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Abstract
Introduction: Medical cannabis patients receive clinical benefits from the secondary metabolites of the plant,
which contain a variety of cannabinoids and terpenoids in combinations that can be used to classify the chemo-
vars. State-regulated medical cannabis programs rely on breeder-reported ‘‘strain’’ names both within diversion
control systems and to describe the medical cannabis products that are sold to patients in medical cannabis dis-
pensaries. In state-regulated medical cannabis programs, there is no conventional nomenclature system that cor-
relates the breeder-reported names with their profiles of active ingredients, and these ‘‘strain’’ names are invalid
as they refer to chemical differences properly referred to as to chemovars.
Materials and Methods: To determine the actual levels of chemical diversity represented in 2662 samples of
Cannabis flower collected between January 2016 and June of 2017 in Nevada, chemical profile data were mea-
sured from these samples by a state-qualified third-party testing laboratory. Principal component analysis (PCA)
was used to define clusters in data sets representing both cannabinoids and terpenoids, cannabinoids only, or
terpenoids only.
Results: The PCA of the terpenoid only data set revealed three well-defined clusters. All three terpenoids only
data clusters had high tetrahydrocannabinolic acid synthase, but the terpene profiles listed in reverse-order of
abundance best defined these chemovars. The three chemovars in Nevada were labeled with 396 breeder-
reported sample names, which overestimate the diversity and do not inform patients regarding chemical prop-
erties. Representative DNA samples were taken from each chemovar to determine whether the genetic diversity
was greater than the chemical diversity. The limited genotyping experiment was based on DNA sequence poly-
morphisms. The genetic analysis revealed twelve distinct genetic clades, which still does not account for the en-
tirety of the 396 reported sample names. The finite genotypes did not correlate with the chemotypes
determined for the samples. This suggests that either the DNA-markers used were too narrowly restricted for
factual separation or that environmental factors contributed more significantly to the chemical profiles of can-
nabis than genetics.
Conclusion: The three chemovars and twelve genotypes reflect low medical diversity on the market in Nevada
during its ‘‘medical use only’’ phase. Furthermore, the 396 breeder-reported sample names within this set imply a
false sense of diversity of products in Nevada dispensaries.
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Introduction
Legal medical marijuana usage is increasing in the
United States due to the expansion of state-regulated
medical cannabis programs and the broadening scope
of existing state medical marijuana programs to include
‘‘adult use.1’’ Medical cannabis patients benefit from the
secondary metabolites of the plant, which include a
variety of cannabinoids and terpenoids in combinations
that can be used to classify the varieties of Cannabis.2,3

The major stakeholders in these state-run programs
(i.e., cultivators, extractors, processors, retailers, testing
labs, and state-regulating agencies) characterize canna-
bis products and regulate cannabis materials based on
the breeder-reported name. Despite this, none of the
stakeholders in medical cannabis programs is required
to prove the chemovar-identity of the products.

The genus Cannabis contains a single species, Can-
nabis sativa.4 Most of the cannabis available on the
U.S. market are hybrid varieties defined by properties
such as psychoactive and medicinal effects, appearance,
yield, taste, and odor.5 These varieties are called ‘‘strains’’
in the common vernacular, but should properly be re-
ferred to as chemovars as they do not meet the scientific
definition of a strain such as that used for bacteria or
viruses.6,7 The vast majority of commercially cultivated
Cannabis plants are produced through cloning.5 Clonal
propagation ensures that plants are genetically identical
to the mother plant.8 In contrast to varieties propagated
through seeds, requiring a lengthy process of back-
crossing and inbreeding to achieve consistency, new
chemovars can be created much faster by clonal prop-
agation. New chemovars are constantly generated and
enter the market, resulting in thousands of different
breeder-reported names without any scientific naming
convention.

