad)
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and were quantified by densitometry. Preimmune serum
was used as a control. Multiple immunoblots for each time
point were analyzed and a representative time course pro-
file is presented.

RNA Isolation and Blot Analysis

Total RNA was prepared from the isolated secretory cells
according to the method of Logemann et al. (1987). RNA
electrophoresis and northern-blot analysis were performed
according to the method of Sambrook et al. (1989). Total
RNA was denatured and separated by 1.2% (w/v)
formaldehyde-agarose gel electrophoresis. Following elec-
trophoresis, the RNA was transferred with 20X SSC onto
nitrocellulose or nylon membranes and cross-linked by UV
irradiation (1.2 X 10° pJ). **P-Labeled DNA probes pre-
pared by random priming of the cDNAs encoding geranyl
diphosphate synthase (Burke et al., 1999), limonene syn-
thase (Colby et al., 1993), Cyt P450 limonene-3-hydroxylase
(Lupien et al., 1999), and NADPH-dependent Cyt P450
reductase (Ponnamperuma and Croteau, 1996) were used
to detect the corresponding mRNAs.

Prehybridizaiton was conducted at 65°C for 1 h in 5X
Denhardt’s solution, 5X SSC, 0.5% (w/v) SDS, and 20
wng/mL sheared salmon sperm DNA, followed by hybrid-
ization with the **P-labeled probe (3-6 X 10° cpm) under
the same conditions overnight. Post-hybridization washes
were done twice for 5 min in 1X SSC with 0.1% (w/v) SDS
(10 mL) at room temperature, twice for 15 min in 1X SSC
with 0.1% (w/v) SDS (50 mL) at room temperature, and
twice for 15 min in 0.2X SSC with 0.1% (w/v) SDS (50 mL)
at 68°C. Equal loading of total RNA was verified by com-
paring the ribosomal bands visualized on the ethidium
bromide stained gel before transfer to membrane, and a
phosphor imager (Bio-Rad) was used to quantify the sig-
nals from blots prepared from extracts of the different leaf
ages. Multiple, independent northern blots were prepared
and analyzed for each time point, and a representative time
course profile is presented. All northern blots were ex-
posed both to film for autoradiography and to the phos-
phor imager screen for quantification.

RESULTS AND DISCUSSION

In spite of the economic importance of the essential oils,
relatively little is known about the regulation of the bio-
synthesis of essential oil terpenoids. This lack of informa-
tion on metabolic controls is a serious impediment to the
development of strategies for bioengineering of essential
oil composition and yield (McCaskill and Croteau, 1997;
Haudenschild and Croteau, 1998; Lange and Croteau,
1999b). The development of methods for the selective iso-
lation from mint species of oil gland cells, in which the
biosynthesis of essential oil terpenes specifically occurs
(Gershenzon et al., 1989; McCaskill et al., 1992), has pro-
vided the means for verifying the target biosynthetic path-
ways, for isolating and purifying the corresponding en-
zymes, and for constructing highly enriched c¢DNA
libraries from this very specialized tissue. This advance has
led to the cloning of several monoterpene biosynthetic

genes and has provided, for the first time to our knowl-
edge, DNA probes and polyclonal antibodies as tools for
examining the regulation of monoterpene biosynthesis at
the molecular level. Using peppermint as a model system,
and based on extensive knowledge of the pathway and
enzymes of monoterpene biosynthesis in this species (Cro-
teau and Gershenzon, 1994), the developmental regulation
of metabolism was examined.

Developmental Regulation of Monoterpene
Biosynthetic Activity

The rate of monoterpene biosynthesis determined by
CO, pulse labeling (Gershenzon et al., 1999) has been
shown to rise rapidly in newly emerging leaves, reaching a
sharp peak between 12 and 20 d, and then rapidly declin-
ing as full leaf expansion is reached (Fig. 2A). Similarly, the
monoterpene content of peppermint leaves rises rapidly
between 12 and 20 d of age, levels off as full expansion is
reached, and then remains stable for the remainder of leaf
life (Fig. 2A) (Gershenzonet al., 1999). This pattern of de-
velopment in monoterpene biosynthetic capability and ac-
cumulation is entirely consistent with the population dy-
namics of the peltate oil glands, which pass through the
one-, two-, four-, and eight-celled stages and complete oil
secretion prior to full leaf expansion (G. Turner, J. Gersh-
enzon, and R. Croteau, unpublished data). Since neither
monoterpene catabolism (Mihaliak et al., 1991) nor mono-
terpene volatilization contribute significantly to alterations
in the level of stored product (Gershenzon et al., 1999),
the pattern of monoterpene accumulation in peppermint
glandular trichomes appears to chiefly reflect the rate of
biosynthesis.

