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Abstract
Salvinorin A, a neoclerodane diterpenoid, isolated from the Mexican hallucinogenic plant Salvia divinorum, is a potent kappa-opioid
receptor agonist. Its biosynthetic route was studied by NMR and HR-ESI-MS analysis of the products of the incorporation of [1-13C]glucose, [Me-13C]-methionine, and [1-13C; 3,4-2H2]-1-deoxy-D-xylulose into its structure. While the use of cuttings and direct-stem injection were unsuccessful, incorporation of 13C into salvinorin A was achieved using in vitro sterile culture of microshoots. NMR spectroscopic analysis of salvinorin A (2.7 mg) isolated from 200 microshoots grown in the presence of [1-13C]-glucose established that this
pharmacologically important diterpene is biosynthesized via the 1-deoxy-D-xylulose-5-phosphate pathway, instead of the classic mevalonic acid pathway. This was conﬁrmed further in plants grown in the presence of [1-13C; 3,4-2H2]-1-deoxy-D-xylulose. In addition, analysis of salvinorin A produced by plants grown in the presence of [Me-13C]-methionine indicates that methylation of the C-4 carboxyl
group is catalyzed by a type III S-adenosyl-L-methionine-dependent O-methyltransferase.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Salvia divinorum, commonly referred to as Maria Pastora sage, has been known for its hallucinogenic properties
for generations by Mazatec Indians of Oaxaca, Mexico
Abbreviations: DOXP, 1-deoxy-D-xylulose phosphate; MEP, 2-C-methyl-D-erythritol phosphate; DOX, 1-deoxy-D-xylulose; [1-13C]- DOX, [1-13C]1-deoxy-D-xylulose; [13C,2H2]-DOX, [1-13C,3,4-2H2]-1-deoxy-D-xylulose; HRESI-MS, high resolution electron spray impact mass spectrometry; SAM, Sadenosyl-L-methionine.
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(Valdés et al., 1983). The active component of S. divinorum,
salvinorin A (1) (Fig. 1), was discovered by Ortega and colleagues in 1982 (Ortega et al., 1982), and its psychoactive
activity in mice tests were reported a few years later (Valdés
et al., 1987). Subsequent work established a threshold dose
of 200 lg of 1 for humans (Siebert, 1994). Salvinorin A (1)
is a ﬁrst non-nitrogenous, potent and selective kappa-opioid receptor agonist, and is being intensively studied as a
lead compound for the treatment of mental disorders
(Roth et al., 2002; Vortherms and Roth, 2006).
Terpenoids are among the most abundant plant secondary metabolites (reviewed by Gershenzon and Croteau,
1991). All terpenoids result from the assembly of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
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primarily 13C and 2H (Simpson, 1998). The biosynthetic
pathway of the hallucinogenic diterpenoid 1 has not yet
been elucidated. Recent studies have shown that 1 is compartmentalized within the glandular trichomes located on
abaxial side of the leaves of S. divinorum (Siebert, 2004).
Since monoterpenes produced in glandular trichomes are
normally derived from the DOXP pathway (Samanani
and Facchini, 2006), we hypothesized that this psychoactive diterpenoid was also formed by this alternative route
(Fig. 2). This hypothesis was tested by incorporation
experiments with [1-13C]-glucose and [1-13C; 3,4-2H2]-1deoxy-D-xylulose in Salvia divinorum. The source of the
methyl ester of 1 was also investigated in a feeding experiment with [Me-13C]-methionine.
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Fig. 1. Structures of salvinorin A (1) with atoms numbered according to
Ortega et al. (2), salvinorins B (2), F (3), and divinatorins A (4) and B (5)
isolated from Salvia divinorum.

