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ABSTRACT
Different USA-origin cannabis samples were analyzed by GC-FID to quantify all possible cannabi-
noids and terpenoids prior to their clustering. Chromatographic analysis confirmed the presence
of seven cannabinoids and sixteen terpenoids with variable levels. Among tested cannabinoids,
D9-Tetrahydrocannabinol D9-THC and cannabinol CBN were available in excess amounts
(1.2–8.0wt%) and (0.22–1.1wt%), respectively. Fenchol was the most abundant terpenoid with a
range of (0.03–1.0wt%). The measured chemical profile was used to cluster 23 USA states and to
group plant samples using different unsupervised multivariate statistical tools. Clustering of plant
samples and states was sensitive to the selected cannabinoids/terpenoids. Principal component
analysis (PCA) indicated the importance of D9-THC, CBN, CBG, CBC, THCV, D8-THC, CBL, and fen-
chol for samples clustering. D9-THC was significant to separate California-origin samples while CBN
and fenchol were dominant to separate Oregon-origin samples away from the rest of cannabis
samples. A special PCA analysis was performed on cannabinoids after excluding D9-THC (due to its
high variability in the same plant) and CBN (as a degradation byproduct for THC). Results indi-
cated that CBL and D8-THC were necessary to separate Nevada and Washington samples, while,
CBC was necessary to isolate Oregon and Illinois plant samples. PCA based on terpenoids content
confirmed the significance of caryophyllene, guaiol, limonene, linalool, and fenchol for clustering
target. Fenchol played a major role for clustering plant samples that originated from Washington
and Nevada. k-means method was more flexible than PCA and generated three different classes;
samples obtained from Oregon and California in comparison to the rest of other samples were
obviously separated alone, which attributed to their unique chemical profile. Finally, both PCA and
k-means were useful and quick guides for cannabis clustering based on their chemical profile.
Thus, less effort, time, and materials will be consumed in addition to decreasing operational condi-
tions for cannabis clustering.

GRAPHICAL ABSTRACT
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Introduction

The size of analytical data in natural products science has
increased substantially over the last several years due to the
application of advanced instruments and chemometrics.
Such development has yielded a better understanding of the
chemistry of natural products, particularly for those with

medical applications. Recently, a great deal of attention has
been paid to the analysis of natural products using sophisti-
cated devices to identify more of their therapeutic potential.
Cannabis is among these materials due to its widespread use
and its diverse pharmacological properties.[1] Cannabis is a
chemically complex species containing a large number of
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active constituents.[2,3] Herbal cannabis (marijuana), canna-
bis resin (hashish), and extracts of cannabis resin (hashish
oil) are still the most illicit drugs in the world. More than
8000 tons of cannabis are consumed in the USA every
year[2] where 11.5 million users purchasing around $10 bil-
lion of the drug each year. In addition to the USA, cannabis
is very popular in Canada and North America.[2–4] In 2017,
many USA states, including Washington, DC, have legalized
the medical use of cannabis, where, 38 licensed producers in
Canada are authorized to produce and sell dried mari-
juana.[4] Overall, there has been a major increase in domes-
tic production worldwide.

With the aid of advanced chromatographic instruments, a
large number of active ingredients in cannabis samples
including cannabinoids and terpenoids were identified.[4,5]

Both terpenoids and cannabinoids are known for their vari-
able biological activities.[6] Terpenoids are of great interest
because of their production by plants that are likely to con-
sistently reflect the immediate environment and they are
responsible for cannabis’ distinctive odor,[7] whereas, canna-
binoids would tend to reveal genetic relationships.[8]

Today, most nations worldwide regard cannabis as an
illegal drug of abuse. Despite the abuse potential of cannabis
and its illegal status at the federal level in the USA, research
into its chemistry and pharmacology has demonstrated that it
also has medicinal properties. Cannabis has a long history of
human use as a medicinal plant, intoxicant, and ritual
drug.[9,10] Clinical trials into cannabis, pure cannabinoids,
and synthetic analogs have demonstrated some effectiveness
as analgesics for chronic neuropathic pain, appetite stimulants
for cancer and AIDS patients, multiple sclerosis, pain, inflam-
mation, depression, anxiety, epilepsy, and infection.[11–15]

