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The metabolomic analysis of 12 Cannabis sativa cultivars was carried out by 1H NMR spectroscopy and
multivariate analysis techniques. Principal component analysis (PCA) of the 1H NMR spectra showed a
clear discrimination between those samples by principal component 1 (PC1) and principal component 3
(PC3) in cannabinoid fraction. The loading plot of PC value obtained from all 1H NMR signals shows
that ∆9-tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA) are important metabolites
to differentiate the cultivars from each other. The discrimination of the cultivars could also be obtained
from a water extract containing carbohydrates and amino acids. The level of sucrose, glucose, asparagine,
and glutamic acid are found to be major discriminating metabolites of these cultivars. This method allows
an efficient differentiation between cannabis cultivars without any prepurification steps.

Cannabis (marihuana) preparations, derived from Can-
nabis sativa L. (Cannabinaceae), are considered as one of
the most dangerous illicit drugs because of their narcotic
and addictive properties. Nevertheless, their promising
therapeutic potential has driven researchers to pay atten-
tion to various possible clinical uses,1 such as for menstrual
cramps and convulsions, inflamed tonsils, migraine and
headaches,2 glaucoma,3 asthma,4 and pain relief.5 The
active constituents belong to a group of compounds clas-
sified as cannabinoids inclusive of ∆9-tetrahydrocannabinol
(THC), ∆8-tetrahydrocannabinol, cannabigerol (CBG), and
cannabinol (CBD).6,7 In addition to these major cannab-
inoids, approximately 60 further cannabinoids including
metabolites have been isolated so far.6,7

Cannabis is widely distributed throughout the world,
both in cultivated forms and as wild plants.8 Whether a
cannabis plant predominantly produces fiber (hemp) or
narcotic resin is governed by both genetic and climatic
factors.9 Studies on a large number of cannabis plants
originating from different parts of the world have led to
the acceptance that a number of chemical races of C. sativa
exist. Several classification systems have been proposed
to distinguish psychoactive and fiber strains of cannabis
based on their cannabinoid composition.7,9 For example,
Grlic proposed a classification system including the use of
a selection of chemical, spectroscopic, microbiological, and
pharmacological tests whose results were dependent on the
levels of cannabidiolic acid (CBDA), cannabidiol (CBD), ∆9-
tetrahydrocannabinol (∆9-THC), and cannabinol (CBN) in
the sample.10 These markers were regarded as indicative
of successive stages of “ripening” or subsequent decomposi-
tion of the resin. In addition, some methods based on
quantitative analysis of specific cannabinoids such as ∆9-
THC, cannabigerol (CBG), CBD, CBN, ∆9-tetrahydrocan-
nabivarin (THCV), cannabidivarin (CBDV), cannabichro-
mene (CBC), and cannabigerol monomethyl ether (CBGM)
have been suggested.7,11-13 Despite these extensive studies
on the chemical composition of cannabis, previous results

are limited to the differentiation of the drug and fiber types
of cannabis. However, large-scale commercial production
takes place in some areas (e.g., The Netherlands) as a
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Figure 1. 1H NMR spectra of CHCl3 extract of Cannabis sativa Simm
4 flowers (A), Simm 12 flowers (B), Simm 18 flowers (C), and Simm 4
leaves (D).
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source of medicinal use. There are numerous varieties
cultivated as drug-type cannabis species. The classification
or discrimination of each cultivar is still unclear when the
classical methods using the content of cannabinoids are
applied, because they all produce similar amounts of
cannabinoids. For the reliable differentiation of cannabis
cultivars, a systemic method including a variety of me-
tabolites (metabolomic profiling) is desirable.

The term “metabolome” has been used to describe the
observable chemical profile or fingerprint of the metabolites
in whole tissues.14,15 In metabolite profiling, it would be
preferable to use a wide-spectrum chemical analysis tech-
nique, which is rapid, reproducible, and stable in time while
needing only a very basic sample preparation. NMR
spectroscopy is one of the techniques that could meet such
demands. The last few decades, a number of techniques
have been devised to develop NMR spectroscopy as a
fingerprinting tool for the interpretation and quality as-
sessment of industrial and natural products and multi-
variate or pattern recognition techniques such as the well-
described principal component analysis (PCA). Recently,
the NMR and PCA method has been applied to the
metabolomic profiling of several kinds of wine,16 coffee,17

juice,18 beer,19 and some plants.20,21

In this study, we report a 1H NMR spectroscopic method
coupled with PCA for the metabolomic analysis of 12
cultivated forms of C. sativa. This may lead to the dif-
ferentiation of cannabis cultivars based on a variety of
metabolites.

