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Abstract
!

Pilocarpine is an imidazole alkaloid that has been
used for more than a century in glaucoma treat-
ment. It is present in several species of the Pilo-
carpus genus (jaborandi), with its highest concen-
trations in P. microphyllus. In addition to pilocar-
pine, pilosine – an imidazole alkaloid without
pharmacological use – is produced in high con-
centrations in mature plants. A metabolomic
study was carried out on juvenile and mature
plants to obtain information about pilocarpine
metabolism at different developmental stages.

Methanol-water and alkaloid extracts were ana-
lyzed by 1H NMR and ESI‑MS. Metabolic profiles
from both techniques showed clear differences
between various developmental stages. Intense
signals in the aromatic region of the 1H NMR spec-
trum and ions from pilosine and related alkaloids
by ESI/MS were found only in extracts from ma-
ture plant. Two new imidazole alkaloids were
identified by MSn. Our results suggest that pilo-
sine is produced exclusively in mature develop-
mental stage, and juvenile plant material seems
to be appropriate for further studies on pilocar-
pine biosynthesis.
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l.
Introduction
!

The genus Pilocarpus (Rutaceae) comprises native
species from the north and northeast of Brazil,
which are popularly known as jaborandi. P. micro-
phyllus is economically themost important repre-
sentative of jaborandi because it contains high
concentrations of the imidazole alkaloid, pilocar-
pine, which is used to treat glaucoma as a stimu-
lant of lachrymal and sweat glands and in the
control of xerostomia [1]. In addition to pilocar-
pine, other imidazole alkaloids such as 3-nor-8
(11)-dihydropilocarpine, anhydropilosine, pilo-
sine, and pilosinine have also been found in jabor-
andi leaf extracts [2–5]. However, of all these imi-
dazole alkaloids produced in P. microphyllus, only
pilocarpine has pharmaceutical applications. For
this reason, deeper insight into the biosynthesis
and metabolic regulation of imidazole alkaloids
could potentially allow manipulation or metabol-
ic engineering favouring pilocarpine synthesis
over the biosynthesis of other alkaloids.We previ-
ously reported on pilocarpine regulation under
stress conditions [6], molecular diversity in jabor-
andi [7], characterization of the imidazole alka-
loid profile in different seasons and identification
of novel alkaloids [8], selection of cell suspensions
Abreu IN et a
lines for biosynthesis studies [9], and cell lines
producing only pilocarpine [10].
A preliminary study using jaborandi from differ-
ent developmental stages showed that mature
plants produce similar amounts of pilosine and
pilocarpine, but during juvenile stages only pilo-
carpine was found. However, as yet a detailed
study on developmental aspects of imidazole al-
kaloid biosynthesis in P. microphyllus is not avail-
able.
Since plants are sessile, they have evolved specific
strategies to cope with environmental changes.
Generally, these adaptations to stress involve sig-
nificant changes in metabolism [11]. Metabolic
changes can also be a predetermined and essen-
tial part of plant development [12–15].
Detection of metabolic perturbation was tradi-
tionally a laborious undertaking but the advent
of more sensitive analytical technologies, in par-
ticular time-of-flight-MS, hasmeant that metabo-
lite changes can be reported effectively and repro-
ducibly. The most commonly employed tech-
niques are 1H NMR, GC‑MS, and direct infusion
electrospray ionization mass spectrometry [16],
and these are utilized to detect changes in the pat-
terns of metabolites related to developmental, ge-
netic, or environmental changes. Although 1H
l. Metabolic Alterations in… Planta Med 2011; 77: 293–300
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NMR has relatively low sensitivity compared to mass spectrom-
etry (MS), it has the advantage of allowing the detection of
diverse groups of plant metabolites [12]. The characterization
and quantification of predominant metabolites with the help of
metabolomic profiles and subsequent multivariate data analysis
permit the identification of specific biosynthetic pathways in
plant material [17].
Multivariate statistical analyses have been shown to provide in-
terpretable models for large complex data sets and have become
a standard part of global metabolite analytical techniques [18].
One of the supervisedmultivariate data analysis methods for me-
tabolomics is Orthogonal Projection to Latent Structures – OPLS
[19], where the systematic variation in data can be separated into
a predictive (variation of interest) and an orthogonal component
[20].
Here, we carried out a metabolomic study on jaborandi plants
during different stages of their development, using 1H NMR and
ESI‑MS associated to multivariate analysis in order to obtain in-
formation regarding the production of imidazole alkaloids in P.
microphyllus.
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Material and Methods
!