To examine the dynamics of monoterpene production in
greater detail, changes in the in vitro activities of the eight
enzymes involved in the conversion of the primary metab-
olites isopentenyl diphosphate and dimethylallyl diphos-
phate to the principal end product, (—)-menthol (see Fig.
1), were measured in cell-free extracts of oil gland cells
obtained from leaves of different ages. The first seven
enzymes responsible for the diversion of primary metabo-
lism to (—)-menthone showed very similar and coordi-
nated developmental profiles (Fig. 2, B-D). Activity for
each enzyme was highest during early development in 12-
to 20-d-old leaves, with a sharp peak centered at d 15.
These enzyme activity profiles correlate very closely with
changes in the rate of monoterpene biosynthesis measured
by '*CO, incorporation (Fig. 2A), and correspond to leaves
with high proportions of filling glands (G. Turner, J. Ger-
shenzon, and R. Croteau, unpublished data).

The relative levels of the different enzyme activities
readily rationalize the mature oil composition observed
(Gershenzon et al., 1999). Thus, relatively low levels of the
early pathway steps (geranyl diphosphate synthase, (—)-
limonene synthase, Cyt P450, (—)-limonene-3-hydroxylase),
coupled to much higher levels of the central pathway steps
[(—)-trans-isopiperitenol dehydrogenase, (—)-isopiperi-
tenone reductase, (+)-cis-isopulegone isomerase] and some-
what lower levels of the final steps (pulegone reductase,
menthone reductase) combine to yield only very low levels
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Figure 2. Changes in overall biosynthetic rate, biosynthetic enzyme
activities, and monoterpene content of peppermint as a function of
leaf development. A, Changes in monoterpene biosynthetic rate
measured by '*CO, incorporation (#), total leaf monoterpene con-
tent (@), and leaf weight (O) as a function of development (see
Gershenzon et al., 1999). Peppermint leaves are fully expanded at
21 d. B, Changes in the activities of geranyl diphosphate synthase
(W), (—)-limonene synthase (O), and (—)-limonene-3-hydroxylase
(X10%) (A). C, Changes in the activities of (—)-trans-isopiperitenol
dehydrogenase (X10~") (M), (—)-isopiperitenone reductase (O), and
(+)-cis-isopulegone isomerase (A). D, Changes in the activities of
(+)-pulegone reductase (W) and (—)-menthone reductase (X102 (O).
E, Changes in the essential oil content of (—)-menthone (O) and
(—)-menthol (@) as a function of leaf development (see Gershenzon
et al., 1999). (—)-Menthone is also converted to small amounts of
(+)-neomenthol and menthyl esters; these data are not shown. The
sbs are indicated for (+)-pulegone reductase activity data points
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of pathway intermediates [a few percent each of (—)-
limonene and (+)-pulegone, with all other intermediates at
trace levels] and result in the accumulation of (—)-
menthone and (—)-menthol as the principal products. The
close correspondence between in vitro enzyme activity and
the rate of monoterpene biosynthesis measured in vivo
suggests that monoterpene formation in peppermint oil
gland cells is tightly controlled by the levels of biosynthetic
enzymes. Similar correlations have been noted for the for-
mation of a variety of isoprenoids during flower (Pichersky
et al., 1994), leaf (Croteau et al., 1981), and seedling (Green
and Baisted, 1972) development, and after induction by
pathogens (Dudley et al., 1986; Hanley et al., 1992), but this
is the first time that a related array of isoprenoid biosyn-
thetic enzymes has been investigated in a single specialized
cell type.

The only enzyme for which anomalous time course ki-
netics were observed was (—)-menthone reductase, which
converts (—)-menthone to (—)-menthol [lesser quantities of
(+)-neomenthol are also formed in the assay]. In this in-
stance, the activity level peaks 1 week later than all of the
enzymes of the earlier pathway steps and the decline in
activity is slower, giving rise to a significantly broader time
course curve. This unusual developmental pattern is nev-
ertheless consistent with the changes in monoterpene com-
position that accompany leaf development. (—)-Menthone
is the major end product of monoterpene biosynthesis in
young peppermint leaves, but this ketone declines in abun-
dance during leaf development as conversion to (—)-
menthol by the reductase occurs (Fig. 2E).

The apparent lag in the production of menthol from
menthone following the developmental increase in the ca-
pacity for menthone reduction (Fig. 2., D and E) is ex-
plained by the observation that during early leaf develop-
ment, when overall oil content is relatively low, some of the
menthone produced by the glands present at this time is
stored in the subcuticular compartment and thus is inac-
cessible for further metabolism. The cytosolic conversion of
menthone to menthol is principally a function of those
glands initiated and developed during the mid to late
stages of leaf development, when the enzyme is present
(i.e. because of temporal differences between the rate of
gland development and the kinetics of menthone reductase
appearance, a portion of the menthone “pool” produced is
not accessible for reduction to menthol; this proportion of
the total oil decreases with time as oil yield increases).