This has resulted in 16 potential therapeutic uses of cannabi-
noids, ranging from pain management to neurological disor-
ders.[16] The increased medical interest in these substances
has prompted the development of various cannabis-based
medicines such as the oral D9-THC preparation MarinolVR , a
synthetic analog of D8-THC and an oral mucosal spray con-
taining 1:1 ratio of D8-THC and cannabidiol (CBD).[17,18]

A wide variety of analytical techniques have been
described for the qualitative and quantitative determination
of cannabinoids. Thin Layer Chromatography,[19] finger-
printing with HPLC,[20–22] GC and SFC coupled with mass
spectrometry, 1H NMR is useful for studying biochemistry
and chemotaxonomy as well as quality control of medicinal
plants.[22] 1H NMR has been used to fingerprint cannabis
aqueous extracts and tinctures[23] as well as to chemically
differentiate cannabis cultivars.[24] SFC also has been used to
analyze cannabis but with limited studies.[13,25–28] GC, how-
ever, is the most commonly used technique for analyzing
cannabinoids and terpenoids.[2,13,29–31] GC has been used to
differentiate cannabis from different countries, including
Mexico, Colombia, Jamaica, Thailand, and the USA.[2]

Currently, there are three main classification systems for
cannabis. The first is by species based on appearance, THC
content, and geographical origins (gene pools) since
environmental factors and marijuana cultivated sources can
induce different cannabis profiles.[2,8,19,29,30,32] The second

classification is based on the ratio of two major cannabinoids
THC and CBD, which is decided by their corresponding
allelic loci.[33,34] The third is based on both cannabinoids and
terpenoids for drug standardization and clinical research pur-
poses.[34] Novotny et al. reported that data relative to the use
of GC analysis of marijuana samples of different origin indi-
cated that the chromatograms appeared to be different, so the
correlation between chromatographic data and geographical
origin of marijuana samples might be possible.[35] Hazekamp
et al.[20] reported the impact of changing the environmental
conditions on the chemical composition and variability of ter-
penoids and cannabinoids in 11 cannabis varieties.

Principal component analysis (PCA) and hierarchical cluster
analysis (HCA) are useful tools in analytical chemistry used
for classifications.[36–38] These tools were performed in canna-
bis studies for many purposes;[35] to identify the compounds
most important in distinguishing cannabis varieties, to find the
variation on cannabis chemical profiles as a result of growing
plants in different batches and with deviations in growth time,
to confirm whether the cultivars in the cluster analysis would
also be grouped together and to reveal the compounds that
were responsible for grouping cultivars between clusters.

There is currently no available systematic clustering for
the USA drug-type cannabis samples, which is necessary to
explore the similarities/differences, if any, among plant sam-
ples. Therefore, this study was carried out to examine the
chemical profiles of cannabinoids and terpenoids in canna-
bis grown in the USA. For the first time, 4 cannabis plants
samples obtained from each of the 23 USA States were col-
lected, extracted and analyzed using GC-FID. The plant
samples were analyzed to detect all possible cannabinoids
and terpenoids, which are necessary for plant samples clus-
tering. The validated method was evaluated for selectivity
and precision (i.e., repeatability). Grouping of plant samples
from different states was carried out using unsupervised
clustering methods, including PCA and k-means clustering.
Moreover, the significance of cannabinoids and terpenoids
for sample clustering has been outlined. To the best of our
knowledge, this paper is the first to classify the 23 USA
states and to use the PCA and k-means clustering together.

Material and method

Cannabis samples

Representative cannabis samples were obtained from the
supply of materials provided from seized samples by The
Drug Enforcement Administration (DEA) and submitted to
the National Institute on Drug Abuse (NIDA) for analysis
under a national potency monitoring program. The samples
were arrived in sealed plastic bags and stored in a dry cool
storage facility in the Coy Waller Complex at the University
of Mississippi prior to analysis. The samples were selected
from 23 states that have enacted Medical Marijuana laws,
including: Alaska, Arizona, California, Colorado, Delaware,
Florida, Hawaii, Illinois, Maine, Maryland, Massachusetts,
Michigan, Montana, Nevada, New York, Ohio, Oregon,
Pennsylvania, Vermont, Washington, West Virginia,
Wisconsin, and Mississippi.
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Reagents