Plant material
Plants of P.microphyllus, obtained fromgerminated seeds donated
byMerck, were cultivated under standardgreenhouse conditions.
The plants were grown in 5 L plastic pots containing a mixture of
soil/sand (2:1, v/v). Three plants at juvenile and mature (vegeta-
tive and flowering) stageswere selected for the analyses. The juve-
nile plants were divided in seven parts (l" Fig. 1C), from the apex
to the base and classified as follows, youngest (VVY), very young
(VY), young (apical and basal – YA, YB), intermediate (apical and
basal – IA, IB), old leaves (O), stem (S), and root (R). Mature plants
were analyzed in the vegetative and flowering stages (only the in-
termediate leaves). A voucher specimenwas deposited in the her-
barium of the Biology Institute (University of Campinas – Brazil)
with reference number 150316 (Feb 2009).

Alkaloids extractions
Fresh material (700mg) was crushed in a mortar with 5–6 drops
of 10% NH4OH and transferred to plastic tubes. After 15min, 5mL
of chloroformwas added, and the mixture vigorously shaken and
then centrifuged to recover the organic solvent. This was re-
peated three times. The organic fractions were pooled and twice
extracted with 2mL of 2% H2SO4. The acid fractions were pooled
and the pH brought to 12 with NH4OH. After two extractions
with 2mL chloroform, the organic fractions were pooled and
dried in a Speed-Vac. High performance liquid chromatography
(HPLC) buffer with the pH adjusted to 5.0 was added to the dried
extract and retained for analysis.

Alkaloids quantifications
The chromatography was performed on a HPLC (Shimadzu) sys-
tem, coupled to a diode array detector (Shimadzu). Twenty µL of
alkaloid extract were injected onto a Supelcosil LC18 column
(250mm ×4.6mm, 5mm; Supelco) using as solvent a buffer con-
taining 1.3% H3PO4, 0.3% triethylamine, and 12% methanol
(pH 3.0), at a flow rate of 1mL ·min−1. The diode array detector
was set to operate from 190 to 340 nm, and pilocarpine and pilo-
sine were determined at 212 nm, as previously described [21].
Abreu IN et al. Metabolic Alterations in… Planta Med 2011; 77: 293–300
NMR extractions
After collection, the materials were immediately frozen in liquid
nitrogen and kept at − 80°C. One gram (powder) was transferred
to a centrifuge tube and extracted as described previously by
Choi et al. [15]: fifteen milliliters of 50% water-methanol mixture
and 15mL of chloroformwere added to the tube, followed by vor-
texing for 30 s and sonication for 1min. The sample was then
centrifuged at 3000 rpm for 20min. The aqueous and organic
fractions were collected separately. Each fraction was placed in a
round-bottom evaporation flask and dried in a rotary vacuum
evaporator. The dried aqueous fractions were dissolved in
0.8mL of deuterated solvent, 50% methanol-d4 in D2O (KH2PO4

buffer, pH 6.0) containing 0.05% TMSP (trimethylsilylpropionic
acid sodium salt, w/w) for the NMR analysis.