Results and Discussion

For the identification of nonpolar metabolites such as
cannabinoids, CHCl3 extracts were investigated. Similar
metabolomic patterns were observed by visual inspection
of 1H NMR spectra of the CHCl3 extracts of the various C.
sativa flowers (Figure 1). ∆9-Tetrahydrocannabinolic acid
(THCA) was the predominant compound in CHCl3 extracts
of C. sativa flowers. The characteristic signals were well
distinguishable in the 1H NMR spectrum of CHCl3 extracts.
H-10 at δ 6.39 (brs), H-4 at δ 6.25 (s), H-10a at δ 3.23 (dm,
J ) 7.0 Hz), H-1′ at δ 2.94 (m) and 2.78 (1H, m), C-9 methyl
at δ 1.68 (s), C-6 â-methyl at δ 1.44 (s), C-6 R-methyl at δ
1.11 (s), and H-5′ at δ 0.90 (t, J ) 6.9 Hz) were observed

as major signals in the CHCl3 extract (Figure 1). A hydroxyl
proton of the compound was also detected at δ 12.19 (s).
In addition to these signals of ∆9-THCA, those of ∆9-THC
and CBN were detected as minor signals. The signals of
H-10, H-4, H-2, and H-1′′ of ∆9-THC were detected at δ
6.30 (brs), 6.26 (d, J ) 1.6 Hz), 6.14 (d, J ) 1.6 Hz), and
2.42 (m), respectively. For CBN, H-10 at δ 8.16 (s), H-7 at
δ 7.14 (d, J ) 7.9 Hz), H-8 at δ 7.07 (d, J ) 7.9 Hz), and
H-4 at δ 6.43 (s) were clearly distinguishable in the 1H
NMR spectra of each CHCl3 extract.

The extract of cannabis leaves (Simm 4) shows a quite
different 1H NMR spectrum from that of flowers (Figure
1D). The content of cannabinoids is somewhat lower than
that of flowers. Moreover, the major cannabinoid was not
∆9-THCA but ∆9-THC. The signal at δ 6.38 (brs) was
thought to be that of H-10a of ∆9-THCA, but it showed
different 1H-1H COSY and HMBC correlations from the
reference compound of ∆9-THCA, and other 1H NMR
signals of the compound such as H-4 at δ 6.25 (s), H-10a
at δ 3.23 (dm, J ) 7.0 Hz), H-1′ at δ 2.94 (m), and δ 2.78
(1H, m), if observed at all, had a very low intensity. The
methyl signals of fatty components at δ 1.2-1.4 and olefinic
signals of fatty components and sterols at δ 5.0-5.5 were
detected as major signals in the 1H NMR spectra of each
CHCl3 extract of the leaves.

In the water extract (Figure 2), the major signals are
shown in the anomeric signals of carbohydrates such as δ
5.42 (d, J ) 3.8 Hz), 5.24 (d, J ) 3.7 Hz), and 4.64 (d, J )

Figure 2. 1H NMR spectra of water extract of Cannabis sativa Simm
4 flowers (A), Simm 12 flowers (B), Simm 18 flowers (C), and Simm 4
leaves (D).
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8.0 Hz). They were assigned to the anomeric protons of
sucrose, R-glucose, and â-glucose, respectively.22 Another
anomeric signal obtained from the fructose moiety of
sucrose is also well distinguishable at δ 4.22 (d, J ) 8.8
Hz). The residual proton signals of the sugars shown in a
crowded region (δ 3.0-4.0) were assigned by the compari-
son of 1H NMR spectra of the reference compounds and
from 1H-1HCOSY and TOCSY spectra. For amino acids,
HMBC spectra gave informative evidence about the as-
signments, together with their chemical shifts. H-2 or H-3
can correlate with the carbonyl group of the amino acid.
As a result, the most abundant signals at δ 4.01 (dd, J )
7.6 Hz, 4.3 Hz), 2.96 (dd, J ) 16.9 Hz, 4.3 Hz), and 2.87
(dd, J ) 16.9 Hz, 7.6 Hz) were assigned to be H-2, H-3a
(close to NH2), and H-3b (close to H-2) of asparagine. In
addition, H-3 of alanine at δ 1.48 (d, J ) 7.3 Hz) and H-4
of valine at δ 1.05 (d, 6.8 Hz) and 0.99 (d, 6.8 Hz) were
assigned. Other possible 1H NMR signals of amino acids
such as glutamic acid at δ 2.14 (H-4, m) and 2.38 (H-3, m)
were detected in the 1H NMR spectra of the water extract
of flowers. The leaves show a higher level of carbohydrates

such as sucrose and glucose but lower amount of amino
acids than the flowers.

