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ABSTRACT: Cannabis is widely used for medicinal and recreational purposes. As a result, there is increased interest in its chemical
components and their physiological effects. However, current information on cannabis chemistry is often outdated or scattered
across many books and journals. To address this issue, we used modern metabolomics techniques and modern bioinformatics
techniques to compile a comprehensive list of >6000 chemical constituents in commercial cannabis. The metabolomics methods
included a combination of high- and low-resolution liquid chromatography—mass spectrometry (MS), gas chromatography—MS,
and inductively coupled plasma—MS. The bioinformatics methods included computer-aided text mining and computational genome-
scale metabolic inference. This information, along with detailed compound descriptions, physicochemical data, known physiological
effects, protein targets, and referential compound spectra, has been made available through a publicly accessible database called the
Cannabis Compound Database (https://cannabisdatabase.ca). Such a centralized, open-access resource should prove to be quite

useful for the cannabis community.
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B INTRODUCTION

Cannabis, also known as hemp, is a widely cultivated flowering
annual plant consisting of two major species, Cannabis sativa
and Cannabis indica. The term “hemp” is often reserved for
those cannabis cultivars that are grown for nondrug use, while
the term “cannabis” is used for those cultivars specifically
grown for drug use. Evidence of cannabis/hemp use in human
societies dates back more than 26,000 years ago where it was
used by early Paleolithic societies as a source of fiber to make
baskets in the present-day Czech Republic.' The medicinal use
of cannabis dates to more than 5000 years ago where it was
prescribed by Chinese physicians to treat fatigue, rheumatism,
and malaria.” The recreational use of cannabis was first
mentioned by Herodotus nearly 2500 years ago, when he
described how Scythians used hemp vapor in their steam
baths.®> Since then, cannabis has become one of the most
widely cultivated medicinal plants in the world, with its flowers
being particularly rich in cannabinoids and other psychoactive
phytochemicals. The global market (legal and illicit) for
cannabis is estimated to be worth $344 billion USD/yr.* There
are believed to be more than 250 million cannabis users
worldwide, with the largest number being in Asia, followed by
North America and Europe. Nearly 60 countries have legalized
the sale of cannabis for medicinal use, while another 53 have
officially ignored, decriminalized, or legalized its use or
possession for recreational purposes. Given the widespread
use of cannabis, the growing level of legalization for medicinal/
recreational purposes and a growing concern over its safety,
health effects, benefits, and harm, there is increased interest in
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understanding the chemistry and chemical composition of
cannabis.

Cannabis is known to have a very complex chemical profile.
Various studies have reported more than 550 different
compounds in cannabis. These include >140 cannabinoids,
120 terpenes, 50 hydrocarbons, 46 phenolic or polyphenolic
compounds, 34 sugars, 25 ketones and aldehydes along with
many kinds of organic acids, fatty acids, amino acids, esters,
lactones, phytosterols, alkaloids, vitamins, and biogenic
amines.”® These molecules, along with other yet-to-be-
identified bioactive molecules, likely contribute to the widely
varying physiological and psychoactive effects of different
cannabis strains and different cannabis products on humans.

The main psychoactive chemical in cannabis is tetrahy-
drocannabinol (THC). Several other cannabinoids, such as
cannabidiol (CBD), contribute to cannabis’ well-known
psychoactive and physiological effects. These chemicals may
be released, consumed, or inhaled through a variety of means
such as smoking, vaping, or ingestion of cannabis edibles.
Cannabis consumption or inhalation can lead to a variety of
mental and physical effects, including euphoria, an altered
sense of time, increased appetite, difficulty concentrating,
impaired short-term memory, and clumsiness. Medically,
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cannabis has shown promise in effectively treating several
conditions, including chronic pain, nausea, anxiety, and
inflammation.”® The onset of effects is typically felt within a
few minutes when smoked and within about 30—60 min when
eaten. These effects last for 2—6 h depending on the amount
used and the cultivar’s concentration of THC or CBD. Each
cannabis compound, on its own, may have a well-defined
physiological effect but certain combinations of chemicals (as
found in plant extracts) can have a synergistic physiological
effect or a so-called “entourage effect”.”'" In addition to these
hard-to-define entourage effects, the chemical profile and
concentrations of each compound can vary dramatically among
cannabis cultivars, and they can even vary depending on the
age of the plant, harvest conditions, storage conditions, and
growth conditions." "

While a large body of research exists that has focused on
characterizing the chemical compounds in cannabis, there is no
single resource that catalogues all known cannabis constituents.
Instead, most of the information is scattered across several
textbooks, monographs, and scientific journals.é’7 Furthermore,
most of this information incompletely describes the precise
structures, nomenclature, and other essential properties of
these chemicals. It is also notable that remarkably little work
has gone into accurately quantifying important cannabis
compounds in different cannabis cultivars or developing
reagents or techniques to enable their quantification.

Historically, most cannabis chemical composition studies
have been performed using targeted chemical analyses aimed at
characterizing specific classes of compounds (i.e., cannabinoids
only, terpenes only, and volatiles only)."*™"” While targeted
analytic approaches are very accurate, they require consid-
erable skill, are rather limited in their chemical scope, and often
require a great deal of time and manual effort. With the
development of quantitative, targeted metabolomics ap-
proaches, it has been possible to achieve far more
comprehensive chemical coverage (with less analytical effort)
of plants, plant products, extracts, biofluids, and other
organisms.'”'” Thanks to significant advances in analytical
techniques such as liquid chromatography (LC), gas
chromatography (GC), tandem mass spectrometry (MS—
MS), and nuclear magnetic resonance spectroscopy (NMR),
metabolomics methods can routinely identify and quantify
hundreds of compounds from a single sample.'”~** Indeed,
metabolomics has already enabled the determination of
extensive inventories of small-molecule metabolites for a
wide range of organisms and biofluids.”*** It has also been
applied toward the characterization of cannabis chemicals in a
number of studies.”>™’

For instance, a recent review highlighted nearly 20 different
metabolomic (or “cannabinomic”) studies that have been
conducted on cannabis since 2008.”° These studies employed a
variety of techniques including NMR, GC—MS, LC—MS, and
GC coupled with flame ionization detection (GC-FID) to
primarily perform chemotaxonomy, aiming at distinguishing
different cannabis strains, cultivars, or chemovars. These
investigations typically report 15—45 cannabis metabolites.”
In addition, other studies have made substantial efforts in
understanding the chemical composition of cannabis at various
levels, ranging from different parts of the plant itself,”>*" to
cannabis extracts,’® and finally to the finished edible
products.”’ More recently, several very comprehensive
cannabis metabolomic studies have been published that have
substantially “raised the bar” regarding compound coverage.