NMR measurements
1H NMR, J resolved, HMBC, and COSY spectra were recorded at
25°C on a 500MHz Bruker DMX-500 spectrometer (Bruker) op-
erating at a proton NMR frequency of 500.13MHz. Each 1H NMR
spectrum consisted of 128 scans requiring a 10-min and 26-s to-
tal acquisition time with the following parameters: 0.16 Hz/
point, pulse width (PW) = 30° (11.3 µs), and relaxation delay
(RD) = 1.5 s. A presaturation sequence was used to suppress the
residual H2O signal with low power selective irradiation at the
H2O frequency during the recycle delay. Free induction decays
(FIDs) were Fourier-transformed with an exponential line broad-
ening corresponding 0.3 Hz. The resulting spectra were manually
phased and baseline-corrected and calibrated to TMSP at
0.0 ppm, using XWIN NMR (version 3.5; Bruker). 2D J-resolved
NMR spectra were acquired using 8 scans per 128 increments
for F1 and 8K for F2 using spectral widths of 5000Hz in F2 (chem-
ical-shift axis) and 66Hz in F1 (spin-spin coupling constant axis).
A 1.5 s relaxation delay was employed, giving a total acquisition
time of 56min. Data sets were zero-filled to 512 points in F1
and both dimensions were multiplied by sine-bell functions
(SSB = 0) prior to double complex FT. 1H-1H correlated spectros-
copy (COSY) spectra were recorded on a 500MHz Bruker DMX-
500 spectrometer (Bruker). The COSY spectra were acquired with
a 1.0 s relaxation delay and 6361Hz spectral width in both di-
mensions. The window function for COSY spectra was sine-bell
(SSB = 0).

MS measurements
10 µL of the alkaloid extracts were dissolved in 1mL of water and
acetonitrile (1 :1, v/v, containing 0.1% of formic acid) for mass
spectrometric analysis as previously described [22]. The tandem
mass spectra were acquired on an Applied Biosystems Q-trap
mass spectrometer comprising a triple quadrupole and a linear
ion trap, over a mass range of m/z 50–400. The operational pa-
rameters used for acquiring the ESI mass spectra were: capillary
5000 V, temperature 200°C, declustering potential 70 V, and en-
trance potential 6 V. For the ESI‑MS2 and ESI‑MS3 experiments
the above conditions were maintained and the collision energy
was optimized in the range between 15 and 30 V for each proton-
ated alkaloid or product ion analyzed.

Data analysis
The 1H NMR spectrawere automatically reduced to ASCII files us-
ing AMIX (v. 3.8; Bruker Biospin). Before, spectral intensities
were scaled to total intensity and reduced to integrated regions
of equal width (0.04 ppm) corresponding to the region of δ 0.4–
10.00. The region of δ 4.70–5.10 and 3.28–3.34 was excluded



Fig. 1 Pilocarpine and pilosine levels (µg/g FW) at
different developmental stages of P. microphyllus.
A – juvenile: youngest (VVY), very young (VY),
young (apical and basal – YA, YB), intermediate
(apical and basal – IA, IB), old leaves (O), stem (S),
and root (R); B – mature: intermediate leaves
(basal, middle and apical – 1, 2, and 3) of plants in
vegetative and flowering developmental stage.
C and D – illustration of vegetative material ana-
lyzed from juvenile and mature plants.
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l.
from the analysis because of the residual signal of water and
methanol-d4. Bucketing was performed by AMIX software
(Bruker) with scaling on total intensity (autoscaling). Multivari-
ate analysis was performed with the help of SIMCA-11.5 (Umet-
rics) using either unsupervised principal component analysis
(PCA) or supervised orthogonal partial least square analysis
(OPLS) [23]. OPLS is a supervised analysis tool that has been used
to reveal differences in the metabolite profiles masked by PCA us-
ing all data points [19]. OPLS allows one to focus on variance due
to developmental differences alone while minimizing other bio-
logical or analytical variables. For both PCA and OPLS, spectral re-
gions were X-matrix. All X-variables were pareto scaled to mini-
mize the influence of baseline deviations and noise. For OPLS,
class difference (juvenile versus mature) was the Y-matrix. The
spectral regions of juvenile plant samples (l" Fig. 1C) were the
X-matrix for PCA analysis. The quality of each model was deter-
mined by the goodness of R2 and the prediction parameter based
on the cross-validation (Q2).