Most state-regulated medical marijuana programs
rely on the breeder-reported names for tracking canna-
bis products, and these are also the primary cannabis
product designation. Naming conventions for cannabis
chemovars are poorly or not at all defined, and there
are currently thousands of chemovars available in
states that have legalized marijuana usage. This creates
a confusing situation for patients, who depend on the
identifications and potency data on the packaging. If
the commercial names bear little consistent relation-
ship to either genotype or chemical phenotype, then
they should not be the primary basis provided to pa-
tients for decision-making.3,9

Some cannabis researchers have suggested that che-
movars should be identified based on their chemical

profiles, as informed by principal component analysis
(PCA),2,3,10 while others advocate for a genetically
based labeling system.11–14 Currently, genetically iden-
tical chemovars may be labeled in dispensaries with dif-
ferent names, or different genotypes might be sold
under the same name in state licensed dispensaries.
Furthermore, genetically identical samples that are
grown under different environmental conditions may
produce different profiles of active ingredients.15

Medical marijuana patients are entitled to consistent
composition and potency of cannabinoids and terpe-
noids.16 Some states require disclosure of complex
chemical profile information; whereas others only re-
quire disclosure of tetrahydrocannabinol levels and
cannabidiol levels.1 The potential for mislabeling of
chemovars, inconsistent chemical profiles of marijuana
products, and often limited testing data make it diffi-
cult or impossible for many patients to obtain a consis-
tent chemical profile of the product. The relationships
between the breeder-reported names, genotype, and
chemotype have not been rigorously evaluated.

In this study, we investigate variation among chemo-
vars based on the variability of chemical profiles and
the relationship of these chemical profiles to three ge-
netic markers. We focused on the state of Nevada,
which started to grant licenses for commercial medical
marijuana in November 2014. Medical marijuana
products sold in Nevada are tested by a third-party lab-
oratory for cannabinoid and terpene content and for
microbial and pesticide safety, thus, testing data are
available for analysis. Chemical profiles of Cannabis
flower samples collected between January 2016 and
June 2017 were generated by a major Nevada testing
laboratory. During the period of data collection, Nevada
was a medical-only cannabis state, and so, all tested sam-
ples were destined for medically oriented use. Data
cleaning consisted of correcting for misspellings and
eliminating different names that were apparently used
for the same samples and not counting samples only
identified by numbers. PCA data for all samples were
produced using algorithms to reveal probable clusters.
We then compared the average content of individual
cannabinoids and terpenes within the resultant clus-
ters. Finally, representative samples were selected for
DNA sequence analysis to reveal the genetic diversity
within the cannabis samples. DNA sequence data
from fragments of three genes involved in the biosyn-
thesis of cannabinoids and terpenes were the basis of
the genotypic analysis. The variation in these sequences
was then used to establish the genetic relationship of
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the samples and the relationship of the genetic data to
the chemical profiles.

Materials and Methods
Analysis of cannabinoid and terpenoid
chemical profiles
Cannabinoid assays were run on an Agilent Technologies
1260 UPLC system (Santa Clara, CA) equipped with a
G4212A DAD, G1316C temperature-controlled column
compartment, G4226A autosampler, and G4204A qua-
ternary pump. Cannabinoids were separated on a Poros-
hell 120 EC-C18 column with a Poroshell 120 EC-C18
guard column. The UPLC runs OpenLab CDS ChemSta-
tion Rev C. 01.06 (61) software (Agilent Technologies).
Terpenoid analyses were carried out on an Agilent
7890B GC/7697A Headspace/5977A mass spectropho-
tometer with a DB-624UI and Agilent 5181–8818 split/
splitless liner. Injector port temperature was 250�C
with a transfer line, valve oven, and needle temperature
of 180�C. Carrier gas was helium at a flow of 33.0 cm/
sec. The mass spectrometer detector was set to scan
with a range from 50 to 300 m/z. The instrument was
controlled by Agilent MassHunter Quantitative Analy-
sis (Vers. B.08.00 Build 8.0.593.0). Certified reference
standards were from Restek (Bellefonte, PA) with
MassHunter library confirmation.

Data and statistical analysis of chemical
profiles for multivariate analyses
The analyte values from the cannabis samples were
normalized before performing multivariate analysis.17

Scaling was performed using the scale function,
which is part of the base R statistical software, using
the root-mean-square method. Cluster estimation was
performed using the NbClust function provided by
the NbClust package for the R software. NbClust uti-
lizes 25 different cluster estimation indices to generate
a majority rules number of clusters for the given vari-
able set. Clustering was done using the k-means hierar-
chical clustering method available in the R Stats
package. PCA was used as a statistical tool for explor-
atory data analysis to infer predictive models.17 PCAs
were conducted in R version 3.0.2, and then visualized
with the package ggplot2. Mean terpenoid and canna-
binoid concentrations were displayed in bar charts to
visualize the individual analyte profiles.