Standards of the most common cannabinoids (cannabigerol
CBG, cannabichromene CBC, D9-(trans)-tetrahydrocannabi-
varin THCV, cannabicyclol CBL, cannabinol CBN,
D9-tetrahydrocannabinol D9-THC, D8-tetrahydrocannabinol
D8-THC) and terpenoids (a-pinene, b-pinene, a-humulene,
b-caryphyllene, a-terpinol, myrcene, limonene, caryophylle-
neoxide, fenchol, linalool, sabinene, carveol, terpinolene,
cineol, guaiol, a-bisabolol) were purchased from
Sigma-AldrichVR (St. Louis, MO). Structural formulae of
compounds are provided in Table 1.

All standards were of analytical grade. The internal
standard, phenanthrene (99% purity) was supplied from
Sigma-AldrichVR . All solvents used for extraction and other
preparations were of HPLC ultra-grade: acetone and ethyl
acetate (�99.7%), hexane (�98.5%), ethanol (>98%), and
methanol (�99.8%) were purchased from Sigma-AldrichVR .
Chloroform (�99.8%) was provided by Fischer Scientific
(Bridgewater, NJ). Ultrapure water (18MX cm�1) generated
by Milli-Q Plus water purification system (Millipore,
Billerica, MA) was used to prepare aqueous solutions
and dilutions.

Cannabinoids and terpenoids extraction from the plant

Dried cannabis samples were manicured so that the material
has a homogenous mixture of leaf particles with no seeds or
stems. A 100mg portion was transferred to a test tube and
3.0mL of extraction solution (methanol-chloroform 9:1 v/v
spiked with 0.2mg/mL phenanthrene) was added.
Phenanthrene is an ideal internal standard (IS) as it is not
present in cannabis and also does not interfere with GC
analysis. Phenanthrene was used as both a retention time
marker (Rt between the terpenoids and cannabinoids) and
as a reference to calculate quantities of the solute of interest.
The extraction tube was then placed in an ultrasonic water
bath for 15min to break down the plant tissue and to allow
soluble cannabis and terpenes to dissolve in the extraction
solution. The samples were then centrifuged for 30 s at
2000 rpm. Finally, the extract was filtered using the Acrodisc
syringe filter (PAU-Gelman Lab, 0.45 lm, 25mm diameter)
and collected in a screw-capped amber vial. Samples were
stored in a freezer (�10 �C) until analysis time. Duplicate
extractions and injections were made for each canna-
bis sample.

Gas chromatography - flame ionization detector

Twenty-three standard stock solutions of the tested cannabi-
noids and terpenoids were prepared at the concentration of
100lg/mL in pure MeOH. Each solution was injected separ-
ately to identify the retention time of each component. The
GC profiles of cannabis extracts were all generated in the
splitless mode using an Agilent GC 6890 series system
equipped with a 7683B autosampler. The GC column was
an Agilent, DB-5, 30m length, 0.25mm internal diameter,
film thickness 0.25 lm, (J&W Scientific Inc., Folsom, CA).

The injector and detector temperatures were set at 250 and
300 �C, respectively. Helium was used as the carrier gas at a
flow rate of 25 cm/s, the airflow rate was set at 300mL/min.
Hydrogen at 30mL/min as detector gas and helium at
30mL/min as makeup gas were used. Solute detection was
achieved using the Flame Ionization Detector FID. The oven
temperature was programed in a linear generic gradient
mode from 70 to 250 �C at a rate of 5.0 �C/min. The final
temperature was set to 250 �C and was held for 19min, fol-
lowed by 8min to reset the oven to the starting temperature.
The total overall runtime was 63min/sample. The injection
volume was 1.0 lL. The GC–FID was controlled by GC
Chemstation software version B.04.01.