Specifically, Delgado-Povedano et al.*® used a combination of
high-resolution LC—MS and GC—MS methods to identify 169
metabolites from more than a dozen classes of compounds in
17 cannabis cultivars. Antonelli et al.”” used high-resolution
LC—MS-based lipidomics to putatively identify 189 different
lipids, including 80 sulfolipids and 51 phospholipids from a
single strain of Cannabis sativa. Mudge et al.”” used GC—MS-
based metabolomics to positively identify 99 cannabis
compounds, including 67 terpenoids from 33 different
commercial cannabis chemovars, while Graves et al.>’
employed comprehensive GC (GCxGC)—MS metabolomic
methods to tentatively identify 536 compounds found in
mainstream cannabis smoke. Unfortunately, only a small
fraction of cannabis metabolomic studies published to date
report actual concentrations or perform validated compound
identification. Characterizing the thousands of compounds
found in cannabis represents a difficult challenge for traditional
analytical chemistry but one that is very well suited for the
nascent field of metabolomics.>

To facilitate further research into cannabis chemistry, we
believe it is critical to comprehensively and quantitatively
characterize the chemical composition of cannabis (and
different cultivars) using multiple metabolomic techniques.
Such an undertaking would benefit cannabis cultivators/
distributors, cannabis researchers, physicians, government
regulators, and consumers. This is because it would create a
centralized, comprehensive, and electronically accessible data-
base of all measured or detectable metabolites/chemicals
found in cannabis (and cannabis smoke). To create such a
resource, we combined experimental metabolomic techniques
with computer-aided text mining and computational genome-
scale metabolic inference’ ™" to compile essentially all the
known chemicals (endogenous and exogenous) that can be
detected in cannabis along with their respective concen-
trations, where possible. Experimentally, we used multiple
quantitative, targeted metabolomics techniques including GC—
MS,** LC—MS/MS," and inductively coupled plasma—MS
(ICP-MS)* methods to identify and/or quantify 284
cannabis metabolites or metabolite species across a number
of cannabis cultivars. In addition to using multiple metab-
olomics techniques, special care was taken in the selection of
the extraction method(s) for these metabolites to ensure the
highest level of recovery and the most comprehensive coverage
of different classes of metabolites with different chemical or
solubility properties. Most extractions were performed through
liquid—liquid extraction, which separates compounds into two
immiscible phases, aqueous and nonpolar organic. Depending
on the metabolites of interest, we chose nonpolar solvents such
as chloroform, methyl tert-butyl ether (MTBE), and hexane.
Several solid—liquid extractions were also performed using
solvents such as methanol and acetonitrile to help extract more
polar metabolites from the powdered cannabis samples.'®*"*!
There is no single solvent that can extract all the metabolites to
cover the whole metabolome of the cannabis cultivars;
therefore, a solvent system that combines both the polar and
nonpolar solvents (e.g., mixture of hexane, methanol, and
water in our method) is favored toward the extraction of
various classes of metabolites.

To further enhance our experimental data, we conducted an
extensive literature survey that was then combined with
genome-scale metabolite inference. The entire data set is now
housed in the Cannabis Compound Database (CCD)
(https://cannabisdatabase.ca). This web-accessible source
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contains cannabis chemical concentration data, physicochem-
ical data (including measured or predicted NMR and MS
spectra), physiological/psychoactive effect data, cultivar/
chemovar data, and extensive referential data for 6337 cannabis
metabolites or metabolite species along with detailed data on
115 cannabis cultivars. We believe that such a centralized,
open-access database will be particularly useful for the cannabis
community, including researchers, producers, regulators,
physicians, vendors, and users.

B MATERIALS AND METHODS

Reagents. Optima LC/MS-grade formic acid, Optima LC/MS-
grade water, methanol, and acetonitrile, and Optima LC/MS-grade
ammonium acetate were purchased from Fisher Scientific (Ottawa,
CA). High-performance LC (HPLC)-grade pyridine and ethanol,
phenyl isothiocyanate (PITC), 3-nitrophenylhydrazines (3-NPH), 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), and buty-
lated hydroxytoluene (BHT) were all purchased from Sigma-Aldrich
(Oakville, CA). Octanol, tridecane, and hydrogen peroxide were
purchased from Sigma-Aldrich (Burlington, MA). Indium standard
and 1S mL metal-free tubes were purchased from PerkinElmer Inc.
(Shelton, CT) and Thomas Scientific (Swedesboro, NJ), respectively.
Chemical standards and isotope-labeled internal standards (ISTDs)
for the common plant metabolomics assay were purchased from
different vendors (details provided in Table S1). The vendors and/or
concentrations of eight cannabinoid certified reference material
standards (1 mL ampules), six standards used for peak identification,
terpene mixtures 1 and 2 containing 21 and 16 compounds,
respectively, 14 polyphenols, and 71 pesticides used for the
cannabinoid, terpenoid, polyphenol, and pesticide assays are listed
in Table S2. Nunc 96 DeepWell plates and MultiScreen “Solvinert”
filter plates [hydrophobic, polytetrafluoroethylene (PTFE), 0.4S um,
clear, nonsterile] were bought from Sigma-Aldrich (Oakville, CA).
The 0.22 pm Acrodisc syringe filters with a hydrophilic polypropylene
(GHP) membrane were obtained from VWR (Radnor, PA).

All chemicals were weighed on a Sartorius CPA22SD electronic
balance (Mississauga, CA) with a precision of 0.0001 g. Stock
solutions of calibrants and ISTDs were prepared in water (or other
organic solvents; Table S2). Calibration curve standards, covering the
known concentration ranges or expected concentrations in cannabis
and final working ISTD mixture solutions, were prepared by mixing
and diluting corresponding stock solutions with water. All calibration
curve standards and ISTD working solutions were aliquoted and
stored in a Thermo Scientific —86 °C freezer (Waltham, MA.) until
used (up to 2 months).

Commercial Cannabis Sample Acquisition. Six different
commercially available cannabis cultivars were analyzed: Alien
Dawg, Tangerine Dream, Sensi Star, Quadra, Gabriola (Frosty
Monster), and Island Honey. These were purchased from a licensed
cannabis distributor in Edmonton, Canada. These six cultivars were
chosen because they were identified by the vendors as popular brands
of commercial cannabis in Canada and presumed to be representative
of the different types of cannabis consumed by Canadians. In Canada,
recreational cannabis is approved for sale and is available at
government-licensed retail distributors. Licensed cannabis sold in
Western Canada is grown in licensed greenhouses. After purchase,
each sample (3.5 g dry weight) was stored at room temperature (RT)
until it was used for analysis. For all assays, one sample of each
cultivar was collected, and three technical replicates were analyzed.

GC—MS Compound ldentification and Quantification. Two
GC—MS analyses were performed, a quantitative targeted analysis for
terpenoids and a nontargeted qualitative analysis of other volatile or
nonderivatizable compounds. The targeted terpenoid analysis was
designed, calibrated, and tested to detect and fully quantify 28 and
semiquantify 17 terpenoids over a 45 min GC—MS run. The sample
preparation and analysis methods were adapted from a previously
published method.*® In brief, 50 mg of dry cannabis plant material
(for each of the six cultivars), previously ground via a pestle and

mortar to a fine powder, was extracted using 1.0 mL of an ethyl
acetate and ethanol mixture (1:1 v/v) containing 0.05% 1-octanol and
0.0125% tridecane as internal standards. The mixture was shaken at
RT for 10 min at 300 rpm on a multitube vortexer (Fisher Scientific)
in the dark and centrifuged at 11,000g for 10 min at 4 °C, and the
supernatant was removed and used to quantify the terpenes.