Principal component analysis is an unsupervised cluster-
ing method requiring no knowledge of the data set and acts
to reduce the dimensionality of multivariate data while
preserving most of the variance within.23 The principal
components can be displayed in a graphical fashion as a
“scores” plot. This plot is useful for observing any groupings
in the data set. PCA models are constructed using all the
samples in the study. Coefficients by which the original
variables must be multiplied to obtain the PC are called
loadings. The numerical value of a loading of a given
variable on a PC shows how much the variable has in
common with that component.24 Thus for NMR data,
loading plots can be used to detect the spectral areas
responsible for the separation in the data. Generally, this
separation takes place in the first two or three principal
components (PC1, PC2, and PC3). If the data are mean-
centered with no scaling, then a covariance matrix is
produced, but if the data mean-centered and the columns
of the data matrix scaled to unit variance, a correlation

Figure 3. Score plot of principal component analysis of the CHCl3 extracts of Cannabis sativa cultivars obtained by correlation and covariance
method: (A) PC1 vs PC2, (B) PC1 vs PC3, (C) PC2 vs PC3. The ellipse represents the Hotelling T2 with 95% confidence level in score plots: (1)
Simm 4 leaves, (2) Simm 2 flowers, (3) Simm 4 flowers, (4) Simm 5 flowers, (5) Simm 6 flowers, (6) Simm 12 flowers, (7) Simm 18 flowers, (8) Simm
27 flowers, (9) Simm 40 flowers, (10) Simm 49 flowers, (11) Simm 750A flowers, (12) Simm 750B flowers, (13) Simm 750C flowers.
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matrix is produced. An advantage of the covariance matrix
is that the loadings retain the scale of the original data.
For the correlation method, however, a weaker signal to
possess a discriminatory power can be considered as the
same level as stronger signals.25,26 In this study, both

methods were evaluated, but the covariance method showed
better separation results (Figure 3). For the data set
obtained from the analysis of CHCl3 extract, a six-
component model could explain 99% of the variance, with
the first three components explaining 96%. Among the PCs,
the combination of PC1 and PC3 can give well-separated
clusters for all cannabis cultivars (Figure 3). Examination
of the scores and loading plots for PC1 versus PC3 showed
that C. sativa Simm 4 leaves and the flowers of Simm 2,
5, 12, 27, 750A, 750B, and 750 C were clearly separated
from each other (Figure 3). However, Simm 18 flowers
showed quite a broad area in the score plot because the
content of metabolites including cannabinoids was not
reproducible due to collection time or variation between
individual plants. Investigation of the loading plot of PC1
indicated that the first component explained the variance
in ∆9-THCA due to the signals at δ 6.40 (H-10), 6.26 (H-4),
3.24 (H-10a), 2.94 (H-1′), 2.78 (H-1′), 1.68 (C-9 methyl), 1.44
(C-6 â-methyl), 1.11 (C-6 R-methyl), and 0.90 (H-5′) (Figure
4). ∆9-THCA had an effect on the positive value of PC1.
Therefore, cannabis Simm 27 flowers showed the highest
content of ∆9-THCA. For PC3, CBDA is an important factor
affecting the separation. In the 1H NMR spectra of the
plants of the CHCl3 extracts, the signals at δ 6.26, 5.56,
4.54, 4.40, 1.80, and 1.72 greatly affected the PC3 value.
The signals were assigned as H-5′, H-2, H-9 (trans), H-9
(cis), H-7, and H-10 of CBDA based on comparison of
compound CBDA.27 In the 1H NMR spectra, the signals of
CBDA showed quite low intensity, which made it difficult
to identify the compound. However, the loading plot,
processed by PC values, showed very clear signals of CBDA.
On the basis of these data, Simm 12 flowers were concluded
to contain relatively high amounts of CBDA.

In the 1H NMR spectra of the water extracts of cannabis

Figure 4. Loading plot of principal component analysis of the CHCl3
extracts of Cannabis sativa cultivars obtained by covariance method:
(A) PC1, (B) PC3.

Figure 5. Score and loading plot of principal component analysis of the water extracts of Cannabis sativa cultivars obtained by principal component
analysis (covariance method). The ellipse represents the Hotelling T2 with 95% confidence in score plots: (A) score plot of the whole cultivars, (B)
score plot of Simm 2 and Simm 12 flowers, (C) loading plot of PC1, (D) loading plot of PC 3. (1) Simm 4 leaves, (2) Simm 2 flowers, (3) Simm 4
flowers, (4) Simm 5 flowers, (5) Simm 6 flowers, (6) Simm 12 flowers, (7) Simm 18 flowers, (8) Simm 27 flowers, (9) Simm 40 flowers, (10) Simm
49 flowers, (11) Simm 750A flowers, (12) Simm 750B flowers, (13) Simm 750C flowers (suc, sucrose; glc, glucose; asn, asparagine; glu, glutamic
acid).
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flowers, as mentioned earlier, primary metabolites such as
carbohydrates and amino acids can be detected. The
covariance method with PC1 and PC3 also shows clear
separations. For the data set obtained from the analysis
of each water extract, a six-component model explained
96% of the variance, with the first three components
explaining 83%. The separation of each water extract is
less than that of each CHCl3 extract. However, Simm 2
and Simm 12, which are commonly used for medicinal
purposes in The Netherlands, were clearly separated from
one another (Figure 5B). The main factors to differentiate
the flowers were carbohydrates and amino acids. Simm 2
flowers were found to contain more glucose, sucrose,
asparagine, and glutamic acid from a loading plot (Figure
5).