Chromatographic quantification of
extracted compounds

Selectivity was determined by injecting solvent blank to con-
firm that there were no false signal peaks at the targeted
retention time. Each cannabinoid and terpenoid standard
were individually injected to determine the retention time.
Intraday reproducibility was determined by injecting an ali-
quot of a reference sample of b-pinene (100lg/mL) five
times from the same vial in a single day (n¼ 5). The peak
area ratio was calculated for each solute (Peak ratio¼ Peak
area of solute/Peak area of IS) and further used to quantify
the content of the detected solute. The contents of cannabi-
noids and terpenoids were reported as an average of two
identical injections.

Unsupervised clustering of cannabis samples

PCA and HCA: Initially, the GC data was arranged in a
data matrix Xn�l, where n is the number of samples (states)
and l is the number of measured variables (cannabinoids/
terpenoids). For the current system, matrix X has a size of
23� 23 (23 cannabis �23 cannabinoids/terpenoids). Matrix
X was subjected to different clustering methods as will be
discussed below. None of the collected samples was assigned
to a class membership; hence, unsupervised clustering meth-
ods were applied.[39,40]

The main adopted unsupervised methodologies for
grouping/clustering objects are principal component analysis
PCA and hierarchical clustering HCA.[39,40] In PCA, matrix
X is decomposed into two matrices; T (score matrix) and L
(loading matrix) using singular value decomposition or non-
linear iterative partial least-squares.[40] Hence, X23� 23 is
decomposed to T23�h and Lh�23 where h is the number of
optimum factors needed for matrix decomposition.[39,40]

The value of h is often estimated by leave-one-out cross-
validation mythology.[40] Once h is computed, scores and
loading vectors are viewed to assess the clusters and the sig-
nificance of variables for clustering samples. In HCA, GC
data is displayed in a certain way to emphasize their natural
clusters and patterns in a two-dimensional space. The results
are often presented in the form of a dendrogram which
allows quick visualization of clusters and correlations among
tested samples.[39]
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k-Means
k-means clustering is an advanced unsupervised clustering
method that is applied for a large number of samples.[41–43]

The aim of k-means is to find clusters in the cannabis sam-
ples with the maximum number of groups given by the vari-
able k. k-means can estimate the centroid of a given cluster,

Table 1. Structural formulae of tested cannabinoids and terpenoids.
Cannabinoids 

Δ8-THC/Δ8-Tetrahydrocannabinol Δ9-THC /Δ9-Tetrahydrocannabinol THCV/Δ9-Tetrahydrocannabinol

CBC/Cannabichromene
CBG/Cannabigerol

CBN/Cannabinol

CBL/ Cannabicyclol

Terpenoids

α-bisabolol α -humulene α – pinene

α –terpinol β – caryphyllene β –pinene

Caryophylleneoxide Fenchol Carveol

Cineol Sabinene Guaiol

Linalool

Limonene
Myrcene

Terpinolene
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which can then be used to assign a new sample into defined
k-clusters. The inputs for k-means are X and the number of
clusters is k.[41–43]

Statistical software

The statistical analysis including principal component ana-
lysis PCA and hierarchical cluster analysis HCA were per-
formed using Chemoface 1.61 software[44] which runs under
MatlabVR (Mathworks, 8.6, USA) and k-means clustering was
performed using XLSTAT software (Excel, MicrosoftVR ).

Results and discussion

GC analysis and variability of cannabinoids and
terpenoids in the samples

Among known active ingredients in cannabis, seven canna-
binoids and sixteen terpenoids were detected in the plant
samples over the 23 USA states. The detected cannabinoids
and terpenoids have variable proportions but comparable to
those reported for Canadian cannabis.[4] All solutes were
separated in 55min. As a model example, Figure 1 depicts
the GC chromatogram of Alaska-origin cannabis.

As shown in Figure 1, all solutes along with IS were fairly
separated within 55min. GC analysis indicated that the deg-
radation of cannabinoids and terpenoids was not encoun-
tered. The sharp and intense GC peak positioned at
31.30min was for phenanthrene (IS) and used to estimate
the contents of other components. The position of phenan-
threne encountered very small variations in both intensity
and retention time during all injections. The proposed GC

method was stable and convenient to quantify all the 23 sol-
utes. In general, cannabinoid solutes like CBN, D9-THC,
CBG, and CBC have higher peak intensity and eluted at lon-
ger retention times compared to terpenoids, which would be
attributed to the higher polarity of cannabinoids. Interday
reproducibility was determined by injecting the same refer-
ence sample 12 times using fresh aliquots on each day
(n¼ 12). The intra and inter-day precisions (RSD%) were
0.37 and 0.32%, respectively. The method was precise in
terms of repeatability and intermediate precision.
Instrumental precision (RSD), defined as the variation in the
peak area of the IS to all solutes was found to be 1.22%.
The contents (provided as wt%) of cannabis samples are
provided in Table 2.