The samples (2 uL injection volume) were delivered via a 7693
autosampler to a 7890B series GC coupled to a 5977A MSD mass
detector (all from Agilent Technologies, Santa Clara, CA). An Agilent
HP-5 MS capillary column (30 m X 250 ym inner diameter) was used
to separate all compounds before MS analysis. Helium was used as the
carrier gas, with a constant flow rate of 1 mL/min. The initial oven
temperature was held at 60 °C for 3 min, increased to 65 °C at 3 °C/
min (held for 7 min), increased to 90 °C at 1.8 °C/min, and then
increased to 240 °C at 9 °C/min. Finally, the temperature was
increased to 310 °C at 20 °C/min and held for § min. The injector
temperature was 250 °C with a split ratio of 15:1. The mass
spectrometer was set in full scan mode from 50—600 atomic mass
units. The ionization energy was 70 eV. The ion source temperature
was 230 °C, and the quadrupole temperature was 150 °C. The solvent
delay was set to S min. The transfer line temperature was 280 °C.
Data analysis was performed with Agilent MassHunter software. All
terpenes were quantified using external six- to nine-point calibration
curves (using authentic standards for each terpene) and linear
regression. In instances in which authentic standards were not
available, surrogate standards with near-identical chemical structures
or properties were used. Calibration curves constructed using the
surrogate standards were used to semiquantify the affected analytes.
Retention indices (RIs) were calculated using a C8—C20 alkane
mixture solution (Fluka, Sigma-Aldrich) as an external standard. For
the untargeted GC—MS analysis of cannabis volatiles, the same
extraction protocol, GC—MS separation, quantification, and data
analysis as described above for terpenoid analysis were used.

Targeted LC—MS/MS Compound Identification and Quan-
tification (Common Plant Metabolites). A targeted, quantitative
metabolite assay was used to detect and quantify a wide range of
common plant metabolites using a combination of reversed-phase LC
(RPLC) and direct flow injection (DFI) with MS/MS (RPLC—DFI—
MS/MS). These MS-based analyses were performed on an AB SCIEX
QTRAP 4000 mass spectrometer (Applied Biosystems/MDS
Analytical Technologies, Foster City, CA). The assay is capable of
detecting and quantifying 210 plant compounds, including amino
acids, biogenic amines, glucose, organic acids, plant hormones,
acylcarnitines, phosphatidylcholines (PCs), lysophosphatidylcholines
(LysoPCs), sphingomyelins (SMs), and hydroxylated SM(OH)s.
Details about the method, derivatization strategy, separation protocol,
MS methods, calibration, and metabolite quantification process have
been previously described.'® The method uses chemical derivatization
(via 3-NPH for organic acids or PITC for amine-containing
compounds), analyte extraction, and separation, combined with
selective mass spectrometric detection using multiple reaction
monitoring (MRM) pairs to identify and quantify metabolites.
Isotope-labeled ISTDs along with other ISTDs are used for accurate
metabolite quantification. For this study, cannabis metabolites were
extracted from 25 mg of ground (mortar and pestle) cannabis
cultivars using 1 mL of a chilled mixture of hexane and methanol (3:1,
v/v) and then shaken and vortexed. A second aliquot of 25% aqueous
methanol (0.5 mL) was added, and the mixture was vortexed and then
centrifuged to produce 2 layers (a hexane and an aqueous layer) that
were aliquoted into separate tubes. The hexane layer was used to
quantify phospholipids, and the aqueous layer was used to quantify
the remaining metabolites as described earlier.'®

Targeted LC—MS/MS Compound Identification and Quan-
tification (Cannabinoids). A second targeted, quantitative LC—
MS/MS assay was used to quantify cannabinoids in the different
cultivars. The hexane layer (see the LC—MS method above, for
extraction of common plant metabolites) was evaporated to dryness
under a nitrogen stream and reconstituted with half its volume of
acetonitrile. Then, 10 uL of the ISTD mixture (Table S2) and 100 uL
of methanol were added to 50 uL of the sample and mixed completely
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before LC—MS/MS analysis. The cannabinoid assay was designed,
calibrated, and tested to detect and quantify 16 cannabinoids over an
8 min LC—MS run. See the Supporting Information for more details
about this LC—MS/MS assay.

Targeted LC—MS/MS Compound Identification and Quan-
tification (Polyphenols). A third targeted, quantitative metabolite
assay using ultra-HPLC (UHPLC)—high-resolution MS (HRMS) was
used to quantify the polyphenols in the six cannabis cultivars.
Polyphenols were extracted using a modification of an organic solvent
protocol.** Samples were freeze-dried overnight and then ground to a
fine powder (using a mortar and pestle). Next, 7.5 mg (dry weight)
was weighed into a 1.5 mL microcentrifuge tube, and 10 yuL of a
mixture of nine isotopic-labeled ISTDs (Table S2) and 250 uL of 80%
methanol in water (v/v) were added. Each tube was vortexed for 30
min and centrifuged for S min at 18,000g. The supernatant was
filtered through 0.22 pm Acrodisc syringe filters with a GHP
membrane before UHPLC—HRMS analyses (see the Supporting
Information for details).

Targeted LC—MS/MS Compound Identification and Quan-
tification (Pesticides). A quantitative RPLC—atmospheric pressure
ionization (API)—MS/MS method was developed to identify and
quantify 71 pesticides at or above the limits of quantification (LOQs)
specified for dried cannabis in Health Canada’s “Mandatory Cannabis
Testing for Pesticide Active Ingredients—List and Limits”.*?
Pesticides were isolated from dry cannabis using organic extraction
as described elsewhere.** The pesticides in 200 mg of plant material,
ground using a Geno/Grinder (SPEX Sample Prep, Metuchen, NJ),
were mixed with 1 mL of LC—MS-grade acetonitrile and sonicated for
1S min at RT in a water bath sonicator (Marshall Scientific, Hampton,
NH). Sonicated samples were chilled at —20 °C for 2 h, then
centrifuged at 1700g for 10 min at 4 °C. Supernatants were removed
and filtered through a 0.2 ym PTEFE filter. Then, 100 uL of filtrate was
transferred to an LC vial fitted with a glass insert and diluted with 100
uL of LC—MS-grade methanol. The analysis was performed using an
Agilent 1290 Infinity LC system (Agilent, Santa Clara, CA) connected
to a Sciex Q-Trap S500 mass detector (Sciex, Framingham, MA). The
compounds were separated using a Zorbax Eclipse XDB-C18 solvent
saver plus column (80 A, 4.6 X 150 mm, S um) (Agilent, Santa Clara,
CA) before MS analysis.

Trace Elemental Analysis Using ICP—MS. ICP-MS is
considered the gold standard for identifying and quantifying metal
ions in biological samples and has been widely used in analyzing plant
samples.*> Our ICP—MS analysis of cannabis plants was adapted from
a previously described ICP—MS method.*” Briefly, 50 mg of dried
cannabis was ground (via pestle and mortar) and accurately weighed
into Posi-Lock, metal-free 1.5 mL microcentrifuge tubes (Thomas
Scientific, Swedesboro, NJ). Next, 1 mL of digestion solvent (25%
HNO; and 5% H,0, with 0.200 pug/L of indium as an internal
standard) was added. The samples were heated in a 75 °C water bath
for 1 h and then centrifuged at 21,000g for 10 min. Then, 150 uL of
supernatant was pipetted into a 15 mL metal-free centrifuge tube,
diluted 10 times with 1.35 mL of 5% H,0, (made in ultrapure water),
vortexed for 30 s, and then subjected to ICP—MS analyses.