(DMAPP) building blocks (reviewed by Eisenreich et al.,
2004). It was long thought that these precursors originate
exclusively from the mevalonic acid (MVA) pathway, which
is ubiquitous in plants and animals (Porter and Spurgeon,
1981). However, this paradigm was challenged by Rohmer
in labeling studies of bacterial hopanoids (Rohmer et al.,
1993). Broers and Schwarz showed that the new pathway
involves the monophosphate of 1-deoxy-D-xylulose
(DOX), and that higher plants utilize both the MVA and
DOX pathways (Broers, 1994; Schwarz, 1994). This biosynthetic route is now called the DOXP or MEP pathway, in
reference to the early pentose intermediates, 1-deoxy-Dxylulose 5-phosphate and 2-C-methyl-D-erythritol 4-phosphate (Eisenreich et al., 1998, 2001, 2004; Rohmer, 1999).
The biosynthetic pathways of many diﬀerent metabolites have been studied extensively using stable isotopes,
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Fig. 2. Simpliﬁed biosynthetic scheme showing the predicted incorporation pattern of [1-13C]-glucose isotopically labeled IPP in salvinorin A (1)
derived from either the MVA route (blue labels) or DOXP pathway (green
labels).
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2. Results and discussion
2.1. Method of incorporation
Salvinorin A (1) is being extensively studied as a lead
compound for the treatment of mental disorders (Roth
et al., 2002; Vortherms and Roth, 2006), however, its biosynthesis has not been investigated previously. Preliminary
experiments with [2-13C]-glucose were designed to determine whether isotopically labeled substrates were taken
up by S. divinorum cuttings and to estimate the duration
of the administration period required for suﬃcient incorporation. Our initial attempts to label 1 using plant cuttings
or direct-stem injection techniques were not successful
although these methods have often been used in other biosynthetic studies. For example, cuttings of Populus nigra L.
were used to study biosynthesis of isoprene and phytol via
the DOXP pathway (Schwender et al., 1997), and
1-[5,5-2H2]-1-deoxy-D-xylulose was incorporated into germacrene D using cuttings of Solidago canadensis (Steliopoulos et al., 2002). In contrast, S. divinorum cuttings did not
take up the labeled substrate very eﬃciently. The incorporation of 13C-glucose or 13C-DOX into 1 could not be
detected by HR-MS or 13C NMR spectroscopic analyses,
even after up to 6 weeks of incubation (data not shown).
Furthermore, fungal and algal contamination of the medium could not be eliminated completely, which may have
reduced the availability of the substrates. Direct-stem injection has been a successful alternative method of introducing biosynthetic precursors into plants. Incorporation of
[1-14C]-tryptophan into camptothecin was increased 25–
100 fold by using direct-stem injection compared with feeding through roots (Sheriha and Rapoport, 1976). Another
study also showed that more asparagine was introduced
in plants by direct-stem injection than through root uptake
(Oti-Boateng and Silsbury, 1993). However, this method of
application has been reported to cause severe tissue damage and necrosis (Oti-Boateng and Silsbury, 1993; Sheriha
and Rapoport, 1976). In our case, direct-stem injection
method did not result in detectable incorporation of
[2-13C]-glucose into 1. Growth inhibition and tissue darkening of terminal leaves reﬂected intolerance of S. divinorum to this type of treatment. Mass spectrometry analysis
did not reveal noticeable isotope clusters that would suggest 13C enrichment in 1.
In order to overcome these problems, a method for
in vitro tissue culture of S. divinorum was developed. This
approach led to the incorporation of labeled substrates
and the elucidation of the biogenic pathway of 1. Microshoots transferred to new tissue culture tubes required 7–
10 days of adaptation and usually grew at an average rate
of 1 cm per week, reaching 2–3 cm height after 21 days of
incubation in labeled medium. The contamination rate
among initial nodal explants taken from mother plants
grown in the greenhouse was 46%, but clonal subcultures
of healthy aseptic samples remained free from microbial
infection indeﬁnitely.

