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Abstract
There has been an increased use of medical Cannabis in the United States of America as
more states legalize its use. Complete chemical analyses of this material can vary considerably between producers and is often not fully provided to consumers. As phytochemists in a
state with legal medical Cannabis we sought to characterize the accumulation of phytochemicals in material grown by licensed commercial producers. We report the development
of a simple extraction and analysis method, amenable to use by commercial laboratories for
the detection and quantification of both cannabinoids and terpenoids. Through analysis of
developing flowers on plants, we can identify sources of variability of floral metabolites due
to flower maturity and position on the plant. The terpenoid composition varied by accession
and was used to cluster cannabis strains into specific types. Inclusion of terpenoids with
cannabinoids in the analysis of medical cannabis should be encouraged, as both of these
classes of compounds could play a role in the beneficial medical effects of different cannabis
strains.
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Introduction
Cannabinoids are the class of terpenophenolic secondary metabolites commonly produced by
members of the Cannabis genus [1]. Within this class are specific compounds with notable
bioactive effects; these effects often requiring post-biosynthetic processing, i.e. heat, to generate
the more bioactive form [2]. Multiple peoples around the world have used the fibers, oils, resins, dried inflorescences and leaves of species within Cannabis for thousands of years [3].
There is some discussion of the number of species in the genus cultivated for use as marijuana,
with the most recent assessment supporting one highly variable species, C. sativa, with variants, eg. var. indica as well as a number of strains within that species [4–6]. Strains have been
selected for the production of hemp fiber or for the production of cannabinoid-containing
resin. These two selection paths have isolated strains into types with and without the biosynthetic capability for the production of the psychoactive cannabinoid precursor Δ9-tetrahydrocannabinolic acid (THCA) [7]. Cannabis plants containing this compound are called
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marijuana, Cannabis plants that do not accumulate THCA to an appreciable level, (< 0.3%)
are called hemp.
The Cannabis strains used for the production of cannabinoids are dioecious, with the maximal accumulation of these compounds accumulating on the unfertilized female inflorescence.
The synthesis and accumulation of the cannabinoids occurs in trichomes on the surfaces of
both leaves and inflorescences [8]. These plants are photoperiodic and commercial greenhouse
production often utilizes clonally propagated material from female “mother plants” [9]. Cuttings are rooted and grown under vegetative light conditions (18 h or longer of light) for several weeks before the induction to flower. A switch to short day photoperiod, typically 12 h
light, initiates floral development. Plants are then maintained for another 9 to 11 weeks and
then the entire plant may be harvested and dried.
The biosynthetic pathway of the most abundant members of the cannabinoid class has been
determined (reviewed in [2]). A schema of this pathway is presented in Fig 1. The enzymes
and many genes for the pathway have been isolated and characterized in detail (reviewed in
[10]). This includes the novel polyketide cyclase for the synthesis of olivetolic acid [11, 12],
and the prenyl transferase, also called cannabigerolic acid synthase, that produces the central
precursor cannabigerolic acid (CBGA) [13]. The specific synthases for the production of
THCA [14], cannabidolic acid (CBDA) [15] and cannabichromenic acid (CBCA) [16] have
also been characterized. Based on inheritance of chemical phenotypes, the genes for THCA
synthase (THCAS) and CBDA synthase (CBDAS) are considered co-dominant alleles [7, 17];
while the gene for CBCA synthase is an independent locus. However, based on DNA sequencing and analysis of the transcripts expressed in marijuana and hemp samples, multiple linked
loci for the THCAS and CBDAS genes are proposed [18, 19]. There are published genomes for
Cannabis, and the genetic diversity for the biosynthetic pathway of cannabinoids in both marijuana and hemp strains is under investigation [18, 20].