Supplemental clustering
Starting with subsetting and scaling the different ana-
lyte components, clustering estimation and k-means

clustering were performed on (1) all cannabinoids,
(2) all terpenes, and (3) all tested components (com-
bined cannabinoids and terpenes). Grouped box plot
of analytes was rendered to compare the differences
in these variables among the clusters.

DNA sequencing
DNA sequence determination was performed using
Illumina� next-generation targeted sequencing tech-
nology. The sequencing was performed by Medicinal
Genomics, which used a Reduced Representation Shot-
gun approach.18 Targeted sequence analysis was car-
ried out on 250–350 base-pair fragments generated
by NspI restriction endonuclease digestion. Short read
and single-nucleotide polymorphism sequencing re-
sults were available as standard FASTQ and VCF for-
matted files, respectively. For the purpose of this
work, the FASTQ were used for functional gene frag-
ment alignments. Consensus sequences were assem-
bled using pileups from the FASTQ files that ranged
between 50 and 500 copies depending on the chemo-
var. This provided sufficient depth of coverage for con-
structing contiguous sequences.

Selection of target genes and DNA
sequence alignment
Researchers have successfully used marker sequences
from the major cannabinoid synthetic pathways in
the genetic classification of Cannabis chemovars.12

The biosynthetic pathways involved in the production
of Cannabis bioactive compounds have been de-
scribed.19 We used the Geneious v6.1.8 software to
identify conserved regions in three genes encoding
key enzymes involved in the biosynthesis of cannabi-
noids and terpenoids: isopentenyl-diphosphate delta
isomerase (IDI), geranyl diphosphate synthase small
subunit 2 (GPP), and tetrahydrocannabinolic acid syn-
thase (THC). The reference gene sequences, THC
(AB212829.1), IDI (KY014569.1), and GPP (GPPS
KY014583.1), were downloaded into Geneious from
the National Center for Biotechnology Information’s
(NCBI) GenBank database. The three reference genes
were used to align the sequence fragments from the
FASTQ files. Since full sequences of all three genes
were not available in the sequence FASTQ files, con-
served consensus fragments of these genes were used
to build a concatenated gene sequence for each cultivar
of about 722 base pairs each. The concatenated genes
were aligned using the ClustalW multiple sequence
alignment algorithm.
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Construction of phylogenetic trees
The MrBayes v3.2.1 algorithm20 was used for Bayesian
inference of the cultivar relationships because it proved
to produce the most rigorous and likely results. Markov
chain Monte Carlo method used a 1,000,100 chain
length, sampling posterior trees every 200 generations.
The first 10% were discarded as burn-in during tree
and parameter summarization. The majority-rule con-
sensus tree contains node values that represent the
probability that particular clades form in the posterior
tree distributions.

Results
Variations in cannabinoid and terpenoid content
Testing results of 2662 dried flower samples were ana-
lyzed. The content of 11 cannabinoids and 19 terpe-
noids was recorded as % (w/w) of dried flower. The
samples were collected by the third-party laboratory
at cultivation sites in the Las Vegas area. All samples
were labeled with the breeder-reported name of the
Cannabis for submission to the testing laboratory.
These names appeared on the official test reports, the
state registry, and on the final product labels. There
were 637 different names associated with the samples.
We corrected for obvious misspellings and likely in-
consistent labeling of the same strain (e.g., Blueberry
and Blueberry Kush) and eliminated samples that
were only labeled with numbers. This left 396 different
names. The goal of the PCA was to detect likely clusters
of chemical profiles (chemovars) within the sample
population to answer the question: How many different
chemovars were available to medical cannabis patients
in Nevada? Subsets of data were statistically analyzed to
identify the most complete and valid number of clus-
ters. Figure 1 shows the distribution of the chemovars
for (1) cannabinoids only (Fig. 1A, B); (2) terpenoids
only (Fig. 1C, D); and (3) cannabinoids and terpenoids
combined (Fig. 1D, E). The numbers of clusters for the
different data sets and the numbers of samples within
the clusters are shown in Figure 1A–E. The number
of predicted clusters was small: two clusters for cannabi-
noids and terpenoids combined, three clusters for can-
nabinoids only, and three clusters for terpenoids
alone. The components and abundances within the
chemical profiles among the samples were mostly not
significantly different from each other. Most samples
in the cannabinoid group were contained in one cluster
(93%). There was more variability when the analysis was
done on the terpenoid group alone. It resulted in three
clusters, representing 59%, 33%, and 8% of all samples.