All trace elemental analyses (41 metals) were performed on a
PerkinElmer NexION 350X ICP—MS (Woodbridge, Canada),
operating in a kinetic energy discrimination mode. Argon (ICP/MS
grade, 99.99%) was used as a nebulizer (0.9 mL/min), an auxiliary (1
mL/min), and a plasma gas (15 mL/min). Helium (He) was used as a
nonreactive collision gas (Cell gas A: 4.3) to eliminate/minimize
chemical interference. The dwell time for each metal ion was set to 50
ms with a total integration time of 500 ms (10 sweeps per reading and
three replicates). The uptake of samples/standards/QCs was done by
a peristaltic pump using the following protocol: (1) sample flush for
S0 s at 48 rpm, (2) read delay for 15 s at 20 rpm, (3) spectral analyses
at 20 rpm, and (4) washing for 45 s at 24 rpm. An external calibration
curve was used for the quantitation of all metal ions using a six- to
nine-point calibration curve (for each metal) and linear regression.
The performance of the ICP—MS was checked daily using a
commercially prepared PerkinElmer NexION calibration solution
(Millipore Sigma, Milwaukee, WI) to evaluate the sensitivity of the

instrument. The NexION solution was also used to calibrate the mass
spectrometer at low (Be), mid (In), and high (U) masses. Continuing
calibration verification was run every 15 samples to monitor the
validity of each calibration curve throughout the sequence.

Cannabis Compounds in the Literature. We conducted an
extensive literature review of known cannabis compounds (including
smoke-derived compounds and combustion products) and their
concentrations using a number of open-access literature search
engines such as Google Scholar (https: //scholar.google.ca/ ), PubMed
(https://pubmed.ncbi.nlm.nih.gov/), and ScienceDirect (https://
www.sciencedirect.com/). We also used several in-house text-mining
software packages that were originally developed for the Human
Metabolome Project (HMP) and the Human Metabolome Database
(HMDB),** namely, PolySearch*’ and PolySearch2.*® These
programs can take simple keywords (i.e, “cannabis”, “chemical’,
and “metabolite”) as input and rapidly create hyperlinked lists of
abstracts and papers containing information about cannabis
metabolites and their corresponding concentration data from PubMed
(and other data sources). The text mining was conducted based on
various criteria such as compound categories, physiological effects and
counter effects, and the detection status of the metabolite (quantified
or detected only). The search terms included, but were not limited to,
combinations of the keywords (cannabis, marijuana, “cannabis plant”)
with (metabolite, cannabinoids, terpenes or terpenoids, polyphenols,
“fatty acids”, “primary metabolites”, esters, alkanes, phytoestrogens,
herbicides and fungicides, smoke, combustion) and (allergen,
analgesic, antibacterial, anticancer, anxiolytic, irritant, psychoactive,
sedative, stimulant) and (detected, quantified). This work led to the
identification of ~500 papers, abstracts, and textbooks with relevant
chemical information on cannabis chemicals. From these documents,
PolySearch2 compiled a ranked list of cannabis metabolites by
measuring word co-occurrence frequency using terms such as
“cannabis”, “marijuana”, or “hemp” in conjunction with words such
as “concentration”, “identification”, “quantification”, “mM”, or
“micromole”. PolySearch2 also extracted key sentences from the
abstracts and then labeled and hyperlinked the metabolites mentioned
in the text.

All literature-derived data regarding cannabis compounds, along
with their concentrations and references, were manually compiled,
compared, and their names “normalized” to match HMDB,*
Chemical Abstracts Service (CAS), and PubChem identifiers. The
manually derived compound data was further annotated using an in-
house program called DataWrangler,*® which automatically generates
names, synonyms, partial descriptions, structures, chemical taxono-
mies, physical property data, and bioavailability data. The information
generated by DataWrangler was manually checked by five different
scientists (the annotation team) with postgraduate degrees in
biochemistry, natural product chemistry, and/or chemistry. All
compound structures, names, synonyms, and descriptions were
extensively reviewed, cross-checked, and, if necessary, redone
manually by the annotation team. After the manual checking phase
was complete, the data were then entered into the CCD.
Concentration data were cross-checked manually to identify any
large discrepancies (>3X) among the entered values. Those that
exceeded this threshold were reanalyzed to see if data entry errors had
occurred. For highly discrepant values, a “majority wins” scheme was
used to select the most consistent value(s). On the other hand, if our
experimental data matched best with one of the discrepant values,
then that value was selected over other literature-reported value(s).

Genome-Scale Inference of Expected Cannabis Com-
pounds. A common set of essential or conserved “primary” plant
metabolites was determined by carefully analyzing the published
reaction network and metabolome of several diverse, but well-studied
plants, including Arabidopsis thaliana, Solanum lycopersicum (tomato),
and Oryza sativa (rice). This process involved comparing and
consolidating the metabolite/pathway information found in AraCyc,*
PlantCyc,” the Plant Metabolic Network,® and various Kyoto
Encyclopedia of Genes and Genomes plant pathway collections.”’
This information, along with the recently published cannabis genome
sequence,52 and other publicly available plant metabolite, protein, and
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Table 1. Summary of the Types of Assays, Classes of Metabolites Assayed, Platforms, and Numbers of Metabolites Covered by
the Different Methods, Analyzed, Detected, and Quantified in This Study

total # analytes detected
analytes and/or quantified in

types of analytes detected platform type of assay covered cannabis cultivars
total min  max
cannabinoids LC-MS/MS* targeted 16 16 16 16
terpenoids GC-MS targeted 45 4S 22 33
volatiles and nonderivatizables GC-MS untargeted NA 104 104 104
polyphenols and phenolic acids UHPLC—HRMS targeted 19 17 14 16
pesticides RPLC—API-MS/MS  targeted 71 14 3 6
metal ions ICP-MS targeted 16 16 14 16
common plant metabolites: amino acids, biogenic amines, glucose, organic acids, ~RPLC—DFI-MS/MS targeted 210 72 72 72

plant hormones, acylcarnitines, PCs, LysoPCs, SMs, and SM(OH)s

total 377 284 141 159

“Abbreviations: LysoPC—Ilysophosphatidylcholine, PC—phosphatidylcholine, SM—sphingomyelin, SM(OH)—hydroxylated sphingomyelin;
GC—MS—gas chromatography—mass spectrometry; LC—MS/MS—Iiquid chromatography—MS/MS; UHPLC-HRMS—ultra-high-performance

LC—high-resolution MS; ICP—MS—inductively coupled plasma—MS.