Fig 1. Biosynthetic schema for cannabinoids. This schema is derived from pathways reviewed in [2].
https://doi.org/10.1371/journal.pone.0201119.g001
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The bioactive forms of the cannabinoids are produced following a light or heat induced
decarboxylation reaction to generate cannabigerol (CBG), Δ9-tetrahydrocannabinol
(Δ9-THC), cannabidiol (CBD) or cannabichromene (CBC). Other cannabinoids detected in
plant samples include a further oxidation product of Δ9-THC, cannabinol (CBN) and cannabinoids produced from condensation of geranyl diphosphate with a variant of olivetolic acid,
divarinic acid which has a propyl side chain instead of the pentyl side chain and results in Δ9tetrahydrocannabivarin (Δ9-THCV). Based on the diversity of cannabinoid content, five
unique chemotypes have been described [21–24]: chemotype I includes strains with primarily
Δ9-THCV, chemotype II includes strains with similar levels of CBD and Δ9-THCV, chemotype III includes the hemp strains with virtually no Δ9-THCV and primarily CBD; chemotypes
IV and V are less frequent and include strains with no Δ9-THCV and primarily CBG and
strains with no cannabinoids.
In addition to the cannabinoids, medicinal Cannabis samples are also rich in bioactive terpenoids [25]; there appears to be a positive correlation between the accumulation of each of
these classes of compounds [1]. The complexity of the terpenoid and cannabinoid composition
in these samples should be routinely quantified to accurately and adequately determine the
medicinal potential of a particular sample [26]. Inclusion of the terpenoid composition in a
characterization of a medicinal marijuana sample also provides information about the provenance of the sample [1], as unique chemical abundances of specific terpenoids are predicted to
be associated with chemotypes and species level taxa [5, 27]. As the aroma of the plant is largely
the result of the terpenoid composition [25], human selections for this plant may have been
based in part on the monoterpenoid and sesquiterpenoid based aroma and on the cannabinoid
psychoactivity.
Within the past several decades, significant scientific evidence for the medical utility of
both the floral material and specific cannabinoids from these plants has been presented for a
number of human health diseases and conditions [9, 28–30]. In the United States of America,
as of 2018, more than half of the states license the use of medical marijuana http://www.ncsl.
org/research/health/state-medical-marijuana-laws.aspx; while the U.S. federal government
continues to classify marijuana as a Schedule 1 drug https://www.justice.gov/iso/opa/
resources/3052013829132756857467.pdf. As a result, there is very limited reliable data on the
chemical composition of Cannabis strains, the variability within the plant for the production
of these compounds and the interaction of the environment of production with the chemical
quality of a specific strain. Much of the material currently available for medical use was
selected from the numerous strains available from the illicit drug growers; understandably, the
provenance and genetic backgrounds of these strains are not easily traceable.
Our past experience characterizing the sources of variability for secondary metabolite accumulation in medicinal plants like lavender [31] yerba mansa [32] or in Capsicum cultivars
(chile) [33] lead us to investigate the variability for cannabinoid accumulation in medical marijuana produced by licensed growers in New Mexico.
There were several aims for the experiments reported here. We wanted to develop a rapid,
reliable and inexpensive method to quantify the important bioactive compounds in medical
marijuana, cannabinoids and terpenoids. We wanted to demonstrate the utility of the method
using commercial material, available as medical marijuana in New Mexico. These studies were
also designed to determine the consistency of total and relative cannabinoid and terpenoid
accumulation within a given accession, and to see if leaf levels of cannabinoids could be used
to predict eventual floral levels. To answer these questions, the concentration of five cannabinoids, Δ9-THC, CBD, CBG, Δ9-THCV, and CBC were determined in leaf and floral samples
from 28 strains, collected at multiple times throughout the year. The terpenoid contents of
selected medicinal strains are also presented. We also report here a reliable and sustainable gas
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chromatography method for the separation and quantification of these five neutral cannabinoids. This method has superior limit of detection (LoD) and limit of quantitation (LoQ) capabilities for these metabolites over the more common liquid chromatographic separations [34].
We present this method as a way to easily monitor both the cannabinoid and terpenoid compositions of medical marijuana plant material https://www.protocols.io/view/cannabinoidand-terpenoid-extraction-and-analysis-rd4d28w.