Chemical compositions in the chemovars
We examined the distribution of abundances of each
cannabinoid/terpene component in each sample. We
used Tukey plots to display the range of abundances
(as % of dry mass) for each component. Figure 2A
shows the relative content of the 11 cannabinoids in
the 3 cannabinoid clusters. Figure 2B shows the relative
content of the terpenes in the three clusters. Figure 3A–
AD displays the range of abundancies for each com-
pound by cluster.

THC in the acidic form is the overall most abundant
cannabinoid in all three groups, followed by decar-
boxylated THC (Cluster 1), cannabigerolic acid
(CBGA) (Cluster 2), and cannabdiolic acid (CBDA;
Cluster 3). All other cannabinoids are only present
in very small amounts. The 47 samples in Cluster 3
contained more than 1% CBDA, ranging from 3.8%
to 16.7%. A few samples also contained higher
amounts of individual ‘‘minor’’ cannabinoids. While
most of the samples came from high-THC chemo-
vars, the terpenoid profiles were more diverse. The
terpenoid profiles can best be described by the
order of abundance of the individual terpenes.

DNA sequence analysis
As shown above, three clusters with distinct terpenoid
profiles were predicted by the PCA: Cluster 1 (1582 sam-
ples): b-myrcene, limonene, a-pinene, b-caryophyllene,
and a-humulene; Cluster 2 (200 samples): c-terpinene,
terpinolene, b-myrcene, a-humulene, and b-pinene;
and Cluster 3 (880 samples): limonene, b-myrcene, b-
caryophyllene, nerolidol, and limonene. The data showed
that samples could be better separated into clusters based
on their terpenoid content than on their cannabinoid
content. To study DNA sequence polymorphisms and
their possible link to the chemical profiles, we selected
the samples based on their terpenoid profiles.

DNA sequence polymorphism, or the number of nu-
cleotide changes within a certain fragment of the ge-
nome, can be used to establish phylogenetic trees and
identify and distinguish varieties within one species.
Exchanges of single or multiple nucleotides within de-
fined ‘‘marker’’ fragments are also used to facilitate
breeding of new varieties. Combinations of markers
that can be linked to specific traits are a way of identi-
fying proprietary genetic resources in legal disputes.

We explored the suitability of three gene fragments
to be used as markers. The fragments were contained
in three genes that encode enzymes involved in the bio-
synthesis of terpenoids and cannabinoids. These genes

218 REIMANN-PHILIPP ET AL.



FIG. 1. Principal component analysis of Cannabis flower test results. Cluster analysis was performed on
cannabinoid only, terpenoid only, and combined cannabinoid and terpenoid data sets. Upper panels show
multivariate analysis of groupings. The groupings predicted by the highest number of algorithms are shown for
cannabinoid only (A, B), terpenoid only (C, D), and combined cannabinoid and terpenoid data (E, F). Most
likely numbers of clusters were predicted using an array of 26 algorithms and are presented as histogram
analyses (lower panels).

(Figure continued/)
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encode key enzymes involved in the biosynthesis
of cannabinoids and terpenoids: IDI, GPP, and THC(s).
The reference gene sequences, THC(s) (AB212829.1),
IDI (KY014569.1), and GPP (GPPS KY014583.1), were
downloaded into Geneious from NCBI. Polymorphisms

in these sequences are more likely linked to the chem-
ical profiles represented in the different chemovar clus-
ters. The 72 samples that were selected for sequencing
represented the three different terpenoid patterns typi-
cal for each cluster.

FIG. 1. Continued.
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Figure 4 shows three projections of the phyloge-
netic tree that was constructed based on the com-
bined polymorphisms of the three gene fragments.
The other samples connected to the consensus
sequence with a straight line also are different at

one location, but each location is different from
the other samples. The two samples KimboSlice-
RSP10949 and AgentOrangeRSP10605 share the
same single nucleotide change from the theoretical
‘‘consensus’’ sequence but have an additional change