Since no evidence has been obtained as yet for the con-
trol of activity of these monoterpene biosynthetic enzymes
by allosterism or covalent modification (Croteau, 1987;
Wise and Croteau, 1999), it seemed likely that changes in
enzyme activity as a function of leaf development instead
reflect changes in the level of enzyme protein. To examine

(D); these error limits are typical for the other enzyme assays but are
not plotted for the sake of clarity of the presentation. The complete
data set, with error analysis, can be accessed at website www.
wsu.edu/~ibc/faculty/rc.html. Enzyme assays were standardized
based on the number of oil glands and, by using normalized gland
count data, were converted to a per-leaf basis.
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Figure 3. Temporal regulation of (—)-limonene synthase in the glan-

dular trichomes of peppermint leaves as a function of development.
A, The absolute amounts of limonene synthase protein determined by
immunoblotting of extracts from the secretory cells of peppermint
leaves of different ages. B, In vitro limonene synthase activity mea-
sured in soluble protein extracts from the glandular trichomes of
peppermint leaves of different ages (O), the corresponding relative
amounts of limonene synthase protein (#) (from the immunoblot
data of A), and the corresponding relative steady-state levels of
limonene synthase transcripts (A) (from the northern-blot data of Fig.
4). Peppermint leaves are fully expanded at 21 d.

this assumption in greater detail, (—)-limonene synthase
was selected for further study. This enzyme catalyzes the
committed step of monoterpene biosynthesis in mint and
may be rate limiting in peppermint (Croteau and Gershen-
zon, 1994), and polyclonal antibodies directed against this
synthase are available (Alonso et al., 1993). The absolute
amounts of limonene synthase protein extracted from the
secretory cells of leaves of different ages were determined
by immunoblotting using the antibodies specific for the
denatured enzyme. The time course of appearance and
disappearance of enzyme protein compared with the de-
velopmental change in enzyme activity showed very close
correlation (Fig. 3), which paralleled the overall rate of
monoterpene biosynthesis (Fig. 2A), and gave no indica-
tion for the presence of inactive form(s) of limonene syn-
thase at any stage of development. If it is assumed that the
behavior of limonene synthase, for which enzyme activity
is a direct measure of enzyme protein, is representative of
the other enzymes of the menthol biosynthetic pathway,
then it is apparent that these catalysts of monoterpene
metabolism are present only for a brief period of overall
leaf development.

Transcriptional and Translational Regulation of
Monoterpene Biosynthesis

The regulation of gene expression for a subset of the
above monoterpene biosynthetic enzymes was examined

by RNA-blot analysis of total RNA isolated from oil glands
of leaves at the same developmental stages employed in
the above time course experiments. Since DNA probes
were available only for geranyl diphosphate synthase
(Burke et al., 1999), limonene synthase (Colby et al., 1993),
Cyt P450 limonene-3-hydroxylase (Lupien et al., 1999), and
NADPH-dependent Cyt P450 reductase (Ponnamperuma
and Croteau, 1996), mRNA transcript accumulation for the
respective enzymes of these early pathway steps (Fig. 1)
was evaluated. This time course of steady-state message
levels (Fig. 4), all peaking near d 12, clearly indicates the
coordinated regulation of these initial biosynthetic steps
that parallels the appearance of biosynthetic activity mea-
sured in vitro (Fig. 2) and by the developmental western
blot (Fig. 3). These results suggest that the developmental
regulation of monoterpene biosynthesis in peppermint oil
glands resides at the level of gene expression, and indicate
that transcriptional and immediate translational activity
for these early pathway genes occurs during a relatively
short period of leaf development that is followed by turn-

100

H 2 g

Relative Percentage

Leaf Age (Days)

Figure 4. Temporal changes in steady-state mRNA levels for mono-
terpene biosynthetic enzymes in the glandular trichomes of pepper-
mint leaves as a function of development. For each time point, total
glandular RNA was isolated, separated on a denaturing agarose gel (5
pg/lane), blotted, and hybridized to radiolabeled DNA probes di-
rected toward geranyl diphosphate synthase (B), (—)-limonene syn-
thase (C), Cyt P450 limonene-3-hydroxylase (D), and NADPH-
dependent Cyt P450 reductase (E). A, Ribosomal bands visualized
with ethidium bromide that were used to verify loading of equal
amounts of total RNA. F, Plot of the relative amounts of message
determined by northern-blot analysis for geranyl diphosphate syn-
thase (@), limonene synthase (O), limonene-3-hydroxylase (#), and
Cyt P450 reductase ().
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over of the corresponding enzymes accompanied by the
cessation of monoterpene production.

Previous studies have demonstrated that inducible
monoterpene (Steele et al., 1998), sesquiterpene (Vogeli and
Chappell, 1990; Facchini and Chappell, 1992) and diterpene
(Lois and West, 1990) biosynthesis are regulated at the level
of transcription. The present studies are the first to indicate
that the developmental regulation of monoterpene biosyn-
thesis in secretory trichomes also resides largely at the level
of gene expression. The role of gene expression in the
control of the early, non-specialized pathway steps leading
to the universal terpenoid precursors isopentenyl diphos-
phate and dimethylallyl diphosphate (Lange et al., 1998;
Lange and Croteau, 1999a), and of menthone reductase and
menthol acetyltransferase (Croteau and Hooper, 1978),
which also appears late in leaf development, has not yet
been evaluated. The time course of appearance of the latter
two enzyme activities compared with the kinetics for ear-
lier pathway steps suggests a subsequent period of tran-
scriptional and translational activity late in leaf (oil gland)
development. These regulatory questions are being ad-
dressed as DNA and antibody probes for these target en-
zymes become available.
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