Incorporation of [13C]-glucose in 1 was achieved in
microshoots grown in 1% labeled/1% unlabeled glucose.
The 1:1 ratio of labeled to unlabeled glucose in the medium
was used to enhance uptake of the isotopically labeled substrate (Wungsintaweekul and De-Eknamkul, 2005). Glucose was used in the tissue culture medium instead of the
more commonly used sucrose (Arikat et al., 2004; Avato
et al., 2005) to maximize the biosynthetic incorporation.
2.2. Spectroscopic analysis of salvinorins labeled with
[2-13C]-glucose
LC-MS analysis of leaf extracts obtained after 3 days,
and then later after 11 days of incubation, showed 13C originating from labeled glucose was successfully incorporated into the core structure of salvinorin A (1) and
salvinorin B (2) (Fig. 3a and b). Salvinorin A (1) showed
a [M+1]+ peak at m/z 433.2 and three other peaks for
[M+2]+, [M+3]+, [M+4]+ and [M+5]+. The signal of the
parent ion of 2 occurred at m/z 391.2 and had a clear isotopic cluster when compared to standards. Peaks from 13C
enrichment also appeared for [M+2]+, [M+3]+, [M+4]+
and [M+5]+. The calculated percent of enrichment from
[M+2]+ to [M+4]+, was in the range between 2.1% to
7.8% for 1, and 2.6% to 13.1% for 2, in comparison to standard (see Fig. 3a and c).
2.3. Spectroscopic analysis of salvinorins labeled with
[1-13C]-glucose
A large scale experiment consisted of 200 microshoots
grown aseptically for 4 weeks in the presence of 2% glucose
(50% isotopically labeled). Salvinorin A (1) was isolated
and puriﬁed by HPLC, resulting in a total of 2.5 mg of
labeled 1 and 0.5 mg of salvinorin B (2). Salvinorin F (3)
(Munro and Rizzacasa, 2003) along with divinatorins A
(4) and B (5) (Bigham et al., 2003) were also isolated in
small quantities (50–100 lg). LC-MS analysis conﬁrmed
the incorporation of [1-13C]-glucose into 1 and 2 (Fig. 4b
and d). Analysis of the relative signal intensity of 1 revealed
that [M+2]+ was 3.6% enriched, whereas 2 reached 4.4% of
incorporation, compared to standards (Fig. 4a and c).
Carbon NMR spectra of 1–5 (Fig. 5b and supplemental
data), revealed an incorporation pattern of 13C consistent
with that predicted for the DOXP pathway (Fig. 2). The
13
C enrichment measured by 151 MHz 13C NMR (Table
1) shows that methyl carbons C-19 (16.4 ppm), C-20
(15.2 ppm), C-22 (20.6 ppm), C-23 (51.9 ppm) are enriched
by 3.0%, 3.1%, 3.6% and 2.9 %, respectively; methylene
carbons C-6 (38.2 ppm), and C-11 (43.5 ppm) were also
each enriched by 2.8%; methine carbons C-2 (75.0 ppm),
C-15 (143.7 ppm), C-16 (139.4 ppm), were enriched at 2.7
%, 3.0% and 3.3%, respectively; and carbonyl carbons C17 (171.1 ppm) and C-21 (169.9 ppm) showed 13C enrichments of 3.6% and 1.2%, respectively. The 13C enrichments
of unlabeled carbons ranged from 0.0 to 0.7 and 1.2 to 3.6
for labeled ones. Average 13C enrichment for unenriched
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Fig. 3. Mass spectra showing incorporation of 13C from the experiment with [2-13C]-glucose. (a) standard of salvinorin A (1), (b) m/z 433.1159 [M+H]+
refers to salvinorin A parent peak. Subsequent peaks form an isotope cluster reﬂecting the incorporation of 13C into the molecule of 1. (c) standard of
salvinorin B (2), (d) m/z 391.1810 [M+H]+ corresponds to 2. Isotope cluster is spread to [M+5]+.
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Fig. 4. Mass spectra of: (a) standard of salvinorin A (1), (b) 1 isolated from experiment with [1-13C]-glucose, (c) standard of salvinorin B (2), and (d) 2
isolated from experiment with [1-13C]-glucose. Isotope clusters are spread up to [M+5]+ peak in case of isotopically labeled 1 and to [M+5]+ in 2.

carbons was 0.4, and for enriched carbons was 2.9. These
numbers are consistent with the percent of incorporation
calculated from HR-MS data. Enrichment of carbons C2, C-6, C-11 and C-15 of 1 was the result of the incorporation of carbon C-1 of IPP/DMAPP, whereas enrichment of

carbons C-16, C-17, C-19 and C-20 is due to the incorporation of carbon C-5 of IPP/DMAPP. As expected, methyl
groups C-19 and C-20 migrated during the biosynthesis
from C-4 to C-5, and C-10 to C-9, respectively (Fig. 2).
The observed pattern is in complete agreement with the
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Fig. 5. (a) Reference carbon NMR spectrum of salvinorin A (1); (b) spectrum of 1 labeled with [1-13C]-glucose; (c) spectrum of 1 labeled with [Me-13C]methionine. Spectra were recorded in CDCl3 with a Bruker NMR with BBO 5 mm carbon probe at 151 MHz (standard, and labeled with [1-13C]-glucose
1), and Bruker NMR with 3 mm carbon direct probe at 100 MHz (1 labeled with [Me-13C]-methionine). Carbons with enhanced peak heights relative to
the reference spectrum are labeled accordingly.