FIG. 1. Continued.
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FIG. 2. Distribution of content values of cannabinoids and terpenoids in predicted clusters of Cannabis
samples. The box plots display the range and distribution of each analyte in terms of %w/w. The line bisecting
each box represents the median for that distribution. The lower and upper lines show the minimum and
maximum values of the lower and upper quartiles, respectfully. The points show the outliers for the sampled
ranges. The y-axis values represent % (w/w) of dried flower for each of the indicated cannabinoid species.
(A) Cannabinoid data including THCA, which are dominant in terms of abundance. (B) Terpenoid data grouped
by cluster assignments. THCA, tetrahydrocannabinolic acid; delta-9THC, delta 9 tetrahydrocannabinolic acid;
CBC, cannabichromene; CBD, cannabdiol; CBDA, cannabdiolic acid; CBDV, cannabivarin; CBG, cannabigerol;
CBN, cannabinol; delta 8 THC, delta 8 tetrahydrocannabinolic acid; THCV, tetrahydrocannabivarin.
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FIG. 3. Individual box plots of each of the analyzed cannabinoids and terpenes divided by cluster
assignments. The y-axis values represent % (w/w) of dried flower for each of the indicated cannabinoids (A–K)
and terpene (L–AD) species.

(Figure continued/)
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that separates them from each other. Thus, both are
two changes removed from the ‘‘consensus’’ sequence;
one change is shared, and the other is different for
each sample.

The sequence data showed that the samples are at
least in one and at most in four locations different
from the ‘‘consensus’’ sequence. A large group of 39

(54% of sequenced samples) is removed by one change
from the consensus sequence. All three terpenoid clus-
ters are represented in this group. The terpenoid clus-
ters appear to be randomly distributed throughout
the tree without a pattern suggesting linkage between
the sequence polymorphisms and the chemovar clus-
ters (Fig. 4A). Figure 4B categorizes the chemovars by

FIG. 3. Continued.
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their belonging to 1 of 12 clades that were assigned
during the analysis. Finally, the probabilities of these
clades being formed as determined by Bayesian infer-
ence are printed as percentages on the base branches
in Figure 4C.

Discussion
When analyzing the chemical testing data using a vari-
ety of statistical methods, we found that there was sur-
prisingly little variability in the chemical profiles
among the 2662 dried flower samples. When only the

FIG. 3. Continued.
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cannabinoid composition was considered, except for
the few high-CBD samples, all samples contained a
very high amount of THC (>22% on average) and
very small amounts of other cannabinoids.

The terpenoid profiles were more variable, revealing
three clusters that could be distinguished by individual
terpenes, with b-myrcene, c-terpinene, and limonene
being the most abundant terpene in each cluster. Thus,
we assume that the terpenoid composition in a sample
is much more indicative of the sample’s origin and ge-
netic background than the cannabinoid profile. The
link between the terpenoids and the three clusters
makes sense because the terpenes provide the colors
and smells that differentiate the many varieties of can-
nabis. Other researchers using genetics and chemical
profiles of more divergent cannabis samples also ended
up with three clusters3,21; namely European hemp, nar-
row leaflet drug-types, and broad leaflet drug-types.

While 93% of samples were within one cluster
(which emphasizes the limited variation in the sam-
ples) there are still considerable number of samples
that fall outside each cluster, with some being rather
distinct. In general, the Cluster 3 chemotypes had rela-
tively higher amounts of tetrahydrocannabinolic acid
(THCA) and CBGA compared with the all samples

en totum. The outliers, defined here as the points out-
side the ellipse drawn around the cluster centroid, in
this cluster had higher than the median delta-9THC,
CBGA, or CBG pushing them toward the bottom.
Most of the outlying samples also tended to have de-
tectable amounts residues from all 11 tested cannabi-
noids. The few Cluster 2 outliers were similar in that
they had detectable amounts of each cannabinoid resi-
due tested. Cluster 2 was defined by lower THCA val-
ues on average compared to Cluster 3, but higher
relative delta-9THC values. Interestingly, several of
the Cluster 3 outliers were from the Durbin Poison che-
movar, and two of the four Cluster 2 outliers were from
the Super Lemon Haze chemovar. As these are chemo-
types, the cluster results are not mapping the genetic
expression of all the relevant pathways for these com-
pounds. Further work is required to explore the con-
nection or lack of connection to the genetic identity
of these chemovars to their potential chemical outputs.

The results of the Nevada-based analyses suggest that
when creating new chemovars, plants were predomi-
nantly selected for high-THC content and to a much
lesser degree for CBD content, across different terpene
backgrounds. All the other cannabinoids seem to have
been mostly ignored in the breeding efforts, even though

FIG. 3. Continued.
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they have known or suspected specific medical values.22,23

It remains to be seen how these findings translate to other
locales, since, in this study, we are by definition examining
a highly selective population of cannabis that represents a
small sample of the total cannabis germplasm potential.