Materials and methods
Plant material
All of the plant material characterized in this report will be referred to as Cannabis, without a
species level description. The precise provenance of the plant material is difficult to trace,
strain names are not protected, and growers’ descriptions of the plant material as “indica
dominant” or “sativa dominant” do not necessarily reflect results obtained with genotyping
[4].
For the developmental analyses, plants were grown in a commercial greenhouse in central
New Mexico, under a medical marijuana producer license from the New Mexico Department
of Health. Cuttings were propagated in Coco Air Max for 6 to 8 weeks with a 20 h light photoperiod. Plants were watered daily and were fertilized with Veg A&B and/or Bud A&B (Heavy
16, Signal Hill, CA) at a rate of between 500 and 1500 mg/L depending on the growth stage of
the plants. Natural light was supplemented with artificial lighting using 600 watt CFL (compact
fluorescent) and/or 1000-watt HPS (high-pressure sodium) lamps. The greenhouse temperature was set to 22˚C; actual temperatures varied somewhat from a low of 17˚C to a high of
33˚C. Relative humidity varied between 35 and 65%. Plants were then transferred into 38 L
pots and moved to a 12 h photoperiod to induce flowering. Again, natural sunlight was supplemented with artificial lighting as needed. Leaf and flower samples were collected at the days
indicated post floral induction. In some cases, samples were collected from the top (upper
third of plant) or bottom (lowest third of plant). For RNA isolation, leaf or flower samples
were collected at “early” (4–5 weeks post floral induction), “mid” (6–7 weeks post floral induction, or late (8–11 weeks post floral induction). All of these samples were dried, but not
“cured” prior to chemical extraction for metabolites. Samples for RNA extraction were not
dried but frozen in liquid nitrogen and stored frozen until extraction.
A second source of plant material includes cured flowers from medicinal marijuana
produced by licensed growers throughout the state of New Mexico. This material reflects
the medical marijuana commercially available, and represents a wide range of strains. Those
samples were submitted by producers as ‘cured’ medical cannabis. Curing is the method
used to properly age and dry cannabis flower prior to consumption. A cured flower will typically have a moisture content of between 3% and 10%. All of the plant material was processed at Rio Grande Analytics, a licensed medicinal Cannabis testing laboratory. If the
analyses utilize ‘cured’ medical cannabis samples that is indicated in the figure or table
legend.

Cannabinoid extraction and analysis
Cured/dried flowers or dried leaves were homogenized in 20 mL of reagent-grade acetone
using a Polytron Homogenizer (Kinematica). The homogenates were placed on an orbital
shaker for 1 h. Samples were diluted in four parts of acetone containing 1 mg/mL chlorophenol and 2 mg/mL phenacetin (ISS1 and ISS2, respectively). The samples were then centrifuged
briefly to remove insoluble matter and analyzed using a Varian model 3900 GC-FID with an
Rxi-35 column (15 m x 0.25 mm). Ultrapure nitrogen was employed as the carrier gas (flow
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Table 1. Linear calibration parameters for quantification of terpenoids and cannabinoids.
RTa