expected incorporation of glucose via the DOXP pathway.
In addition, carbonyl C-21 and methyl C-22 from the acetate functional group also were isotopically labeled with
[1-13C]-glucose in 1. This is the due to the non-speciﬁcity
of glucose as a biosynthetic substrate, since it is a major
metabolic intermediate in primary metabolism. Apparently, glycolysis generated isotopically labeled acetyl-CoA
which served as a substrate for the acetylation of the
hydroxyl group at C-2 by an acetyltransferase (Laﬂamme
et al., 2001). Labeling of the methyl ester in 1 at position
C-23 was also observed, and most likely results from the
enzymatic action of a type III S-adenosyl-L-methionine-

dependent O-methyltransferase (Noel et al., 2003; Roje,
2006). As with acetyl-CoA, the methyl group of SAM
was apparently derived from [1-13C]-glucose.
Proton NMR spectroscopic analysis showed clear satellites around proton peaks at H-19 (1.11 ppm, s), H-23
(3.72 ppm, s), H-2 (5.14 ppm, dd) and H-16 (7.4 ppm, dd)
that are associated with the protons directly attached to
the 13C-enriched carbons (supplemental data). Coupling
between 13C and 1H appears as symmetrical satellite peaks
that can be detected around the 1H NMR signal (Eisenreich and Bacher, 2000). The satellites of the proton signals
of methyl groups (H-19 and H-23, 1.11 ppm s and
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Table 1
Incorporation of [1-13C]-glucose and [1-13C,3,4-2H2]-DOX into salvinorin
A (1)
Carbon
no.

Chemical shift
(ppm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

202.0
75.0
30.8
53.6
42.1
38.2
18.2
51.4
35.5
64.2
43.5
72.0
125.3
108.4
143.7
139.4
171.1
171.5
16.4
15.2
169.9
20.6
51.9

Integration ratioa
[1-13C]Glucose

[1-13C,3,4-2H2]DOX

0.7
2.9
0.3
0.6
0.3
3.0
0.6
0.4
0.0b
0.5
3.0
0.3
0.4
0.2
3.2
3.6
3.9
0.7
3.2
3.4
1.3
3.9
3.1

0.0
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.0b
0.1
0.1
0.1
0.1
0.1
0.1
0.5
0.6
0.1
0.4
0.4
0.1
0.1
0.3

Numbering schemes corresponds to that shown in Fig. 1.
Integration ratio was calculated according to formula = ((Enriched integral unlabeled integral)/unlabeled integral) · 1.07.
a
Numbers in bold indicates carbons with 13C incorporation.
b
Denotes the carbon used as reference to calculate integration ratio.

3.72 ppm s) are easily identiﬁed because their signals are
sharp and tall (supplemental data). Methylene and methine
satellites are more diﬃcult to observe because their signals
are typically weaker and often overlap with other signals.
Their signals are typically split because of coupling to other
protons, which further reduces their relative height. Due to
those factors, the satellites of proton resonances of H-2
(5.14 ppm dd) and H-16 (7.4 ppm dd) are more diﬃcult to
observe than those of the methyl groups.
The signals showing 13C enrichment in the 13C spectra
were clearly distinct from the non-enriched positions.
Every position in the terpenoid core of salvinorin A (1)
(as well as its analogues 2–4), which was expected to be
enriched if derived from the DOXP pathway, had a higher
level of 13C incorporation than the other carbons (Fig. 5
and Table 1). Mass spectrometry data also supported this
observation, with the presence of an isotope cluster up to
[M + 6]+. The relative intensity of the [M+2]+ signal of
1, which at natural 13C abundance is about 25% of the
height of [M+1]+, increased to 47.1%, indicating that a
majority of the isotopomers have at least 1 enriched carbon
in the salvinorin core structure (Fig. 4).
It has been shown experimentally that 1 is stored in
glands, but there is no genomic or biochemical conﬁrmation that biogenesis of this compound is localized in these
structures. Our data indicate that 1 is derived from the