« Terpenes (45)

NON-TARGETED

« \Volatiles and non-

TARGETED

Cannabinoids (16)
« Polyphenols (19)
« Pesticides (71)
« Common plant
metabolites (72)

ICP-MS

¢ Metal ions (16)

derivatizable
compounds (104)

Figure 1. Schematic representation of the platforms used in this study for the targeted and untargeted metabolomics assays.

pathway data from PathBank® and UniProt® (which provided
additional details on plant lipids) were used to generate a genome-
scale compilation of highly conserved or “expected” cannabis
metabolites. These expected metabolites correspond to endogenously
produced compounds that are essential to all known plants based on
well-known or well-characterized biochemical pathways or reactions
found in all higher plant cells. Many expected compounds correspond
to common, high-abundance, so-called primary metabolites as well as
lipids, transient intermediates, or low-abundance compounds that are
not easily measurable or normally measured in metabolomics
experiments.

Construction of the CCD. All data collected via the experimental
assays (described above), literature surveys, and genome-scale
metabolic inference were entered into the CCD. The CCD was
implemented using a Ruby on Rails (version 4.2.0) web framework
incorporating a MySQL relational database (version 15.1 Distribution
10.4.6-MariaDB) to manage all the metabolite data, including
descriptions, synonyms, physicochemical properties, concentrations,
spectra, and external references. The CCD was built using the
framework used to develop the HMDB"® and is therefore similar in

appearance and structure. The CCD uses the model—view—controller
architecture in which internal data logic is separated from user input
and data presentation. The raw information stored in the database is
dynamically extracted and rendered into web pages. The CCD is
hosted on a DigitalOcean server equipped with 4 CPUs, 80 GB of
disk space, and 8 GB of RAM.

B RESULTS AND DISCUSSION

This study’s central aim was to identify, quantify, and
comprehensively describe all the chemicals detectable in
commercial cannabis (including combustion products) using
a combination of comprehensive, quantitative experimental
approaches, literature mining, genome-scale metabolic infer-
ence, and computer-aided and manual annotation. This entire
data set is housed in the CCD, a compilation of all known
molecules that could potentially be present in cannabis
products, irrespective of whether they are endogenous or
exogenous (i.e., pesticides). This section is divided into three
subsections covering the following: (1) experimental metab-
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Figure 2. Distribution of the 179 detected and quantified metabolites across chemical super classes.

Table 2. Most Abundant Terpenoids Found in the Six Cannabis Cultivars and Their Flavor and Aroma Profiles

Cannabis Compound

terpenoid Database # aroma/flavor cultivar (mg/ g dry weight)
Alien Tangerine  Sensi Island
Dawg Dream Star  Quadra Gabriola ~ Honey
(=)-a-bisabolol CDB000119 balsamic” 0.26 0.5 0.4 0.46 0.45 0.39
trans-caryophyllene CDB000712 sweet,kwoody, spicy, clove, skunky smell of 1.86 0.85 0.78 1.02 2.37 1.32
smoke
eudesma-3,7(11)-diene CDB000219 found in essential oil of hops 1.32 ND” 0.39 0.77 1.58 0.59
(E)-p-farnesene C CDB000352 woody, citrus, herbal, sweet 1.54 221 ND 1.01 3.1 ND
R-(+)-limonene CDB000069 citrus, orange, fresh, sweet 0.86 0.26 0.18 1.38 2.48 0.12
linalool CDB000089 citrus, floral, sweet, bois de rose, woody, 0.11 0.29 ND 0.89 0.7 0.19
green blueberry
p-myrcene CDB000573 peppery, terpenic, spicy, balsamic, plastic, 1.17 1.71 0.75 0.38 0.42 0.44
skunky smell of smoke
trans-nerolidol CDB000351 floral, green, waxy, citrus, woody ND 1.09 ND ND ND 1.1
terpinolene CDB000209 herbal, fresh woody sweet, pine, citrus ND ND 1.89 ND ND ND

“Sources for scents: for most compounds, information about scents can be found in the CCB as well as the good scent company (http://www.
thegoodscentscompany.com/ ) and the ContaminantDB (https:/ /contaminantdb.ca/). ND—not detected.

olomics results; (2) literature review and genomic inference,
and (3) a detailed description of the CCD.

Experimental Results. All data presented in Tables 1—6,
and Tables S3—14 of the Supporting Information were
obtained experimentally by our lab via one untargeted and
six different targeted, fully quantitative analyses performed on
six commercial cannabis samples (Figure 1). These include the
following: (1) a targeted GC—MS assay for terpenoids (Table
S3); (2) an untargeted GC—MS assay for terpenoids and other
volatile compounds (Table S4); four targeted LC—MS/MS
assays for (3) cannabinoids (Table S5); (4) polyphenols and
phenolic acids (Table S6); (5) pesticides (Table S7); (6)
primary plant metabolites (Table S8); and (7) a targeted
ICP—MS assay for metal ions (Table S9). These data are listed
in the CCD, with this paper as the reference. Details for some
methods not described above, along with the validation data,
are provided in the Supporting Information (Tables S10—
S14). In addition to concentration data, details about each of
the chemical classes identified by our assays, including detailed
descriptions, biological functions, scent or aroma character-
istics, health effects, nomenclature or nomenclature variations,

14104

physicochemical data and characteristics, and NMR and/or
MS spectra, are provided in the CCD (https://
cannabisdatabase.ca).

A total of 377 analytes were covered by the six targeted
quantitative assays (Table 1). From the seven assays listed
above, 284 metabolites were either identified (104) through
our untargeted assay and/or detected and quantified (179)
with our targeted assays in the six cannabis samples (Table 1).
The quantified metabolites were grouped by their chemical
superclass using the ClassyFire chemical taxonomy,”* and their
distribution is shown in Figure 2. The most abundant class of
metabolites belonged to “lipids and lipid-like molecules”,
whereas the “homogeneous nonmetal compounds”, the
“hydrocarbons”, and the “mixed metal/nonmetal compounds”
were the least abundant class of compounds. Due to their
extrinsic nature, the analytes from our pesticides assay were not
used in this classification.

Terpenoids are particularly important phytochemicals as
they often generate the characteristic scent or aroma of many
flowers, plants, or trees, which are used to either attract or
repel insects or other plant predators. For cannabis, the
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characteristic aroma or flavor associated with particular
cultivars is often defined by the terpenoid composition. Our
targeted GC—MS assay was designed to detect 45 terpenoids,
which included 22 monoterpenoids and 23 sesquiterpenoids.
The assay had an intra- and inter-day precision of <15%
coefficient of variation (CV) and a recovery ranging between
82 and 119%. As can be seen from Table S3, an average of 27
terpenoids in each cultivar were detected and quantified with
the least (22/45 compounds) in the “Island Honey” cultivar
and the most (33/4S compounds) in the Sensi Star cultivar.
The most abundant terpenoid, (E)-fB-farnesene, was found in
the Gabriola cultivar and in 4/6 cultivars (Table 2). The other
most abundant terpenoids in Gabriola were eudesma-3,7(11)-
diene, trans-caryophyllene, and R-(+)-limonene. The other
most abundant terpenoids included (—)-a-bisabolol, linalool,
p-myrcene, trans-nerolidol, and terpinolene. Our terpenoid
analysis demonstrated that the six cultivars have very different
terpenoid compositions, which could explain the varied aromas
and flavors associated with each cultivar (Table 2). The values
found with these cannabis terpenoids agree with those
published elsewhere.***°

