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Functional genomics approaches, which use combined computa-
tional and expression-based analyses of large amounts of se-
quence information, are emerging as powerful tools to accelerate
the comprehensive understanding of cellular metabolism in spe-
cialized tissues and whole organisms. As part of an ongoing effort
to identify genes of essential oil (monoterpene) biosynthesis, we
have obtained sequence information from 1,316 randomly selected
cDNA clones, or expressed sequence tags (ESTs), from a pepper-
mint (Mentha x piperita) oil gland secretory cell cDNA library. After
bioinformatic selection, candidate genes putatively involved in
essential oil biosynthesis and secretion have been subcloned into
suitable expression vectors for functional evaluation in Escherichia
coli. On the basis of published and preliminary data on the
functional properties of these clones, it is estimated that the ESTs
involved in essential oil metabolism represent about 25% of the
described sequences. An additional 7% of the recognized genes
code for proteins involved in transport processes, and a subset of
these is likely involved in the secretion of essential oil terpenes
from the site of synthesis to the storage cavity of the oil glands. The
integrated approaches reported here represent an essential step
toward the development of a metabolic map of oil glands and
provide a valuable resource for defining molecular targets for the
genetic engineering of essential oil formation.

functional genomics | isoprenoid biosynthesis | monoterpene biosynthesis

ssential oil plants have been valued historically for their

medicinal, culinary, and fragrance properties and include
members of the genus Mentha (mint), which produce some of the
most widely used essential oils (1). The essential oil of pepper-
mint is biosynthesized and stored in specialized anatomical
structures, termed peltate glandular trichomes, on leaf surfaces
(2, 3). Given the commercial value of these oils, the processes
involved in their biosynthesis and secretion are attractive targets
for genetic engineering. The characteristic flavor and aroma
components of mint oils are monoterpenes (4). However, be-
cause of the complexity of the monoterpene biosynthetic path-
way and the difficulties in purifying the responsible enzymes (5),
obtaining gene probes from the corresponding target proteins by
classical biochemical approaches has presented a considerable
challenge.

The partial sequencing of anonymous cDNA clones [expressed
sequence tags (ESTs)] has become a rapid and cost-effective
means of gaining information about gene expression and coding
capacity of Arabidopsis thaliana (6) and rice (7). In addition, a
few groups have analyzed ESTs expressed in specialized tissues
and organs to assist in the identification of new genes involved
in specialized pathways, such as those of developing rice en-
dosperm (8), isolated guard cells of Brassica campestris (9),
wood-forming tissues of poplar (10), and immature xylem of
Loblolly pine (11).

Here we report on a functional genomics approach (Fig. 14)
directed toward the characterization of genes involved in essen-
tial oil formation in peppermint (Mentha x piperita), that was
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initiated with the construction of an oil gland secretory cell
cDNA library. The secretory cells of the oil glands responsible
for essential oil biosynthesis can be isolated in high yield from
leaves (3). These isolated cells are capable of de novo biosyn-
thesis of monoterpenes from primary carbohydrate precursors
(12), and they have been shown to be highly enriched in the
enzymes of monoterpene biosynthesis (13). By using a modifi-
cation of a published protocol (14), mRNA from isolated
peppermint secretory cells was obtained and subsequently used
to generate a cDNA library. A modest effort to sequence ESTs
from this enriched cDNA library (=1, 300 acquisitions) led by
bioinformatic processing of the data to candidate genes puta-
tively involved in essential oil biosynthesis and secretion, that, by
heterologous expression in Escherichia coli, allowed functional
characterization of the corresponding recombinant proteins.