In this study, multivariate statistical methods have been
used to analyze the 1H NMR spectra of the flowers of C.
sativa cultivars. This method was found to be an ideal
method to compare C. sativa cultivars with each other
based on a variety of metabolites. 1H NMR spectroscopy
shows the quantity and quality of the diverse metabolites
present in the plants at the same time without any
chromatographic purification, and each procedure could be
performed within 12 min. For reliable and easy comparison
of the metabolomic profiling, the large 1H NMR data set
obtained from various metabolites can be reduced to PC1,
PC2, or PC3 using principal component analysis. Samples
of the same variety showed clustering in PC space and gave
a high success rate in assigning samples to the groups. The
PC loadings were examined in order to obtain information
about the chemical basis for the clustering behavior.
Although the major metabolites were important, it was
apparent that minor constituents could also contribute
significantly to the discrimination. Considering all the
results, 1H NMR/PCA seems to be a very promising tool
for the authentication and quality control of cultivars of
C. sativa.

Experimental Section

Plant Material. Flowers of Cannabis sativa L. (cultivars
SIMM 2, 4, 5, 6, 12, 18, 27, 40, 49, 750A, 750B, and 750C)
and leaves (cultivar SIMM 04) harvested in October 2002 were
obtained from Stichting Institute for Medicinal Marijuana
(SIMM) in Rotterdam, The Netherlands. The plant materials
were air-dried in the dark at ambient temperature for 2 weeks.

Solvents and Chemicals. First-grade chloroform and
methanol were purchased from Merck Biosolve Ltd. (Valken-
swaard, The Netherlands). CDCl3 (99.96%) and D2O (99.00%)
were obtained from Cambridge Isotope Laboratories Inc.
(Miami, FL), and NaOD was purchased from Cortec (Paris,
France). Potassium dihydrogen phosphate was from Merck
(Darmstadt, Germany). Hexamethyldisilane (HMDS) and tri-
methylsilane propionic acid sodium salt (TSP) were purchased
from Merck (Darmstadt, Germany).

Extraction. Three hundred milligrams of ground material
was transferred into a centrifuge tube. Five milliliters of 50%
aqueous methanol and 5 mL chloroform were added to the tube
followed by vortexing for 30 s and sonication for 1 min. The
material was then centrifuged at 3000 rpm for 20 min. The
extraction was performed twice. The water and chloroform
fractions were collected separately to a 10 mL round-bottomed
flask and dried in a rotary vacuum evaporator.

NMR Measurements. Potassium dihydrogen phosphate
was added to D2O as a buffering agent. The pH of the D2O for

NMR measurements was adjusted to 6.0 using a 1 N NaOD
solution. All spectra were recorded on a Bruker AV-400 NMR
instrument operating at a proton NMR frequency of 400.13
MHz. For each sample, 128 scans were recorded with the
following parameters: 0.126 Hz/point, pulse width (PW) ) 4.0
µs (90°), and relaxation delay (RD) ) 1.0 s. FIDs were Fourier
transformed with LB ) 1.0 Hz, GB ) 0, and PC ) 1.0. For
quantitative analysis, peak height was used. The spectra were
referenced to the residual solvent signal of CDCl3 (7.26 ppm)
for the CHCl3 extract and TSP at 0.00 ppm for the water
extract. Hexamethyldisilane (HMDS, 0.01%, v/v) for CDCl3 and
trimethylsilane propionic acid sodium salt (TSP, 0.01%, w/v)
were used as internal standards.

Data Analysis. The 1H NMR spectra were automatically
reduced to ASCII files using AMIX (v. 3.7, Bruker Biospin).
Spectral intensities were scaled to HMDS for the CHCl3 extract
and TSP for the water extract and reduced to integrated
regions of equal width (0.02 ppm) corresponding to the region
δ 0.30-10.00. The region δ 4.6-5.8 was excluded from the
analysis because of the residual signal of water. Principal
component analysis was performed with the SIMCA-P soft-
ware (v. 10.0, Umetrics, Umeå, Sweden).
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