General
Pilocarpine (98% purity) was purchased from Sigma, and pilosine
(90% purity) was a gift from Merck Laboratories. Solvents used
for leaf extraction were of analytical grade (Merck). NMR spectra
were recorded on a Bruker DMX-500 spectrometer (Bruker) us-
ing CD3OD (99.96%) and D2O (99.0%) purchased from Cambridge
Isotope Laboratories Inc.
Results and Discussion
!

The quantification of pilocarpine and pilosine by HPLC‑DAD is
shown in l" Fig. 1. The pilocarpine levels in juvenile plants were
three times higher than in mature plants. Pilosine was absent in
juvenile plants (l" Fig. 1A), however present in higher amounts
(ten times more) than pilocarpine in mature plants. The flower-
ing stage seems to be important for pilosine production, although
the pilocarpine levels were higher during the vegetative stage of
mature plants (l" Fig. 1B).
In order to obtain information that could help to characterize the
developmental stages in P. microphyllus, a metabolomic analysis
was performed by NMR. The methanol-water extracts of several
parts of juvenile plants and the intermediate leaves of mature
plants (vegetative and flowering stages) were analyzed by 1H
NMR and exhibited similar profiles to the ones shown in
l" Fig. 2A. The inevitable problem of overlapping signals (which
could be an obstacle for metabolite identification) was solved by
acquiring 1H-1H COSY and 2D J-resolved NMR spectra (l" Fig. 2B
and C). The combination of the results from the 2D experiments
and the library of NMR spectra of several standards in the Di-
vision of Pharmacognosy (Institute of Biology, Leiden University)
allowed us to identify some of the contrasting signals, thereby
facilitating the assignment of the spectra (l" Table 1).
The amino and organic acids, and sugar region (δ 0.8–4.0)
showed signals characteristic of threonine, valine, leucine, iso-
leucine, alanine, asparagine, glutamine, glycine, choline, inositol,
acetate, malate, succinate, and fumarate. The sugars glucose and
sucrose were found at δ 4.58, 5.18 and 5.40, respectively. Strong
signal intensity in the aromatic region (δ 6.0–8.5) was identified
as flavonoids, tyrosine, histidine, and signals related to the alka-
loids pilosine and anhydropilosine. However, several other sig-
nals in this region could not be identified. The signals related to
imidazole rings were found at δ 8.53 and 7.18 and lactone rings
at δ 4.44 and 4.18, which were confirmed by comparison with pi-
locarpine and pilosine standards.
The principal component analyses (PCA) were performed using
data from juvenile and mature plants (l" Fig. 3), which showed a
model (R2X = 0.836; Q2 = 0.653) with 6 significant components.
The different parts of juvenile plants clustered into a distinct
group compared to the adult plants (l" Fig. 3A). The first compo-
nent axis (PC1) separated top leaves and stem (VVY and S) from
the bottom leaves (O). PC2 shows the discrimination of roots (R)
from the other samples and also mature plants in vegetative or
flowering developmental stage. Because the loading plot of PC2
included metabolites related to the very young and young leaves
(VYand YA, B) from juvenile plants and also samples frommature
Abreu IN et al. Metabolic Alterations in… Planta Med 2011; 77: 293–300



Fig. 2 1H NMR (A), 1H-1H COSY (B), and J-resolved (C) spectra of methanol-
water extract of P. microphyllusmature intermediate leaves. Dashed lines

show an example of tyrosine identification, displaying signals from H (3, 5)
and H (2, 6) of aromatic ring.

Table 1 1H chemical shift and coupling constants of metabolites of P. micro-
phyllus leaves detected from 1 and 2 D NMR spectra (CD3OD‑KH2PO4 in D2O).