Analyte

c

ISS -1

3.67

Chlorobenzene

n/a

n/a

n/a

T1

4.19

α-Pinene

713

593

0.9998

T2

4.55

Camphene

729

510

0.9998

T3

4.98

β-Pinene

737

336

0.9998

T4

5.11

β-Myrcene

699

138

0.9998

T5

5.40

Delta-3-Carene

792

319

0.9998

T6

5.55

α-Terpinene

728

116

0.9998

T7

5.71

d-Limonene

825

186

0.9998

T8

5.89

cis-Ocimened

857

15

0.9997

T9

5.96

p-Cymene

743

-118

0.9996

T10

6.02

trans-Ocimene

Peak ID

Slope

R2b

Intercept

Combined T8 and T10 to calculate

T11

6.27

γ-Terpinene

765

81

0.9998

T12

6.72

Terpinolene

750

237

0.9998

T13

6.96

Linalool

679

-265

0.9996

T14

7.79

(-)-Isopulegol

681

-533

0.9995

T15

9.35

Geraniol

693

-575

0.9994

T16

11.07

β-Caryophyllene

789

-301

0.9996

T17

11.56

α-Humulene

814

-367

0.9997

T18

12.48

cis-Nerolidald

752

-767

0.9993

T19

12.86

trans-Nerolidal

T20

13.54

(-)-Guaiol

787

-655

0.9994

T21

14.42

(-)-α-Bisabolol

777

-22

0.9993

ISS-2

16.12

Phenacetin

n/a

n/a

n/a

C1

21.14

THCV

662

4649

0.9998

C2

21.83

CBC

661

6232

0.9997

C3

21.96

CBD

640

5426

0.9997

C4

23.12

Δ9-THC

680

5147

0.9998

C5

23.51

CBG

660

5600

0.9997

C6

23.92

CBN

597

5061

0.9997

Combined T18 and T19 to calculate

The regression equation parameters for each analyte standard were determined using at least 10 different concentrations between 0 and 520 ng for the terpenoids and
between 0 and 3880 ng for the cannabinoids. These parameters predict the mass of the analyte from the GC-FID peak area (y = mx + b; where y is the peak area, m is the
slope, x is the mass in ng, and b is the intercept on the y axis). Peak ID is the code for each of the 21 terpenoids (T1-T21) and six cannabinoids (C1-C6), for which a
calibration curve was generated.
a

Retention time, RT;

b

Correlation coefficient;
Internal Spiked Standards (ISS);

c

d

Concentration determined from sum of two peaks with unique RTs; n/a, not applicable.

https://doi.org/10.1371/journal.pone.0201119.t001

rate: 1 mL/min). The injection volume was 2.0 μL, split 10, injector temperature 250˚C, FID
temperature 300˚C. The temperature gradient for the analysis started at 45˚C (with a 1 min
hold), and increased to 240˚ at 10˚/min, then increased to 280˚C at 4˚/min, then finally
increased to 290˚C at 20˚/min with a one-minute hold. This method proved adequate to separate six of the more abundant cannabinoids (Δ9-THC, CBD, CBC, CBG, Δ9-THCV and CBN)
and 21 terpenoids (Table 1). Cannabinoid standards were obtained from Restek (Bellefonte,
PA) and Sigma-Aldrich (St Louis, MO); terpenoid standards were obtained from Restek as
well.
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Table 2. Primers for qRT-PCR analysis.
Gene

Forward

Reverse

THCAS

CTCGTATACACTCAACACGACC

GTAGGACATACCCTCAGCATCATG

CBDAS

GAGGCTATGGACCATTGA

GGACAGCAACCAGTCTAA

Prenyl transferase

CTGAGCCTCCAGAATCTGATAATC

GCCTTGAACATCAGAGACCAAC

https://doi.org/10.1371/journal.pone.0201119.t002

RNA isolation and analysis
Flowers and leaves were harvested and immediately frozen in liquid nitrogen; RNA was isolated using methods described earlier [35]; the quality of the RNA was confirmed by formaldehyde agarose gel electrophoresis. The primers and conditions for qRT-PCR analysis were
developed based on methods described earlier [36]. The primers specific to Cannabis mRNA
for the THCAS, CBDAS and the prenyl transferase are listed in Table 2. Calibration curves
using purified amplicons for each gene were generated to allow for quantification of transcripts with expression data represented as pg transcript per 200 ng total RNA. Triplicate independent RNA isolations were performed (biological replication) and each RNA sample was
analyzed in triplicate for qRT-PCR (technical replication). qRT-PCR was carried out with the
KAPA SYBR FAST One-Step qRT-PCR Kit from KAPA BIOSYSTEMS Boston, MA. PCR
cycling conditions for CBDAS were: cDNA synthesis 42˚C 10 min; RT heat inactivation 95˚C
5 min; amplification 40 cycles: 95˚C 20 sec, 58.3˚C 20 sec, 72˚C 20 sec. PCR cycling conditions
for THCAS were: cDNA synthesis 42˚C 10 min, RT heat inactivation 95 ˚C 5 min; amplification 40 cycles: 95˚C 20 sec, 62˚C 20 sec, 72˚C 20 sec. PCR cycling conditions for prenyl transferase were: cDNA synthesis 42˚C 10 min, RT heat inactivation 95 ˚C 5 min; amplification 40
cycles: 95˚C 20 sec, 62.2˚C 20 sec, 72˚C 20 sec.