The very limited variability in chemical profiles
shows that most of these chemovars, while named dif-
ferently, are almost the same or at least very similar.
There is no standard for naming chemovars, and new
names can be created or used randomly. Products

A

FIG. 4. Phylogenetic trees constructed based on the combined polymorphisms of three gene fragments for IDI,
GPP, and THC. The 72 samples that were selected for sequencing represented the three different terpenoid
patterns typical for each cluster. Phylogenetic analysis was performed to assess the difference from the consensus
sequence. Samples connected to the consensus sequence with a straight line are different at one location, but
each location is different from the other samples. Note that 54% of sequenced samples are different by one
change from the consensus. All three terpenoid clusters are represented in this group, but are randomly
distributed throughout the tree without a pattern (A). Twelve clades were assigned during the analysis and are
designated by different branch colors (B). The probabilities of these clades being formed as determined by
Bayesian inference are printed as percentages on the base branches (C). GPP, geranyl diphosphate synthase small
subunit 2; IDI, isopentenyl-diphosphate delta isomerase; and THC(s), tetrahydrocannabinolic acid synthase.

(Figure continued/)
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labeled with the same chemovar name can differ signif-
icantly in their chemical profiles depending on the
origin of the mother plant, where they were grown,
and how they were processed. There is no protection
for patients from inadvertent or intentional mislabel-
ing. Doctors could recommend products with a higher
degree of confidence if products were tied to the chem-
ical signature of active ingredients. Alternatively, lack
of patient and physician education on the medical ben-
efits of the minor cannabinoids and terpenes may also
contribute to the dominance of THC in this medical
market.

The DNA analysis did not show a correlation of
the twelve genetic clades, as defined by certain nucle-

otide change patterns within the terpene clusters
revealed by PCA. One interpretation of three terpene
clusters distributed randomly across samples is
that environmental factors contribute significantly
to the chemical profiles of cannabis; perhaps more
so than the genetic origin. Alternatively, improved
DNA-markers should be developed to assist with
the genetic classification of Cannabis spp., which
may improve the alignment of the genotypes with
the chemotypes.

These results also illustrate the complexity of using
DNA marker fragments in chemovar identification
programs. Cannabis varieties—chemovars—are highly
conserved at the genetic level and attempts to use

B

FIG. 4. Continued.
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standard molecular clock approaches to phylogeny
have not worked. Using DNA markers to differentiate
among related samples usually requires 10–15 markers
that are carefully chosen and validated to identify a va-
riety with certainty in any target crop.21,24 It will re-
quire an extensive effort involving multiple crosses to
establish such markers. However, once these markers
are available, breeding of varieties with new properties,
such as high content of ‘‘minor’’ cannabinoids and spe-
cific terpene profiles, can be accelerated.

Conclusions
There was little variability in the chemical profiles of
2662 samples labeled with 396 chemovar names.

High-THC chemovars that lacked significant amounts
of other cannabinoids were most abundant. For medi-
cal cannabis patients, diversity in chemical profiles is
very desirable. Unfortunately, patients had only three
chemovars to choose from in the Nevada medical can-
nabis market from January 2016 to June 2017.

Breeder-reported names have very little value in
identifying the medical value of cannabis, yet, stake-
holders in state-regulated cannabis programs rely on
these names. Many different names are assigned to ba-
sically the same products. Because of a lack of validated
information, medical patients and caregivers may only
understand the information for the THC potency.
Patients who would benefit from specialty products,

C

FIG. 4. Continued.
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such as significant levels of ‘‘minor’’ cannabinoids, have
not been served during the sampling period.
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Abbreviations Used
CBC¼ cannabichromene
CBD¼ cannabdiol

CBDA¼ cannabdiolic acid
CBDV¼ cannabivarin

CBG¼ cannabigerol
CBGA¼ cannabigerolic acid

CBN¼ cannabinol
delta 8 THC¼ delta 8 tetrahydrocannabinolic acid
delta 9-THC¼ delta 9 tetrahydrocannabinolic acid

GPP¼ geranyl diphosphate synthase small subunit 2
IDI¼ isopentenyl-diphosphate delta isomerase

NCBI¼National Center for Biotechnology Information’s
PCA¼ principal component analysis

THCA¼ tetrahydrocannabinolic acid
THC¼ tetrahydrocannabinol

THCV¼ tetrahydrocannabivarin

230 REIMANN-PHILIPP ET AL.