DOXP biosynthetic pathway, providing additional evidence that the site of biosynthesis is compartmentalized
in glandular trichomes. Indeed, many secondary metabolites that are produced in plant secretory glands, such as
the cannabinoids and other terpenoids, are produced via
the DOXP pathway (Gang et al., 2001; Mahlberg and
Kim, 2004).
2.4. [1-13C,3,4-2H2]-1-deoxy-D-xylulose incorporation
To conﬁrm the results obtained with the relatively nonspeciﬁc precursor glucose, an experiment was carried out
to label 98 S. divinorum microshoots with [1-13C,3,4-2H2]1-deoxy-D-xylulose. A multiply labeled substrate containing deuterium was used to provide additional biosynthetic
information. Because of phytotoxicity problems, the concentration of DOX could not exceed 0.1%. Analysis of
the salvinorin A (1) isolated from these plants using 13C
NMR spectroscopic analyses (Table 1) showed low, but
signiﬁcant, 13C enrichments of 0.3–0.6% in four peaks:
C-16, C-17, C-19, and C-20, which are consistent with
the DOXP pathway. The methyl carbon of the carbomethoxy group (C-23) was also enriched to the extent of
0.3%. The unenriched carbons showed enrichments of
0.0–0.1%.
Despite the low incorporation, the experiment with
labeled DOX clearly showed the expected pattern of
incorporation and was consistent with the results of
[1-13C]-glucose incorporation. However, the low enrichment obtained in this experiment meant that the anticipated information from the deuterium labeling was lost,
since the presence of deuterium could not be observed
by 2H NMR spectroscopy, nor by the inﬂuence of 2H
on the 13C-chemical shifts. Because the microshoots could
not tolerate concentrations of the DOX greater than
0.1%, the incorporation rate was limited. Low incorporation of DOX has been reported to be the result of poor
phosphorylation rate of the exogenous DOX (Adam
et al., 1999), or to possibly be due to the partial degradation of DOX into acetate, which reduces the pool of DOX
available for terpenoid biosynthesis (Thiel and Adam,
2002). It has also been suggested that, unlike glucose,
DOX may face limitations associated with active transport to plastids and with their membrane permeability
(Fluegge and Gao, 2005). Finally, there is a signiﬁcant
possibility that kinetic isotope eﬀects associated with deuterium labeling at positions that undergo enzymatic oxidation may have led to the low incorporation rate.
2.5. [Me-13C]-methionine incorporation
An experiment with 0.2% labeled methionine caused
phytotoxic damage to the microshoots which ultimately
resulted in the death of the plants. However, 0.1 mg of salvinorin A (1) was extracted and puriﬁed from these samples
and evaluated using 100 MHz 13C NMR spectroscopy.
Because of the very small amount of the compound

L. Kutrzeba et al. / Phytochemistry 68 (2007) 1872–1881

extracted, none of the carbon signals were detectable
except for a very strong resonance at 51.9 ppm, indicating
the incorporation of the methyl group of methionine into
C-23 of 1. Reducing the concentration to 0.1% of 13Clabeled methionine allowed the plants to grow for 21 days.
This experiment yielded 0.5 mg of pure 1, which was combined with the 1 from the ﬁrst methionine incorporation
experiment, and analyzed by NMR spectroscopy. The calculated percent of incorporation based on the 100 MHz
13
C NMR spectrum was 2.9% for C-23. Very good incorporation of methionine was observed, since the incubation
of microshoots with 0.2 and 0.1% of methionine resulted in
a similar level of incorporation of 13C into 1 (around 3%),
as was observed with a 10 fold higher concentration of
labeled glucose.
The retrobiosynthetic NMR analysis of 1 showed that
the methoxy ester at C-23 probably originates from
SAM. Incubation of microshoots in the presence of
[Me-13C]-methionine led to the speciﬁc labeling of C-23.
As mentioned above, such reactions are catalyzed by type
III SAM-dependent O-methyltransferases (Noel et al.,
2003). Methyltransferases play important roles in the biosynthesis of primary and secondary metabolites in plants
(Roje, 2006). While some O-methyltransferases have high
substrate speciﬁcity, some others are quite promiscuous
(Dayan et al., 2003; Pichersky and Gang, 2000).
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([13C,2H2]-DOX) were synthesized as previously described
(Giner, 1998). The crude plant extracts were puriﬁed using
Waters XTerra C18 7.8x100 mm (5 lm particle size) column connected to an HPLC (Delta Prep 4000, Waters Corporation, Milford, MA) equipped with a dual wavelength
detector (Model 2487, Waters Corporation, Milford,
MA). Puriﬁcation of the metabolites was achieved using
an MeCN:H2O (40:60) isocratic mobile phase and a UV
detector (k = 210 nm). Puriﬁed samples were evaluated by
LC-MS (Bruker Daltonik microTOF, Leipzig Germany).
Analysis was performed using a 150 · 4.6 mm C8 column
(Luna Phenomenex, Torrance, CA) with 3 lm particles size
and a linear gradient starting at 20% of MeCN and reaching 100% over 20 min. The LC was equipped with PDA
detector (Agilent 1100, Palo Alto, CA). HR-ESI-MS analysis was done in positive ionization mode.
NMR spectroscopic analyses were performed on either a
600 MHz Bruker Avance instrument with a 5 mm BBO
broadband probe or a 400 MHz Bruker UltraShield with
a 3 mm direct carbon probe. NMR samples were dissolved
in CDCl3, except for salvinorin B (2), which was dissolved
in d6-acetone. All NMR experiments (13C and 1H) were
recorded using standard Bruker software settings. Chemical shifts were standardized to solvent signals. NMR peak
assignments of 1 and 2 were according to Giner et al.
(2007).
4.2. Plants growth