Compound Chemical shift (δ) and Coupling constants (Hz)

Treonine 1.32 (d, J = 6.6, H-4)

Valine 1.17 (d, J = 6.8, H-5), 1.19 (d, J = 6.8, H-4)

Leucine 3.60 (d, J = 1.4, CH2)

Isoleucine 3.52 (d, J = 2.2, CH2)

Alanine 1.49 (d, J = 7.2, H-3)

Asparagine 2.80 (dd, J = 16.9, J = 4.3, H-3), 2.41 (dd, J = 16.9, J = 2.96,
H-3)

Glutamine 2.10 (m, H-3), 2.5 (td, J = 16.2, 7.6, H-4)

Choline 3.21 (s)

Inositol 3.45 (dd, J = 9.9, H-1 and 3)

Glycine 3.58 (s)

β glucose 4.58 (d, J = 7.9, H-1)

α glucose 5.18 (d, J = 3.8, H-1)

Sucrose 5.40 (d, 3.9, H-1), 4.17 (d, J = 8.5, H-1)

Histidine 8.75 (s), 7.4 (s)

Acetate 1.88 (s)

Malate 2.6 (dd, H-3, J = 4.7, 16.6), 2.42 (dd, H-3, J = 6.6, 16.6)

Succinate 2.53 (s)

Fumarate 6.40 (s)

Tyrosine 6.81 (d, J = 8.6, H-3,5), 7.22 (d, J = 8.6, H-2,6)

Pilocarpine 8.53 (s, H-2), 7.18 (s, H-5), 4.18 (dd, J = 2.2, J = 1.2, H-8),
4.44 (dd, J = 3.0, J = 1.2, H-8), 2.21 (dd, J = 2.2, J = 4.4, H-6),
2.42 (dd, J = 2.2, J = 4.4, H-6), 3.70 (s, N‑CH3)

Pilosine 6.52 (s, H-5), 2.84 (m, H-7), 4.4 (dd, J = 2.2, J = 1.3, H-8),
4.0 (dd, J = 3.0, J = 1.3, H-8), 2.76 (m,H-11), 3.72 (s, N‑CH3)

Anhydropilosine 6.19 (s, H-12)

Quercetin-3-
glucoside

6.22 (d, J = 2.3, H-6), 6.39 (d, J = 2.3, H-8), 6.80 (d, J = 8.4,
H-3′,5′), 8.06 (dd, J = 8.4, 2.0, H-2′,6′), 5.32 (d, J = 7.6)