As indicated in Table 2, seven cannabinoids were
detected in the samples. The detected cannabinoids were
related to six different classes: D8-Tetrahydrocannabinol (D8-
THC), D9-Tetrahydrocannabinol (D9-THC and THCV),
Cannabichromene (CBC), Cannabigerol (CBG),
Cannabicyclol (CBL), and Cannabinol (CBN).[7] It is known
that cannabinoids would be available in neutral and acidic
forms and quantification of both forms will require silyla-
tion/methylation of the acidic ones before GC analysis.[12]

Hence, the provided data in Table 2 gave the total contents
of neutral and acidic forms of cannabinoids as no silylation
of the acidic groups was carried out.

Moreover, most cannabinoids are available in their neu-
tral form, for example, 10 isolated forms are known for D9-
Tetrahydrocannabinol and only two of these are in acidic
form.[7] Among detected cannabinoids, the contents of D9-
THC (1.2–8.0%) and CBN (0.22–1.1%) were notably higher
than the rest of other ingredients. It is known that the

Figure 1. GC-FID chromatogram of cannabinoids and terpenoids in Alaska-origin cannabis.
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psychoactive nature of cannabis is highly related to the level
of D9-THC.[7] At the same time, the high content of CBN
indicated the long storage time of samples as CBN is gener-
ated from D9-THC with time.[7] CBG, the first biogenic can-
nabinoid formed in the plant, was also available in
acceptable amounts (0.1–0.34%).

Besides cannabinoids, terpenoids impart the scent of can-
nabis plants. Terpenoids were grouped into monoterpenoids,
sesquiterpenoids, and triterpenoids.[7] Although the
number of detected terpenoids was relatively high (16 sol-
utes), the content of cannabinoids was notably higher
(Table 2). For terpenoids, two main classes were identified:
(a) Sesquiterpene including (a-bisabolol/a-humulene/
b-caryphyllene/caryophylleneoxide/guaiol), and (b)
Monoterpene including (a-pinene/b-pinene/a-terpineol/fen-
chol/linalool/myrcene/terpinolene/limonene/sabinene/car-
veol/cineol). Myrcene, a-humulene, and a-Pinene should be
available in large excess for drug-type cannabis.[45] The con-
tent of fenchol 0.03–1.0% was relatively high in the majority
of collected samples. The explanation is that the quantities
of fenchol (and other terpenes) within cannabis plants, as
well as other plants, vary significantly refers to: the growing
conditions, including groundwater mineral content, soil/
growing medium, mineral content, air pollution, and more.
Therefore, terpene’s levels vary dramatically not just from
one growing region to another, but from plant to plant
within the same growing area.[46] The variations in the con-
tents of cannabinoids and terpenoids in the collected sam-
ples would be helpful to get better clustering purposes as
will be shown in the following sections.

Classification of cannabis samples based on
cannabinoids and terpenoids contents

The chromatographic data were preprocessed using the
mean-centering methodology for better interpretably of PCA
outputs.[39,40] As indicated earlier, D9-THC, CBN, and CBG
are significant cannabinoids and should be included to get
proper clustering outputs. In fact, D9-THC and CBN were
useful when clustering Canadian and USA cannabis sam-
ples.[4] Only one study has included terpenoids for cannabis
classification.[12] The initial clustering tests indicated that
not all cannabinoids and terpenoids were necessary for sam-
ples and states clustering. Moreover, fenchol was the only
terpenoid that should be maintained while the rest of the
solutes were not useful for sample clustering. Regarding can-
nabinoids, D9-THC, CBN, CBG, CBC, THCV, D8-THC, and
CBL were all significant for classification. Accordingly, the
number of variables used in clustering was reduced from 23
to 8 (i.e., one terpenoid and seven cannabinoids). The
obtained PCA plots are provided in Figure 2.