3. Concluding remarks
Retrobiosynthetic NMR spectroscopic analysis of the
biogenic origin of salvinorin A (1) yielded an incorporation
pattern consistent with the DOXP-dependent pathway.
Labeling with [1-13C]-glucose and [1-13C; 3,4-2H2]-1deoxy-D-xylulose were in agreement with each other. Additionally, enrichment of the C-23 methoxy group in samples
grown in the presence of [Me-13C]-methionine strongly suggested the participation of a SAM-dependent type III Omethyltransferase. The microshoot tissue culture technique
developed to obtain this data provides a valuable tool to
continue our on-going biochemical characterization of
the individual steps involved in the formation of salvinorin
in isolated glands.

4. Experimental procedures
4.1. General experimental procedures
All chemicals were purchased from Fisher Scientiﬁc
unless speciﬁed otherwise. [2-13C]-Glucose (99% 13C
enrichment) was purchased from Sigma–Aldrich (St. Louis,
MO), [1-13C]-glucose (99% 13C enrichment) and [Me-13C]methionine (99% 13C enrichment) were purchased from
Cambridge Isotope Laboratories, Inc. (Andover, MA). 1Deoxy-D-xylulose
(DOX),
[1-13C]-1-deoxy-D-xylulose
13
13
([1- C]-DOX) and [1- C, 3,4-2H2]-1-deoxy-D-xylulose

Rooted cuttings of S. divinorum (Hofmann & Wasson
strain) were purchased from Theatrum Botanicum (Laytonville, CA) in February 2006. Plants were transferred
to a commercial peat-lite medium in one-gallon pots and
grown in the greenhouse (Oxford, MS) under natural light.
The plants were watered and fertilized as needed.
4.3. Direct-stem injection
A two-week old plant (6 cm high, 3 mm stem width) was
immobilized on a ring stand. A needle (0.31 mm nominal
OD) with a 10–12 beveled needle point attached to a
100 ll syringe (Hamilton, NE) was inserted approximately
1.5 mm in the stem just below the terminal node. Twenty
ﬁve ll of 1% [2-13C]-glucose solution was injected with a
ﬂow rate of about 3–4 ll per hour. New leaves developing
above the point of injection were harvested 7 days later and
extracted. The extract was analyzed by LC-MS for incorporation of [2-13C]-glucose into salvinorin A (1).
4.4. Plant cuttings
Plant cuttings were grown under non-sterile conditions
for about 10 days in 15 ml Hoagland’s medium. The
plants were then transferred to solutions containing either
1% total glucose (0.5% actual [2-13C]-glucose) or 0.1%
[1-13C]-1-deoxy-D-xylulose. Preliminary experiments determined that DOX was toxic to S. divinorum cuttings at
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concentrations above 0.1%. Plants were supplemented
daily with 2 ml of labeled substrate in Hoagland’s medium. Cuttings were incubated with labeled glucose for 2
weeks, and those exposed to [1-13C]-DOX maintained in
the solution for 6 weeks. The culture media were ﬁltered
through sterile 0.2 mm ﬁlters every other day to limit
the microbial contamination. Leaf extracts were prepared
and submitted for spectroscopic analyses as described
below.
4.5. Tissue culture