Materials and Methods

Plant Material, mRNA Isolation, and Generation of an Oil Gland
Secretory Cell cDNA Library. Peppermint plants (Mentha x piperita
L. cv. Black Mitcham) were propagated and grown under
greenhouse conditions as previously described (3). Leaves
(1520 g; <10 mm in length) were excised and soaked in an
ice-cold imbibition buffer containing 1 mM aurintricarboxylic
acid, 5 mM thiourea, and 2 mM DTT, for 1 h. Oil gland secretory
cells were then isolated by using a modification of the glass bead
abrasion method (3) with an extraction buffer (pH 6.6) consist-
ing of 200 mM sorbitol, 10 mM sucrose, 25 mM Mopso, 0.5 mM
sodium phosphate, 1% (wt/vol) polyvinylpyrrolidone-40, 0.6%
(wt/vol) methyl cellulose, 1 mM aurintricarboxylic acid, 5 mM
thiourea, and 2 mM DTT. The isolated secretory cells were next
frozen in liquid N», powdered with a mortar and pestle, and RNA
was extracted by using a modified protocol based on a previously
published method (14). This method involves extraction at pH
7.0 with 8 M guanidine-HCI containing 20 mM Mes, 20 mM
EDTA, 50 mM ethanethiol, and 1% (wt/vol) polyvinylpyrroli-
done-40, followed by phenol and chloroform extractions to
remove proteins, acidic precipitation of RNA to remove DNA,
and, finally, ethanol (10%, vol/vol) precipitation of polysaccha-
rides. RNA yield and quality were assessed by formaldehyde-
agarose gel electrophoresis (15) and by in vitro translation by
using the wheat germ system (Promega, 1.4140) followed by gel
electrophoresis of the resulting labeled proteins. mRNA was
isolated by two rounds of oligo(dT)-cellulose column chroma-
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Functional genomics approach to evaluate ESTs from a peppermint oil gland secretory cell cDNA library. (A) Flow diagram of program. (B) Light

micrograph of oil gland secretory cell clusters isolated from peppermint leaves (Bar = 200 um).

tography (Pharmacia Biotech, no. 27-9258-02), and the quality
was evaluated again by using the in vitro translation assay. cDNA
synthesis from 5 pg of purified mRNA and library construction
were carried out with a commercial kit (Stratagene, AZAPII
cDNA library construction kit no. 1200454). To estimate the
average cDNA insert size, an aliquot of the cDNA library was
plated, 96 individual clones were in vivo excised according to the
manufacturer’s instructions, plasmid DNA of these clones was
isolated and used as template for PCR amplication by using T3
and T7 primers, and the resulting amplicons were analyzed by
agarose gel electrophoresis. To acquire the 5'-termini corre-
sponding to truncated cDNA clones, 5'-rapid amplification of
cDNA ends was carried out by using the Marathon cDNA
amplification system (CLONTECH, K1802-1) with purified
mRNA from oil gland secretory cells as template. The resulting
amplicons were cloned into the TOPO TA cloning vector
(Invitrogen, K4550-01), and the inserts were sequenced from
both ends.

Nucleotide Sequencing. pBluescript SK(—) phagemids were ex-
cised from the AZAPII vector according to the in vivo mass
excision protocol of the manufacturer (Stratagene). Plasmid
DNA was isolated from randomly selected colonies by using a
commercial kit (Qiagen, no. 16151) and a 48-well vacuum
manifold (Qiagen, no. 19503). Taq polymerase cycle sequencing
reactions were performed by using FS terminator chemistry
(Perkin—Elmer) and T3 primer. For selected clones, the com-
plete sequence of both strands was obtained by using T3, T7, and
gene-specific primers. Automated sequencing was carried out
with a model 373 sequencer (Applied Biosystems).

Sequence Analysis. Sequences were edited manually to remove
contaminants originating from the vector and to discard poor
quality 3'-sequence. Sequence comparisons against the Gen-
Bank nonredundant protein database were performed by using
the BLASTX algorithm (16). A match was declared when the score
was higher than 120 (optimized similarity score), with 65%
sequence identity over a minimum of 30 deduced amino acid
residues. EST sequences were then grouped, where appropriate,
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into sequence clusters by using the TIGR ASSEMBLER (17). In
addition, the sequences of each contig were aligned by using the
fragment assembly program of the Wisconsin Sequence Analysis
Package (Genetics Computer Group, Madison, WI; based on ref.
18), and consensus sequences were generated with 90% identity
over a minimum of 40 nucleotides.