For the untargeted GC—MS terpenoid assay, the analytes
were putatively identified at a confidence level of two. The
identification criteria were based on a combination of the Rls
and matching the experimental electron impact (EI)—MS
fragmentation patterns of the corresponding compounds with
the EI-MS spectra in the NIST20 GC—MS library. For those
not found in NIST20 library, further matching was based on
the scale published by the Metabolomics Standard Initiative
and further refined by Schymanski et al,, 2014.>” This approach
allowed us to detect 104 volatile terpenoids, which include 1
hemiterpenoid, 34 monoterpenoids, 46 sesquiterpenoids, 1
diterpenoid, 1 alkanes, 10 esters, and 10 unclassified volatile
organic compounds (Table S4). On average, S9 molecules
were detected in the analyzed samples, with Tangerine Dream
having the lowest number, while Sensi Star had the highest
number. Sensi Star also had the highest number of detected
and quantified terpenoids in our targeted assay. As this was a
qualitative assay in which volatile terpenoids were not
quantified, we cannot comment precisely on how the detected
compounds contribute to the flavor and aroma of the cultivars.
While the compound coverage of our GC—MS terpenoid assay
was quite broad, the use of a longer column (and a longer
runtime) along with a higher-resolution mass spectrometer
could have increased compound coverage by another 20—30%.

Cannabinoids play a pivotal role in cannabis bioactivity and
in human health. Our LC—MS/MS targeted cannabinoids
assay detected and quantified 16 cannabinoids (Table SS).
Among them, tetrahydrocannabinolic acid (THCA) (not
THC) was the most abundant compound found in all
cultivars, with concentrations ranging from 133 mg/g in the
Tangerine Dream and Gabriola cultivars to 162 mg/g in the
Sensi Star and Alien Dawg cultivars. The nonpsychoactive
THCA is expected to be in higher levels in dry cannabis than
that in THC since THCA is decarboxylated to THC with
heating (by cooking or smoking).sg’59 Cannabidivarin (CBDV)
was the least abundant compound found in low concentrations
ranging from 0.312 pg/g in the Alien Dawg cultivar to 1.58 ug/
g in the Quadra cultivar. The averages with standard deviation
(+SD) of cannabinoids (from the least to the most) quantified
in the six cultivars are shown in Table 3. The calibration curves
range from 0.0625 to 12.5 ug/mL for all the analytes. The
recovery rates from spiking plant samples with low (0.12S5 ug/

Table 3. Averages of Cannabinoids Quantified (from the
Least to Most) in the Six Cultivars Using a Targeted LC—
MS/MS Metabolomics Assay

average

concentration + SD
cannabinoid (mg/g)

cannabidivarin (CBDV) 0.002 + 0.001
cannabidivarinic acid (CBDVA) 0.063 + 0.028
11-nor-9-carboxy-tetrahydrocannabinol (THC— 0.087 + 0.059

COOH)
cannabicyclolic acid (CBLA) + 0.099 + 0.017

cannabichromenic acid (CBCA)
cannabinolic acid (CBNA) 0.176 + 0.027
cannabidiolic acid (CBDA) 0.227 + 0.039
tetrahydrocannabivarin (THCV) 0.227 + 0.080
cannabigerolic acid; (CBGA) 0.317 + 0.112
cannabidiol (CBD) 0.385 + 0.246
cannabinol (CBN) 0.412 + 0.226
cannabichromene (CBC) 0.605 + 0.402
cannabigerol (CBG) 0.738 + 0.456
cannabicyclol (CBL) 0.778 + 0.581
A9-tetrahydrocannabinol (THC) 4.792 + 1.908

tetrahydrocannabinolic acid (THCA) 148.833 + 19.364

mL), medium (1.25 pg/mL), and high (6.25 pug/mL)
concentrations ranged from 80 to 120% with precision values
of <20%. The assay had an intra- and inter-day precision of
20% CV. The cannabinoids’ concentrations found in these
cultivars fall within those reported elsewhere.*’

Polyphenols and phenolic acids are important phytochem-
icals as they often play a role in plant coloration as well as
providing defenses against ultraviolet radiation, drought, other
abiotic stresses, or attacks by pathogens. Our LC—MS phenolic
assay was designed to detect and quantify 19 free polyphenols
and phenolic acids (aglycones only). As can be seen from
Table S6, our phenolic assay measured a minimum of 15
compounds for two cultivars (Alien Dawg and Gabriola) and a
maximum of 16 compounds for the remaining four cultivars
(Quadra, Tangerine Dream, Sensi Star, and Island Honey).
Two polyphenols, gallocatechin and pungenol, were not
detected or quantified in any cultivar. The averages (+SD)
from the least to most polyphenols quantified in the six
cultivars are shown in Table 4. The least abundant polyphenol
was isorhamnetin in the Island Honey cultivar, while the least
averaged polyphenol was naringenin. The highest averaged
polyphenol in all cultivars and the most abundant polyphenol
was catechin in the Quadra cultivar. While several studies
report total phenolic content in cannabis using the traditional
antioxidant Folin—Ciocalteu method,®' ™ there is a scarcity of
articles reporting the concentration of specific polyphenols.**
Hence, our study is quite unique for reporting an exceptionally
broad coverage of cannabis polyphenols. However, the
performance of our assay was somewhat limited due to the
lack of availability of authentic isotopically labeled phenolic
standards. The use of chemo-selective labeling methods®®
could potentially increase the analytical coverage by a factor of
two or more.

Because cannabis is an intensely cultivated crop, it is
susceptible to a wide range of bacterial, fungal, parasitic, or
insect attacks. Therefore, cannabis crops are often treated with
a wide range of herbicides or pesticides. Most legal cannabis
sold in Canada is grown indoors in specialized and highly
regulated greenhouses, which limits the need for herbicides. In
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Table 4. Averages of Phenolic Compounds from the Least
to Most in Cannabis Cultivars Detected by LC—MS/MS

Cannabis Compound

polyphenol Database # avg + SD (ug/g)
gallocatechin CDB006404 ND“
pungenol CDB006403 ND
naringenin CDB004939 0.73 + 0.16 (2)"
isorhamnetin CDB004938 0.94 + 0.49 (6)
apigenin CDB000370 0.94 + 0.88 (6)
gallic acid CDB004972 0.96 + 0.20 (6)
caffeic acid CDB006367 1.59 + 0.75 (6)
protocatecuic aldehyde CDB006366 243 12 (6)
kaempferol CDB000373 6.40 + 3.9 (6)
piceol CDB005786 641 + 0.38 (3)
vanillic acid CDB006148 933 + 54 (5)
quercetin CDB000372 9.96 + 8.9 (6)
ferulic acid CDB000044 13.33 + 4.13 (6)
p-coumaric acid CDB000177 15.03 + 12.2 (6)
taxifolin CDB006368 16.8 + 0.43 (6)
myricetin CDB004941 19.72 + 1.2 (6)
vanillin CDB005772 27.86 + 15 (6)
3,4-dihydroxybenzoic CDB006364 31.7 + 104 (6)

acid

catechin CDB006365 145 + 15 (6)