In general, PCA analysis generated three plots known as
score, loading and bi-plot plots. The score plot depicted the
initial grouping of samples while the loading plot indicated
the significance of variables for sample separation. On the
other hand, bi-plot indicated the importance of variables
toward the separation of groups. GC data were presented
using two PC factors with an accumulative average ofTa
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97.66%. Hence, loading, score, and bi-plots can be viewed
using two factors only.

As indicated in Figure 2A, the score plot indicated three
main clusters collecting a different number of states. The
three clusters were: California, Oregon, and (Alaska, West
Virginia, Wisconsin, Washington, Vermont, Pennsylvania,
Montana, Ohio, Mississippi, Nevada, New York,
Massachusetts, Michigan, Maryland, Maine, Illinois, Florida,
Colorado, Arizona, Hawaii, and Delaware), Accordingly,
cannabis samples obtained from California and Oregon are
significantly different from the rest of samples from other
states. Again, this clustering was obtained when seven can-
nabinoids and one terpenoid included in the analysis. Figure
2B showed the most significant solutes for sample clustering.
Both CBN and fenchol were positively correlated as they
appeared in the same direction as shown in Figure 2B. D9-

THC was not correlated with other cannabinoids and more
significant for sample clustering (appeared alone in the plot,
Figure 2B). Most of the variables (CBC, CBL, 8-THC, CBG,
and THCV) were positioned close to the center and this
indicating their limited usage for sample clustering. It was
interesting to notice the limited performance of some
important cannabinoids (CBC and CBG) for cannabis clus-
tering compared to fenchol. In summary, fenchol, CBN and
D9-THC seem to be the most significant variables for sample
clustering. As depicted in Figure 2C, D9-THC was of high
efficiency to separate California from the rest of the states
(D9-THC and California were in the same direction). To a
less extent, D9-THC was effective to separate Hawaii from
the rest of the states. On the other hand, CBN and fenchol
were dominant to separate Oregon away from the rest of
the cannabis samples obtained from other states.

Figure 2. PCA outputs, (A) score plot, (B) loading plot, and (C) bi-plot obtained for pre-selected cannabinoids and terpenoids components.
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Cannabinoids-based-PCA analysis

Compared to terpenoids, the cannabinoids group is more
significant due to their: (a) therapeutic uses including pain
management and neurological disorders,[4,5,7,11] and (b)
large abundance in cannabis.[7] As shown in Table 2, D9-
THC, CBN, CBG, and CBC were available in large excess
compared to the rest of the compounds. In fact, D9-THC is
a common constituent with levels varying even within the
same sample depending on the composition of the sample
(i.e., leaves vs. bud, vs. mixture and the ratio of small leaves
to large leaves). Hence, the variation in THC content among
samples is expected and cannot be a distinguishing factor.
At the same time, CBN is a degradation product of THC
and only reflects the age of the sample or storage

environments and not the sample’s origin. If all samples
were harvested at the same time and kept under the same
storage conditions, then, CBN would be included in the
clustering job. In this section, PCA was performed by taking
the following five cannabinoids: D8-THC, THCV, CBC,
CBG, and CBL. A data matrix X23� 5 containing the GC
chromatographic data was subjected to PCA and the results
are provided in Figure 3.

The chromatographic data were presented by two PC fac-
tors only with an accumulative variance of 84.71%, which
allowed for sample clustering. From the score plot
(Figure 3A), four clusters were identified: (Washington),
(Nevada), and (Illinois/Oregon), and one large cluster con-
taining the rest of other states. Removing D9-THC, CBN,

Figure 3. PCA outputs: (A) score plot, (B) loading plot, and (C) bi-plot based on a limited number of cannabinoids.
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and fenchol from the analysis has been separated Nevada,
Illinois, Oregon, and Washington from the rest of the states
as shown in Figure 3A. Interestingly, California-origin can-
nabis was clustered with other states and this would indicate
the importance of D9-THC, CBN, and fenchol for this state
(Compare Figure 2A and Figure 3A). In the meantime, the
removal of D9-THC, CBN, and fenchol has improved the
separation of Ohio, Hawaii, and Montana from the rest of
other states. The position of other states was not affected
upon excluding terpenoids from PCA (Compare Figure 2A
with Figure 3A). Figure 3B indicated that CBC, CBL, and
D8-THC were the most significant variables needed for sam-
ple clustering, CBL and D8-THC have the same influence
and both not highly correlated with CBC (angle 90