Recombinant Protein Expression. For candidate genes putatively
involved in isoprenoid biosynthesis, five methods for heterolo-
gous expression in E. coli were used. In general, bacteria
harboring a plasmid contruct were grown in LB medium supplied
with appropriate antibiotics at 37°C to an ODgq of 0.2-0.5. After
addition of a chemical inducer (for details, see below), cells were
incubated for an additional 12-20 h at 15-20°C. Low-level
expression, without subcloning, was achieved from pBluescript
SK(—) (Stratagene, no. 212206) under control of the lac pro-
moter (E. coli SOLR cells as a host, Stratagene, no. 200298),
which was induced by addition of 1.0-2.5 mM isopropyl-1-thio-
B-D-galactopyranoside (IPTG). If purification of the recombi-
nant protein was required, expression under control of the
araBAD promoter from the pPBAD TOPO TA expression vector
(Invitrogen, K4300-01) was induced by arabinose (0.1-1 mM)
addition (E. coli OneShot TOP10 cells as a host, Invitrogen, no.
C4040-10); this approach allowed a convenient one-step puri-
fication of the corresponding His-tagged recombinant protein by
using Ni* affinity-binding columns. For high-level expression,
the vector pSBET (19) was used, from which the expression of
transgenes is regulated by the T7 phage promoter and is induced
by IPTG (0.1-1 mM) addition. This vector supplements a tRNA
for the arginine triplets AGA and AGG, which are of low
abundance in E. coli genes but are frequently found in plant
genes. In more recent work, tRNAs for rare codons were
successfully complemented by the use of E. coli BL21-
CodonPlus(DE3)-RIL cells (Stratagene, no. 230245), which
contain extra copies of the argU, ileY, and leu W tRNA genes
encoding tRNA species that recognize the arginine codons AGA
and AGG, the isoleucine codon AUA, and the leucine codon
CUA. Thus, the pSBET vector was replaced by the pET-3 vector
(Novagen, no. 69409-3) in this application; this vector also
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features the T7 phage promoter for control of expression. It
should be noted that the high-level expression of plant proteins
in E. coli often results in the formation of inclusion bodies;
however, sufficient soluble protein is usually produced to give
measurable enzyme activity. For the heterologous expression of
cytochrome P450 monooxygenases, the corresponding genes
were subcloned into the pCWOri* vector (20). Expression from
this vector under control of the lacUVS5 promoter was induced
by addition of 0.2-1.0 mM IPTG. Protocols for the isolation of
bacterial cells, enzyme extraction, and activity assays have been
previously described (21-25).

Results and Discussion

Generation of an Oil Gland Secretory Cell cDNA Library. Essential oil
(monoterpene) biosynthesis and accumulation in mint is specif-
ically localized in epidermal oil glands (12, 26). Disk-like clusters
of oil gland secretory cells were obtained in high yield from
young peppermint leaves by an improved protocol based on the
glass-bead abrasion technique (3). Microscopic examination
indicated that >99% of the glandular disks isolated contained
eight secretory cells each (Fig. 1B). This distribution of glandular
structures is in contrast to the developmental distribution of
two-celled (=6%), four-celled (~14%), and eight-celled
(=80%) peltate glandular trichomes on the surface of young
leaves (<10 mm in length) (G. Turner and R.C., unpublished
results); this fortuitous enrichment in eight-celled structures
most active in essential oil biosynthesis is likely a physical
consequence of the heavily cutinized lateral wall of the support-
ing stalk cell (Fig. 1A4) that may render the interface of the stalk
cell-secretory cell junction most susceptible to cleavage (G.
Turner, J. Gershenzon, and R.C., unpublished results).