“ND—not detected. “(#)—number of cultivars where compound
was detected.

other countries, cannabis (legal and illegal) is grown both
outdoors and indoors, requiring a greater use of herbicides,
pesticides, and other biocides. Our targeted LC—MS assay was
designed to detect and quantify 71 pesticides in cannabis
cultivars, aiming to identify as many approved pesticides as
possible, irrespective of the region or country of cultivation
(Table S7). The calibration curves ranged from 0.1 to S00 ng/
mL, and the 20 min chromatographic separation achieved a
CV < 10% and accuracy between 80 and 120%. Only 14/71
compounds could be quantified, with the lowest number (3)
detected in the Gabriola cultivar and the highest (6) detected
for the Alien Dawg cultivar. Most pesticides fell below the
LOQ of our in-house assay (Table S7). Among those detected,
the least abundant pesticides were ethoprophos, malathion,
mevinphos, and MGK-264 found in three cultivars, and the
most abundant pesticide was methoprene in the Alien Dawg
cultivar (Table S7). While some pesticides were detected in all
six cultivars, only benzovindiflupyr, metalaxyl, and methoprene
in the Alien Dawg cultivar were at concentrations > LOQ_set
by Health Canada®® (Table S7). The measurement of
pesticides in cannabis is crucial for ensuring the safety and
quality of commercial cannabis products in both North
America and Europe. Other jurisdictions have different rules
regarding the use of different pesticides or herbicides, as well as
their tolerable limits. Cannabis products grown or prepared
illegally are more likely to have higher (and potentially unsafe
or toxic) concentrations of these pesticides.

In addition to measuring secondary metabolites (terpenoids
and polyphenols), we also measured many primary metabo-
lites, ie., those compounds involved in the growth, develop-
ment, and reproduction. Our LC—MS/MS plant metabolite
assay detected and quantified 72 compounds in the six cultivars
(Table S8). The detectable compounds and their average
concentrations (+SD) from the lowest to highest are listed in
Table S. Compounds in several subclasses were detected,
including 31 amino acids and analogues, 13 organic acids, 7

biogenic amines, 3 plant hormones, 1 fatty acids and
conjugates, S glycerophosphocholines, 6 phenolic compounds,
2 carbohydrate and conjugates, and 4 other subclasses. The
least abundant compound was phenylethylamine (0.048 ug/g)
in the Sensi Star cultivar. The most abundant compound was
asparagine (36.3 mg/g) in the Alien Dawg cultivar. The most
abundant primary metabolites (>0.1—20 mg/g) were amino
acids, glucose, glycerate, choline, and four organic acids (Table
S).

Metal ions and trace elements play a crucial role in the
growth and development of plants as they serve as essential
components of various enzymes and proteins. Our ICP—MS
assay detected 16 metal ions in our cannabis cultivars (Table
$9). Cesium was the most challenging to detect, found only in
the Island Honey cultivar. The metal concentrations in all
cultivars were within reported ranges,”® and the most abundant
were K (avg. 40 mg/g) > Ca > P > Mg (4.7 mg/g). The least
abundant metals found in all cultivars were thallium—TI (S
ng/g) < Mo < Ti < Cu (7.9 ug/g) (Table 6). Although found
in low levels, metal toxicity from smoking cannabis could be a
concern. Accumulation of certain metals, like arsenic (As), TI,
or lead (Pb), can be toxic when inhaled through smoking. Our
ICP—MS assay is able to detect 41 elements, including As, T,
and Pb. No As or Pb and only minute amounts of T1 (ng/g)
were detected and quantified in our cultivars, suggesting that
they are all safe for human consumption. Smoking cannabis
grown in different soil and environmental conditions may lead
to higher metal content, potentially posing health risks.

Literature Review and Genomic Inference. A com-
puter-aided literature survey was conducted using PolySearch”’
and PolySearch2.”® Chemical composition data was extracted
from more than 480 scientific articles. This “bibliomic’” effort
yielded data for another 2107 cannabis metabolites or
metabolite species. The experimentally acquired metabolite
data was then combined with genome-scale metabolite
inference—a technique commonly used to fill in the metabolic
“holes” for other metabolomes, such as the human
metabolome,*® the yeast metabolome, and the Escherichia
coli metabolome.>® This method uses known, organism-specific
metabolic pathways®’ and known, organism-specific gene/
protein reactions to provide data on metabolites that are
known to exist but are not normally measured via NMR or MS
techniques. This led to the addition of another 3969
metabolites or metabolite species. All the acquired compound
data was then annotated by a team of curators, through careful
review of the literature, to include known or reported
physiological and psychoactive effect data, known protein
(human) target data, and metabolic/signaling pathways. These
data were further supplemented with computationally
calculated physicochemical and spectral data using methods
described previously.*®

Cannabis Compound Database. In addition to our
experimental data, all identified, detected, quantified, mined
from the literature, and genomically inferred compounds in
cannabis have been deposited into a freely accessible database
called the CCD, available at https://cannabisdatabase.ca. The
CCD contains a complete list of cannabis chemicals including
their common and International Union of Pure and Applied
Chemistry (IUPAC) names, their structure in multiple
formats, basic descriptions, chemical ontology, physicochem-
ical properties (predicted or measured), their reference spectra
(NMR, GC—MS, and LC—MS), their Kovats Rls, collisional
cross-section (CCS), pathway information (as derived from
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Table S. continued

amount (mg/g)

Cannabis Compound

amount (mg/g)

Cannabis Compound

avg + SD
0.043 + 0.024

chemical sublass

metabolites

Database #
CDB005136

avg + SD
0.533 + 0.263

chemical subclass

metabolites

Database #

dicarboxylic acids and

glutaric acid

P-hydroxy acids and derivatives

malic acid

CDB006173

derivatives

0.287 + 0.565

dicarboxylic acids and

oxalic acid

CDB006339

0.003 + 0.000S

a-keto acids and derivatives

pyruvic acid

CDB004829

derivatives

tricarboxylic acids and 0.539 + 0.407

aconitic acid

CDB004795

y-keto acids and derivatives 0.0019 + 0.0011

a-ketoglutaric acid

CDB004819

derivatives

5.81 + 3.22

tricarboxylic acids and

citric acid

CDB006159

0.0153 + 0.008

propionic acid carboxylic acids

CDB006335

derivatives

0.0001 + 0.000004
0.0004 + 0.0005

phenylpropanoic acids

HPHPA

CDB006333

0.0004 + 0.0001
0.0015 + 0.0003
0.0017 + 0.0005

glycerophospho-cholines

PC aa C36:0
PC aa C36:6

CDB006405

methoxyphenols

homovanillic acid

CDB006334

glycerophospho-cholines

CDB006406
CDB006342

0.002 =+ 0.0006

1-hydroxy-2-unsubstituted
benzenoids

p-hydroxy-phenylacetic
acid

CDB006336

glycerophospho-cholines

LysoPC a C18:1

0.0013 + 0.0009

benzoic acids and derivatives

hippuric acid

CDB006338

0.0061 + 0.002
0.008 + 0.004

0.0195 + 0.011

glycerophospho-cholines

LysoPC a C16:0

CDB004990

0.016 + 0.007
0.061 + 0.028

benzoic acids and derivatives

salicylic acid

CDB004930

glycerophospho-cholines

LysoPC a C18:2
butyric acid

CDB006341

benzoic acids and derivatives

benzoic acid

CDB004927

fatty acids and conjugates

CDB006337

?Abbreviations: HPHPA—3-(3-hydroxyphenyl)-3-hydroxypropanoic acid; LysoPC—lysophosphatidylcholine; PC—phosphatidylcholine.