4.8. Experiment with [1-13C,3,4-2H2]-1-deoxy-D-xylulose
Labeling with the speciﬁc precursor of the DOXP pathway was done as described above with 98 microshoots
grown in 25 · 95 mm ﬂat-bottomed culture tubes (Phytotechnology Labs, Shawnee Mission, KS), with MSG medium (2.75 ml/tube) containing 0.1% [1-13C,3,4-2H2]-DOX.
Plants were grown for 21 days in growth chamber in the
same conditions as previously described. Preliminary
experiments using unlabeled DOX determined that higher
concentrations of substrates were toxic to the microshoots.
After the experiment was terminated, 1 was extracted, and
puriﬁed as described below.

A method to culture microshoots of S. divinorum was
adapted from previously published protocols (Arikat
et al., 2004). Nodal stem sections (4–6 mm) were excised
from greenhouse grown plants, washed with EtOH–H2O
(7:3, v/v) for 40 s followed by a 60 s sterile H2O rinse.
Explants were then surface-sterilized in a 10% solution of
commercial bleach (0.6% sodium hypochlorite) with 0.1%
Tween-20 for 10 min followed by 5 sterile DDI water washings. The sterile nodal sections were stripped of their larger
leaves and placed into 16 · 100 mm sterile glass culture
tubes containing Murashige and Skoog medium supplemented with 2% glucose, Gamborg’s Vitamin solution,
0.2% Phytagel, and 5 lM 6-benzylaminopurine (MSG, pH
5.8) (0.2%). The microshoots were then placed into a growth
chamber with a 14-h photoperiod at 400 lmol m 2 s 1 and
maintained at 22–23 C.

[Me-13C]-methionine incorporation was performed at
two concentrations. Initially, 68 microshoots were transferred into MSG medium (3 ml/tube) containing 0.2% of
[Me-13C]-methionine. This concentration of the substrate,
however, inhibited the growth of the microshoots and
eventually led to necrosis of the foliage. Therefore, the
experiment was terminated after 19 days, and material
was exhaustively extracted, followed by puriﬁcation of
compounds and their spectroscopic analysis as described
below. The experiment was subsequently repeated using
56 microshoots grown with 0.1% of [Me-13C]-methionine
for 21 days, after which plants were extracted.

4.6. Small scale incorporation with [2-13C]-glucose

4.10. Extraction and puriﬁcation (HPLC) of salvinorin A

For the small scale incorporation experiment, MSG
medium was prepared as described above except that 1%
glucose plus 1% [2-13C]-glucose (2% total glucose concentration) were used. Nine microshoots were transferred
aseptically to each of four Magenta GA7 culture vessels
containing 45 ml of medium and grown as described above.
Plant tissue was harvested after 11 days. Salvinorin A (1)
was extracted with chloroform, puriﬁed by HPLC, and
analyzed for incorporation by HR-ESI-MS as described
below.

Salvinorin A (1) and its derivatives were extracted from
the microshoots grown in vitro by sonicating the tissue in
CHCl3 (3 · 50 ml) for 5 min each (Siebert, 2004). The solvent was evaporated in vacuo. The residue was redissolved
in MeCN and ﬁltered through 0.2 lm HPLC ﬁlter (Millex-GN, Bedford, MA) and separated by HPLC.

4.7. Large scale experiment with [1-13C]-glucose
A large scale experiment was designed to produce suﬃcient amount of labeled 1 for 13C NMR spectroscopic analysis. MSG medium was prepared as above except that
labeled [1-13C]-glucose was used instead of [2-13C]-glucose.
Two milliliter aliquots of medium were pipetted into 200
glass tubes (16 · 100 mm). Terminal and axillary microshoots were excised from sterile mother plants grown on
MSG medium and transferred into the glass tubes. The cultures were maintained in a growth chamber at 22–23 C
with a 14-h photoperiod at 400 lmol m 2 s 1 for approximately 4 weeks to obtain suﬃcient biomass. Salvinorin A
(1), along with other compounds, was extracted, isolated
and puriﬁed as described below.

4.9. Experiment with [Me-13C]-methionine
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