To protect RNA from degradation during the secretory cell
isolation procedure, the RNase inhibitor aurintricarboxylic acid
(27) and the phenol oxidase inhibitor thiourea (28) were added
to the leaf imbibition and secretory cell isolation buffers. The
RNA isolation method of Logemann ef al. (14) was modified by
adding polyvinylpyrrolidone-40 to the buffer to bind phenolics
released during the process and by including a polysaccharide
precipitation step by using 10% ethanol (29). Quality assessment
of isolated RNA by agarose gel electrophoresis and by in vitro
translation indicated that these modifications allowed the prep-
aration of intact mRNA from oil glands. Notably, about 20
distinct protein bands, in addition to a faint smear of other
labeled proteins, were observed on SDS/PAGE analysis of the
in vitro translation mixture, indicating the presence of several
highly abundant mRNA species (data not shown). A AZAPII
cDNA library was then constructed from purified oil gland
mRNA according to the manufacturer’s instructions (Strat-
agene). The average insert size, based on PCR analysis of 96
individual clones, was estimated to be about 1,400 bp. For
sequencing and expression, the cDNA clones were in vivo excised
as pBluescript SK(—) phagemids in E. coli host strain SOLR.

Nucleotide Sequencing, Fragment Assembly, and Database Searching.
A total of 1,316 individual clones were randomly picked and
sequenced from the 5'-terminus, of which 1,250 clones gave
high-quality sequencing results. After deletion of vector se-
quences and poor quality 3’-sequences and editing of artefacts,
the average readable coding sequence was determined to be
approximately 560 bp. Of the 1,250 ESTs evaluated, 66% showed
significant homology to sequences with assigned putative func-
tions in public databases by using the BLASTX search algorithm
(16). Fragment assembly of these sequences revealed 109 clusters
of contiguous sequence, consisting of two or more ESTs, whereas
747 sequences remained as single ESTs with no significant
homology to any other sequence in the data set (corresponding
to a total of 856 unique transcripts). About 66% of the ESTs
belonged to sequence clusters ranging from low redundancy (2-4
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Fig. 2.  Functional classification of ESTs from the peppermint oil gland
secretory cell cDNA library. Secondary metabolism accounts for about 35% of
total metabolism.

sequences per contig, with 69 contigs detected) and medium
redundancy (5-10 sequences per contig, with 25 contigs detect-
ed), to high redundancy (11-77 sequences per contig, with 13
contigs detected).

Selection and Expression of Candidate Genes. The ESTs were
classified into eight functional groups according to their se-
quence characteristics (Fig. 2). About 48% of the clones from the
oil gland secretory cell cDNA library coded for enzymes in-
volved in primary metabolism (glycolysis, pentose phosphate
pathway, amino acid metabolism, and acyl lipid metabolism) and
secondary metabolism (isoprenoid and flavonoid biosynthesis).
Another group of ESTs of high abundance were represented by
putatively assigned genes coding for enzymes of metabolite and
protein transport (7%). These results, together with the ob-
served complete absence of genes involved in photosynthesis and
carotenoid biosynthesis, confirmed that the preparation of oil
gland secretory cells [which contain only photosynthetically
inactive leucoplasts (30)] was devoid of contaminating photo-
synthetic leaf tissue.

To limit the number of ESTs for expression studies, attention
was first focused on clones with similarity to known genes of
isoprenoid (monoterpene and sesquiterpene) biosynthesis (e.g.,
prenyl transferases and terpene synthases) and on those with
sequence properties predicted for other genes involved in iso-
prenoid biosynthesis (e.g., transketolases, cytochrome P450
monooxygenases, and oxidoreductases) (Fig. 3). In addition,
more extensive sequence analyses were conducted with selected
candidate genes (e.g., putative genes for kinases, glucosyl trans-
ferases, and acyl transferases) by searching the Prosite
[http:/ /www.expasy.ch/prosite (31)], ProDom [http://pro-
tein.toulouse.inra.fr/prodom.html (32)], and Promise
[http:/ /bioinf.leeds.ac.uk /promise (33)] databases.