�
). The

rest of the variables were accumulated in the center indicat-
ing their limited applicability for sample clustering. Bi-plot
(Figure 3C), indicated that CBL and D8-THC were necessary
to separate Nevada and Washington, while, CBC was

necessary to isolate Oregon and Illinois from the rest of the
states. At this stage, it is clear that sample clustering is sensi-
tive to the selected cannabinoids.

Terpenoids-based-PCA analysis

Terpenoids are known for their distinctive odor and syner-
gistic interactions with cannabinoids in the treatment of
pain, inflammation, depression, anxiety, addiction, epilepsy,
and cancer.[7,8] Accordingly, the classification of cannabis
samples based on terpenoids only deserved further investiga-
tion. A data matrix X23� 16 containing GC data of all terpe-
noids was created and subjected to PCA, the results are
provided in Figure 4.

As was the case in the earlier PCA, the data matrix was
presented by two factors with an accumulative variance of
93.17%. The score plot (Figure 4A) exhibited four different
groups: Oregon, Nevada, Washington, and one large cluster

Figure 4. PCA outputs: (A) score plot, (B) loading plot, and (C) bi-plot based on terpenoids contents only.
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containing the rest of the states. The variation in terpenoids
contents was the reason behind the separation of cannabis
samples obtained from Washington, Nevada, and Oregon.
Separation of other samples was not possible. Among varia-
bles, caryophyllene, guaiol, limonene, linalool, and fenchol
were the most significant for clustering especially for
Oregon, Nevada, and Washington (Figure 4B).

As shown in Figure 4C, fenchol was efficient to separate
Washington and Nevada from the rest of the states while
guaiol, limonene, and linalool were helpful for separating
Oregon from the rest of other states. In summary, PCA
indicated that cannabis samples obtained from Oregon,
Washington, and Nevada were distinguished from the rest
of other plant samples.

k-Means clustering: including all variables for clustering

For the first time in Cannabis study, k-means clustering is
used. The benefit of k-means is that it can include all varia-
bles in the clustering job. In k-means clustering, choosing k
is necessary to get the optimum number of centroid or clus-
ters. To estimate the correct number of clusters in data
matrix X, the algorithm is tested for a range of k values and
the results are compared. In fact, there is no procedure for
determining the correct k value. However, monitoring the
mean distance among states and their cluster centroid is
often adopted to estimate the optimum k value.[41–43] For
the current system, the minimum distance to the centroid is
plotted against k as shown in Figure 5.

As shown in Figure 5, the distance to centroid was not-
ably decreased at k¼ 3 which is also known as elbow point,
represented the proper number of clusters for the current
system. Accordingly, the 92 cannabis samples that have been

collected across 23 USA states in this study can be clustered
into three groups and this classification was totally based on
their cannabinoids/terpenoids content. Besides the outlined
method, cross-validation, theoretic jump, and silhouette
methods[42] were also presented to estimate k value. The
characteristic results of k-means for clustering samples are
summarized in Table 3.

As indicated in Table 3, all states were classified into
three classes, each containing a different number of states.
Class 1, Class 2, and Class 3 grouped 35, 52, and 13% of
states (i.e., cannabis) samples, respectively. Accordingly, 52%
of collected cannabis samples have comparable features or
comparable chemical composition of terpenoids/cannabi-
noids. Another main finding from k-nearest is the unique

Figure 5. Determination of the optimum number of clusters by k-means algorithm.

Table 3. Outputs of k-means clustering for samples based on cannabinoids/
terpenoids contents.