Table 6. Averages of Metals Plus Standard Deviations
Detected from the Least to Most by ICP—MS in the Six
Cannabis Cultivars

Cannabis Compound

metal ion Database # average + SD
cesium (Cs) CDB006361 0.041 (1)“ng/g
thallium (T1) CDB006363 5.4 + 3.5 ng/g
titanium (Ti) CDB006357 123 + 0.21 ug/g
molybdenum (Mo) CDB006360 3.35 + 2.54 ug/g
barium (Ba) CDB006362 3.612 + 2.31 pug/g
copper (Cu) CDB005281 7.93 + 5.48 ug/g
rubidium (Rb) CDB006358 9.98 + 3.22 ug/g
boron (B) CDB006355 31.8 + 4.64 ug/g
zinc (Zn) CDB005206 70.14 + 38.6 ug/s
strontium (Sr) CDB006359 95.6 + 68.4 ug/g
manganese (Mn) CDB005163 125.1 + 34.3 ug/g
iron (Fe) CDB005174 182 + 78.6 ug/g
magnesium (Mg) CDB005083 4.69 + 1.11 mg/g
phosphorous (P) CDB006356 9.66 + 1.51 mg/g
calcium (Ca) CDB005200 9.66 + 4.9 mg/g
potassium (K) CDB005090 40.77 + 6.33 mg/g

“All metals were quantified in all cultivars except cesium (Cs) which
was only quantified in one cultivar.

PathBank),”” and references to scientific literature (to the best
of our knowledge) of all cannabis compounds that have ever
been identified, quantified, or reported either in this paper or
in existing scientific literature. Currently, the CCD contains
information on 891 unique, experimentally detected com-
pounds with well-defined structures and names. The CCD also
contains 6331 compounds that have been computationally
inferred from detailed genomic analysis, biochemical pathway
analysis, and a comparison to other plant metabolomes.

The CCD has been structured and designed after other
popular, user-friendly databases developed by our group such
as the HMDB,*® Yeast metabolome Database (YMDB),** or
Microbial Metabolome Database (MiMeDB).%” A screenshot
of the CCD homepage is shown in Figure 3A. The navigation
panel consists of five menu options: Browse, Search,
Downloads, About, and Contact Us. Below the navigation
panel are two colored hyperlinked bars, (i) Browse Cannabis
Compounds and (ii) Learn More. Clicking on them takes the
user to the compound browser or the summary of the CCD,
respectively.

Under the Browse tab, there are options to browse by (i)
Compounds, (ii) Protein Targets, (iii) Cannabis Cultivars, and
(iv) Pathways. The “Compounds” option displays a table with
compound details that can be sorted or filtered (Figure 3B).
Clicking on a compound name or Cannabis ID leads to a
detailed MetaboCard (Figure S1A). Each MetaboCard
contains 11 data fields, including: (i) CCDB Record
Information, (ii) Cannabis Compound Identification (includ-
ing a detailed description, the structure, and other chemical
features of the compound), (iii) Chemical Taxonomy, (iv)
Ontology, (v) Physical Properties, (vi) Spectra, (vii) Pathways,
(viii) Protein Targets, (ix) Concentrations Data, (x) External
Links, and xi) References.

Also, under the Browse menu, users may select “Protein
Targets”, which lists known human protein receptor targets of
various cannabis compounds, “Cannabis Cultivars”, which
brings users to detailed descriptions for 115 known cannabis
cultivars, and “Pathways”, which comprises both human and

https://doi.org/10.1021/acs jafc.3c06616
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Figure 3. Screenshot of the CCD showing the (A) CCD Homepage layout and (B) “Browsing Compounds” viewing page.

plant pathways. The Search tab offers options to search by
compound structure, molecular weight, general text, sequence,
and spectra. Results from ChemQuery and a GC—MS search
are shown in Figure S1B,C, respectively. Users can download
CCD data files, available in comma-separated value (CSV),
structure data file (SDF), or extensible markup language
(XML) formats. The About tab provides an overview of the
CCD, database statistics, and information regarding its
Findable, Accessible, Interoperable and Resuable (FAIR)
compliance.

The CCD was assembled using a combination of computer-
aided literature mining, data mining of open-access databases,
manual annotations, and automated genome annotation. The
same quality control procedures implemented for all our
group’s databases were applied.**”® This included curator
training, data provenance tracking, continuous data quality and
completeness review, and secondary checks by independent
reviewers. The CCD is continuously updated with minor
changes made regularly without any formal announcement.
The current version of this database is CCD v. 1.0. Subsequent
large-scale updates will be assigned new version numbers (2.0,
3.0, etc.) along with their corresponding update dates.

The CCD is FAIR compliant.”” Details concerning its
FAIRness are provided in the About tab under the “FAIR
Compliance” submenu. To ensure findability, all entries in the

CCD have a unique identifier consisting of a six-digit CCD
identifier. To ensure accessibility, CCD provides not only a
well-supported web-based user interface with extensive search
functions but also an API located under the About menu tab,
to support programmatic access to the data. To ensure
interoperability, all the CCD compounds are interlinked to
major external sites such as HMDB, FooDB, ChemSpider,70
KNApSAcK,”" and CHEBI. All the molecular or physiological
data in the CCD have clear references to other established
references, meta-data, or data resources. To ensure reusability,
all data in CCD are extensively sourced with clear provenance.
The data CCD are released under the Creative Commons 4.0
License Suite according to the Attribution BY and non-
commercial (NC) licensing conditions.

Limitations and Future Plans. The total number of
chemical compounds present in the CCD is not a static value,
and there are certainly far more compounds in cannabis than
that currently listed in the CCD. As advancements in
technology and instrument sensitivity continue to occur, it is
expected that the number of compounds in the CCD will
inevitably increase. This is because lower abundance
metabolites that were previously undetectable will now be
able to be identified. As these are identified, we will endeavor
to include them in future iterations of the CCD. Likewise, as
more data is gathered, measured, and published regarding the
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physiological or physicochemical properties of compounds
already in the CCD, we intend to add this information to the
corresponding CCD entries as quickly as possible. While the
CCD does not currently have a mechanism for data deposition,
interested parties can contact us to request to have their data
deposited into the CCD, and we will handle it on their behalf.
Their contributions, as seen in other databases managed by our
group, can significantly enhance this resource. We expect that,
over the coming decade, the CCD will become progressively
more comprehensive and inclusive, providing researchers with
even more information about the diverse range of compounds
that can be found in cannabis—along with more information
about their molecular targets and physiological effects.
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