Full-length clones corresponding to truncated versions of
candidate genes were obtained by a 5’-rapid amplification of
cDNA ends method. For functional expression in E. coli, five
different methods were considered, and the most promising
protocol for a particular class of enzyme was then selected. For
initial characterization, the pBluescript SK(—) vector was used.
For cases in which an affinity-based purification of the recom-
binant protein was desirable to eliminate competing enzyme
activities of the host, genes were subcloned into the pBAD
TOPO TA vector (Invitrogen) and expressed as His-tag fusion
proteins. For high-level expression, genes were subcloned into
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(A) Outline of monoterpene biosynthesis in peppermint glandular trichomes. The enzymes indicated are: (—)-limonene synthase (1), (—)-limonene-3-

hydroxylase (2), (—)-isopiperitenone reductase (3), (+)-pulegone reductase (4), (+)-menthofuran synthase (5), (—)-menthol acetyltransferase (6), and 1,8-cineole

synthase (7). (B) Structures of selected sesquiterpenes of peppermint oil.

pSBET (19), a plasmid that supplements for a tRNA for arginine
codons that rarely occur in E. coli but are commonly found in
plant genes. Recently, the use of BL21-CodonPlus cells (Strat-
agene) has become a convenient alternative to supply tRNAs for
rare arginine, leucine, and isoleucine codons; this approach
allows substitution of the pET-3 vector (Novagen) for pSBET.
Cytochrome P450 monooxygenases were expressed by using the
pCWOri™ vector (20).

Genes of Essential Oil Biosynthesis. In mint oil glands, the
classical mevalonate pathway for the biosynthesis of isopen-
tenyl diphosphate (IPP), the central intermediate of isopre-
noid biosynthesis, is blocked (34); not a single gene of this
pathway was among the ESTs sequenced. This specialization
facilitated the isolation and characterization of genes of the
alternative 1-deoxyxylulose-5-phosphate (DXP) pathway for
IPP biosynthesis (35, 36), including DXP synthase (22), DXP
reductoisomerase (23) and isopentenyl monophosphate kinase
(37) (Table 1). In addition, a putative homologue of 4-diphos-
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phocytidyl-2-C-methylerythritol synthase (38) was acquired in
the EST dataset, and confirmation by the functional expres-
sion of this gene is in progress.

IPP, by the action of IPP isomerase (39), is converted to
dimethylallyl diphosphate (DMAPP). By sequence comparison,
two homologous ESTs for IPP isomerase were detected, the
functional properties of which are now being evaluated. DM APP
serves as the starter unit for sequential condensation reactions
catalyzed by prenyltransferases (40). Addition of one molecule of
IPP to DMAPP yields geranyl diphosphate; this reaction is cata-
lyzed by geranyl diphosphate synthase, a heterodimeric enzyme that
was recently cloned and characterized from this oil gland cDNA
library (24). Addition of a second molecule of IPP (to geranyl
diphosphate) leads to the formation of farnesyl diphosphate; ESTs
encoding farnesyl diphosphate synthase were detected by sequence
homology. Similarly, elongation of DMAPP with a total of three
molecules of IPP yields geranylgeranyl diphosphate by the action of
geranylgeranyl diphosphate synthase, for which the corresponding
ESTs were also detected.
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Table 1. Peppermint ESTs related to monoterpene and
sesquiterpene biosynthesis

Total number

of hits Redundancy,
EST identification (of 1,250) %0
DXP synthase 1 8.8
DXP reductoisomerase* — 0.7
Isopentenyl monophosphate kinase 2 1.6
IPP isomerase 2 1.6
Geranyl diphosphate synthase 4 3.2
(small subunit)
Geranyl diphosphate synthase 4 3.2
(large subunit)
Farnesyl diphosphate synthase 3 2.4
Monoterpene synthases (total) 37 29.6
(—)-Limonene synthase (isoenzyme 1) 18 14.4
(—)-Limonene synthase (isoenzyme 2) 12 9.6
1,8-Cineole synthase 2 1.6
Sesquiterpene synthases (total) 12 9.6
B-Farnesene synthase 2 1.6
(—)-Limonene-3-hydroxylase 77 61.1
(4+)-Menthofuran synthase 10 8.0
(—)-Isopiperitenone reductase 28 22.4
(+)-Pulegone reductase 14 11.2
(—)-Menthol acetyltransferase 4 3.2

*This clone was not obtained as part of the EST sequencing project. A cDNA
library screen revealed an abundance of one in 1,500 clones (0.7%o).