Sum of weights 8 12 3

Within-class variance 0.289 0.271 2.182
Minimum distance to centroid 0.058 0.167 0.482
Average distance to centroid 0.451 0.450 1.117
Maximum distance to centroid 0.796 0.922 1.519
Class 1 2 3
No. of States 8 12 3

Alaska West Virginia Oregon
Montana Wisconsin Hawaii
Ohio Washington California
Nevada Vermont
Michigan Pennsylvania
Maryland Mississippi
Illinois New York
Florida Massachusetts

Maine
Colorado
Arizona
Delaware

Central state of class Michigan Colorado Hawaii
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clustering of samples obtained from Oregon, Hawaii, and
California, which may deserve more investigation in the
future. Another interesting point regarding Class 3 was the
higher distance of samples from the centroid (1.117). States
grouped in Class 1 and 2 were of comparable distances to
their centroids (0.451–0.450). For the three classes, the cen-
tral states were Michigan, Colorado and Hawaii, for class 1,
2, and 3, respectively. Moreover, results indicated that dis-
tances between the central states were 2.0, 2.1, and 4.2
between Michigan–Colorado, Michigan–Hawaii, and
Colorado–Hawaii, respectively. The earlier distances indi-
cated that the distance between Colorado–Hawaii is rather
high. This was attributed to the lower contents of CBN and
D9-THC in Colorado-origin cannabis compared to those
obtained from Hawaii. Another option of k-means is run-
ning HCA analysis based on the estimated centroids. The
obtained dendrograms which estimated using Euclidean dis-
tance is presented in Figure 6.

As indicated in Figure 6A, three main clusters were iden-
tified and the cluster (Oregon, Hawaii and California) was
obviously closer to the cluster (Alaska, Montana, Ohio,
Nevada, Michigan, Maryland, Illinois, and Florida) and this
agrees with the earlier results where the distance between
Hawaii and Michigan (the central states in their class) is
closer when compared to Colorado (the central state in the
last class observed in the dendrogram). It is interesting to
mention that the outputs of any adopted clustering method
are highly sensitive to the input variables. Figure 6B dis-
played the dendrogram obtained by PCA including all varia-
bles. In fact, both PCA and k-means generated comparable
plots with few exceptions. For example, in both methods,

the cannabis obtained from Washington, Delaware,
Massachusetts, Colorado, Vermont, Maine, Arizona,
Wisconsin, New York, Mississippi, Pennsylvania, West
Virginia were clustered together. In addition, cannabis sam-
ples obtained from Florida, Nevada, Alaska, Illinois,
Montana, Michigan, Maryland, and Ohio were also obvi-
ously clustered together by both methods.

The main difference between PCA and k-means was
observed for California, Oregon, and Hawaii. As shown in
Figure 6B, Oregon and Hawaii were grouped together while
California was clustered alone by PCA, however, the three
states were clustered in one group by k-means. One explan-
ation for clustering Hawaii, California, and Oregon in the
same cluster (using k-means) was attributed to the high total
contents of cannabinoids and terpenoids 9.14, 10.39, and
10.56%, respectively, compared to the rest of other samples.

Conclusions

The outputs of 23 USA states grouping and cannabis plant
samples clustering based on cannabis contents by PCA were
sensitive to the selected of the measured chemical profile,
that is, cannabinoids and terpenoids. Fenchol (terpenoid),
CBN (cannabinoid) and D9-THC (cannabinoid) were signifi-
cant input variables for cannabis clustering; D9-THC was
essential to isolate California-origin cannabis from the rest
of 23 samples. Samples clustering based on cannabinoid
content revealed that CBL and D8-THC were dominant to
isolate samples from Nevada and Washington. In the mean-
time, CBC was the controlling variable to separate Oregon
and Illinois products from the rest of the samples. Samples

Figure 6. Dendrograms generated by (A) k-means-HCA and (B) PCA-HCA.
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obtained from Oregon, Nevada, and Washington were clus-
tered alone by PCA based on terpenoid content only. Both
PCA and k-means outputs confirmed that the number of
cannabis samples from the same group of clustered states
could be minimized since they have the same content of
cannabinoids and terpenoids. Medically, since different can-
nabis from different states showed similarities in their con-
tent, hence, any of them could be chosen. Thus, fewer
efforts, time, and materials will be consumed in addition to
decreasing operational conditions. Finally, the use of PCA
and k-means was a useful and quick guide for samples clas-
sification based on the cannabis chemical profiles contents.
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