Unkown
flavonoid

CH3Ram- 1.18 (d, J = 6.1), O‑CH3 – 3.85 (s), 6.9 (d, J = 5, H-
3), 7.55 (dd, J = 10, J = 6.0, H-2), 8.05 (d, J = 5, H-6)
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l.
plants, its interpretation was difficult. So, the experiment was
analyzed by a supervised multivariate analysis: OPLS.
The OPLS analysis was performed on the processed data, showing
a model (R2X = 0.396; R2Y = 0.934; Q2 = 0.868) with 2 significant
components, where the predictive component could validate the
model showing clear separation between mature and juvenile
plants (l" Fig. 3B). The loading plot (l" Fig. 3C) revealed intense
signals in the aromatic, sugar, and lactone ring region in mature
plants (vegetative and flowering developmental stages). Tyro-
sine, sucrose, and β glucose were the most intense signals. By
contrast, in juvenile plants high intensities for amino and organic
acids signals were found. Since we have no knowledge of a pre-
vious study of P. microphyllus extracts analyzed by NMR, many
Abreu IN et al. Metabolic Alterations in… Planta Med 2011; 77: 293–300
signals in the aromatic region (which were significant in the
analysis) could not be identified. Most of these signals could rep-
resent species-specific metabolites.
From l" Fig. 3A, the score plot showed clear distinction between
different parts of juvenile plants. The data from mature plants
was excluded, and a new PCA analysis (l" Fig. 4) was performed.
From the model (R2X = 0.848; Q2 = 0.648) with 5 significant com-
ponents, PC1 (l" Fig. 4A) revealed differences between top (very
very young – VVY) and bottom leaves (O) and greater similarity
between very young (VY), young (YA,B), and intermediate leaves
(IA,B), seel" Fig. 1C. The comparison between the raw data of top
and bottom leaves (l" Fig. 4B) shows intense signals at δ 3.84 in
the bottom leaves and organic and amino acids region (δ 3.52,
3.21, 2.92, 2.36, and 2.21–1.8) on top leaves, referring to signals
from isoleucine, choline, and acetate. Furthermore, PC2
(l" Fig. 4A) shows clear discrimination between root samples
and the others, which seems to be related to the metabolites de-
tected at δ 2.76–2.64 and δ 2.6–2.5 (l" Fig. 4C).
The analyses of methanol-water extracts by 1H NMR, showed that
the main differences between developmental stages in P. micro-
phyllus plants was the high abundance of metabolites containing
aromatic rings in mature plants (l" Fig. 3), which also affect the
pilocarpine levels (l" Fig. 1). To understand how the developmen-
tal stages could affect the alkaloid profile, a thorough analysis of
the alkaloid extracts from juvenile and mature plants was per-
formed by ESI-MS in positive mode (l" Fig. 5).
The ESI (+)-MS of alkaloid extracts of mature leaves (l" Fig. 5A)
demonstrated the presence of pilocarpine (1- m/z 209), as well
as of ions with m/z 193, 227, 269, and 287 which are representa-
tive of 3-nor-8(11)–dihydropilocarpine, pilocarpic acid, anhydro-
pilosine, and pilosine, respectively and ions with m/z 241, 259,
285, and 305, whose structures were described previously [8]. In
the corresponding ESI-MS fingerprint of alkaloid extracts of ju-
venile plants (l" Fig. 5B) only the m/z 209 (pilocarpine) ion was
present. The low intensity of this ion was probably due to the
strong ionization of the ion ofm/z 248, whose ESI (+)-MS2 showed
a different fragmentation pattern of imidazole alkaloids (data not
shown). Taken together the ESI (+)-MS data confirm that juvenile
plants solely accumulate pilocarpine, while pilosine along with
other imidazole alkaloids are exclusively synthesized in mature
plants (l" Fig. 1).
In order to search for new imidazole alkaloids, concentrated alka-
loid extracts were analyzed. Two new ionsm/z 301 and 319 were
found only in the mature extracts (l" Fig. 5C). l" Table 2 lists the
ESI-MSn fragments of the ions [10 + H]+ and [11 + H]+. Both com-



Fig. 3 Multivariate analysis of 1H NMR data from
P. microphyllus (in juvenile and mature developmen-
tal stages) extracts. A – Score plot of PCA analysis
(R2X = 0.836; Q2 = 0.653); B – score plot of OPLS
analysis (R2X = 0.396; R2Y = 0.934; Q2 = 0.868); and
C – loading plot of predictive component. Juvenile
plants: leaves – VVY, VY, Y (apical, basal), I (apical,
basal) and old leaves, stem, and root; mature
plants: vegetative and flowering (l" Fig. 1C and D);
1 – tyrosine (δ 7.22 – H-2 and 6), 2 – β glucose
(δ 4.58), and 3 – lactone ring (δ 4.18, H-8).

Table 2 ESI tandem mass fragmentation of novel alkaloids (compounds 10
and 11), present in the alkaloid extract of P. microphyllus leaves from mature
plants in comparison with the fragmentation of anhydropilosine (compound
4).