These prenyl diphosphates undergo subsequent cyclization
reactions, catalyzed by terpene synthases, leading to the various
parent skeletons for monoterpenes (from geranyl diphosphate),
sesquiterpenes (from farnesyl diphosphate) (Fig. 3B), and diter-
penes (from geranylgeranyl diphosphate) (41). The peppermint
oil gland terpene synthases characterized by functional expres-
sion thus far include (—)-limonene synthase and 1,8-cineole
synthase, B-farnesene synthase (42) (Fig. 3) and, by similarity
considerations, (—)-copalyl diphosphate synthase and (—)-ent-
kaurene synthase.

The late stages of monoterpene metabolism in peppermint
involve a series of secondary transformations (redox reactions,
isomerizations, and conjugations) to yield numerous end prod-
ucts (Fig. 34). Functional expression of full-length cDNAs
derived from the corresponding EST acquisitions have yielded
(—)-limonene-3-hydroxylase (25), (—)-isopiperitenone reduc-
tase, (+)-pulegone reductase, (+)-menthofuran synthase, and
(—)-menthol acetyltransferase. The abundance of some ESTs
was remarkably high, including those encoding DXP synthase
(8.8%0), (—)-limonene synthase (LS1, 14.4%o0; LS2, 9.6%o0),
(—)-limonene-3-hydroxylase (61.6%o0), (—)-isopiperitenone re-
ductase (22.4%o0), and (+)-pulegone reductase (11.2%o), con-
firming the enrichment in the library of genes involved in
essential oil biosynthesis.
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In addition to the monoterpenes and sesquiterpenes, fla-
vonoids form another, although quantitatively less significant,
group of mint essential oil constituents (43). As inferred by
sequence homology, genes encoding 4-coumarate-CoA ligase,
(0.8%0), chalcone synthase (4%o), chalcone isomerase (4%o),
flavonoid-3',5’-hydroxylase (4%o), flavonol-4-reductase (8%o),
flavonol sulfotransferase (2.4%o), and flavonoid O-methyltrans-
ferases (40%o) were detected, as was one EST related to the
CYP93 family of cytochrome P450 monooxygenases.

Genes of Essential Oil Transport and Secretion. Lipid transfer pro-
tein homologues are very abundant in the peppermint oil gland
cDNA library (32%). These proteins are known to transport
lipophilic molecules between intracellular membranes and are
secreted into the medium of plant cell cultures (44). Because
essential oil biosynthesis involves three intracellular compart-
ments (leucoplasts, endoplasmatic reticulum and cytosol) and
final export to the subcuticular storage cavity, a potential role for
lipid transfer proteins is suggested in the intracellular trafficking
and ultimate secretion of essential oil.

Genes of Primary Metabolism. Among the ESTs sequenced were
homologues for all enzymes of glycolysis (with the exception of
phosphoglycerate kinase), the total relative abundance of which
was about 17%o. The relative abundance of genes related to the
oxidative pentose phosphate pathway was 8.8%o. Genes of
oxidative phosphorylation were represented with a relative
abundance of 9.6%o of the ESTs. These results indicate that the
pathways that provide energy equivalents and redox cofactors for
essential oil biosynthesis are very active. The transcript abun-
dance for certain specific transporters, including a plastidial
ADP/ATP antiporter (4%o) and a phosphoenolpyruvate /phos-
phate antiporter (1.6%o) as well as several unidentified putative
transport proteins, suggests that the machinery for efficient
translocation of metabolic intermediates and cofactors is also
present.

Conclusions

The use of isolated oil gland secretory cell messages to generate
a cDNA library has proven to provide an excellent source of
ESTs related specifically to essential oil biosynthesis and accu-
mulation. The functional expression of full-length forms corre-
sponding to a significant number of target ESTs has been
achieved by judicious choice of generic heterologous expression
systems. This functional genomics approach has successfully
accelerated gene discovery and characterization and has also
provided promising targets for genetic engineering of essential
oil production (45).
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