Com-

pound

[M – H]+

(m/z)

ESI (+)-MSn experiment

m/z (% base peak)

10 319 -MS2 [319]: 319 (75), 301 (40), 269 (50), 223 (20), 181
(45), 163 (20), 121 (5), 95 (25)

319 - MS3 [319→ 301]: 301 (40), 269 (100), 223 (20), 163 (20)

319 -MS3 [319→ 269]: 269 (70), 251 (100), 185 (20), 95 (10)

11 301 -MS2 [301]: 301 (100), 269 (35), 223 (15), 163 (20), 105
(5), 95 (5)

4 269 -MS2 [269]: 269 (100), 251 (15), 223 (23), 121 (15), 95
(50)
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l.
pounds exhibited, as fragments, the diagnostic ion m/z 95 (1-
methyl-5-imidazollymethyl cation), characteristic of imidazole
alkaloids [8]. The collision-induced dissociation (CID) of m/z 319
resulted in the neutral loss of a water molecule (m/z 301); then, a
further loss of O2 to give the fragmentm/z 269. This fragment was
mass-selected and further fragmented via ESI‑MS3. When com-
pared to the ESI-MS2 of them/z 269 ion found in the same extract,
great similarity was observed indicating that both ions presented
the same structure, which is compatible with anhydropilosine
(l" Fig. 5D). Relevant ions of fragments observed in both cases re-
sult from neutral losses of water (m/z 251) and CH2O2 (m/z 223)
as well as of the diagnostic ion of m/z 95. Similarly, the fragment
ion of m/z 301 was then mass-selected and further fragmented
via ESI‑MS3. When compared to the ESI‑MS2 of the ion of m/z
301 found in the same extract, again significant similarity was
observed indicating that both ions have the same structure, con-
taining both the diagnostic ions ofm/z 95 and m/z 105. The latter
fragment was previously observed in the fragmentation of com-
pounds 6 (m/z 241), 7 (m/z 259), and 8 (m/z 285) and is diagnostic
of the C6H5-CO+ cation [8].
Based on these fragmentation patterns, we propose that com-
pound 10 (m/z 319) presents the basic structure of pilosine
(which also fragments by losing water to form anhydropilosine
(m/z 269) with two hydroxyls on the aromatic ring. The structure
of compound 11 (m/z 301) is also similar, but the diagnostic frag-
ment ion ofm/z 105 indicates the presence of a ketone, similar to
Abreu IN et al. Metabolic Alterations in… Planta Med 2011; 77: 293–300



Fig. 4 PCA analysis of 1H NMR spectral data from
the extracts of different parts of P. microphyllus in
juvenile stage (R2X = 0.848, Q2 = 0.648). Score plot
(A) and comparison of raw data of selected sam-
ples: B – top (VVY) versus bottom (O) leaves;
C – root versus leaves and stem.
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compounds 6 (m/z 241) or 8 (m/z 285), as previously described in
imidazole alkaloid synthesis [4].
In this study we have shown that NMR andMS are complementa-
ry techniques for the identification of different classes of metab-
olites in P. microphyllus. The aim of this work was to compare
metabolomic data obtained from jaborandi plants at different de-
velopmental stages and to try to gain information on pilocarpine
metabolism. To date, only a few alkaloids have been identified in
jaborandi and there has been no previous study on their biosyn-
thetic pathways. Pilocarpine is obtained commercially from jab-
orandi leaves, and pilosine is treated as a contaminant requiring
additional purification steps. Therefore, since our results suggest
that pilosine biosynthesis occurs only in mature plants, strategies
to direct the metabolic flow exclusively to pilocarpine could be
developed. In this regard, the juvenile material seems to be ap-
propriate for such studies, as mainly pilocarpine is found in these
tissues. However, there is still a significant lack of information on
the biosynthesis of pilocarpine in plants, starting from the amino
Abreu IN et al. Metabolic Alterations in… Planta Med 2011; 77: 293–300
acid precursor. Recently, we validated the use of cell suspension
cultures to study the control of pilocarpine biosynthesis [9] and
selected lines producing only pilocarpine [10]. Metabolomic
analysis by 1H NMR andMS techniques using these lines may give
support for futures studies on imidazole alkaloids biosynthesis in
P. microphyllus.
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Fig. 5 ESI (+)-MS spectra of alkaloid extracts from
intermediate leaves of A – mature and B – juvenile
plants; C – concentrated alkaloid extract of mature
plants and D – imidazole alkaloids of P. microphyllus.
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