Results and discussion
Detection of terpenoids and cannabinoids in a single GC-FID run
Gas chromatography is a useful approach for quantifying terpenoids and the abundant cannabinoids; however, achieving base line separation of some of the minor cannabinoids, CBC and
CBD, can be difficult. Therefore, GC conditions were developed to improve the separation of
these analytes. All of the cannabinoids were readily detected at 2 ng, and the peak area for
these compounds increased linearly over the range from 2 ng to 3880 ng. Our working range
for terpenoid detection was between 0.8 ng to 520 ng. The retention times for 19 terpenoid
and 6 cannabinoid standards are presented in Table 1. This table also provides the linear
regression parameters for the conversion of GC-FID peak areas to mass quantities of each of
these specific metabolites.
An example of the resolution of the terpenoids and cannabinoids in a cured Cannabis
flower sample is presented in Fig 2. This method provides near baseline separation of the
peaks for CBC (C2) and CBD (C3), even in this sample with a relatively high concentration of
CBD. All six of the cannabinoids were detected in this strain, and we were able to identify and
quantify a number of terpenoid peaks. This strain has relatively high levels of β-myrcene (T4),
and α-pinene (T1).
The method described here for the analysis of cannabinoids and terpenoids differs from
most published methods in that the cured plant samples were extracted with acetone. Most
other published methods utilize methanol, methanol-acetonitrile, or methanol-chloroform as
the extraction solvent [5, 26, 37]. Acetone was selected for this method because it is an excellent solvent for Δ9-THC. Acetone is additionally a less polar solvent, and therefore extracts
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Fig 2. GC-FID separation of terpenoids and cannabinoids. Peaks are labeled with the Peak ID code. A. Mixture of 21
terpenoid and 6 cannabinoid chemical standards separated by GC-FID. B. Sample was extracted from C-Plus, a strain
of Cannabis with approximately equal abundances of CBD (C3) and Δ9-THC (C4).
https://doi.org/10.1371/journal.pone.0201119.g002
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fewer sugars and polysaccharides than does methanol. These sugars/polysaccharides build up
in a GC column over time, which eventually compromises the performance of the column.
Acetone would also be predicted to be an appropriate solvent for terpene/terpenoid extraction.
Finally, acetone extracts of terpenes allowed for the detection and quantification of small
monoterpenes such as α-pinene whereas methanol was retained longer by the RTx-35 GC column and interfered with the detection of these small terpenes.
A second difference in this assay for quantification of terpenoids and cannabinoids was the
use of a single chromatographic system, GC-FID. Other groups have used a GC-MS and
HPLC system to characterize both of these classes of metabolites in medical cannabis samples
[26], or two different GC runs [5, 27]. The use of nitrogen as the carrier gas was a key element
in the method described here. Helium gas, which is the more common carrier gas in GC methods for cannabinoids has become difficult and expensive to obtain. Nitrogen gas is readily and
sustainably available; further the switch to nitrogen gas improved the separation of the CBC
and CBD compounds on the chromatogram. These differences allow this method to recover
and detect the lower abundance cannabinoids. One group has quantified terpenoids and cannabinoids using a single GC-FID run [1]; they also used nitrogen as a carrier gas. This group
extracted their plant samples sequentially three times with ethanol for a total of 100 mL for a 1
g plant sample. In contrast we use only one acetone extraction, 1 g in 20 mL, homogenized
and then shaken on an orbital shaker 1 h. This much simpler protocol recovers equivalent levels of terpenoids and cannabinoids as demonstrated below. There is a limitation to this
method; we cannot detect the free acid forms of the cannabinoids, only the neutral forms of
the cannabinoids. The heat in the protocol converts all free acid forms to neutral forms. In
order to quantify the free acid forms of cannabinoids, the samples must be derivatized prior to
GC separation [37].

Comparison of cannabinoid content in leaf and floral samples from
medicinal marijuana plants
The cannabinoids present in leaf and floral samples of 16 different medicinal marijuana plants
were determined. The levels of six different cannabinoids in floral samples are listed in Table 3
and the levels in leaf samples are listed in Table 4. In both tables the levels are reported as percent of dry weight of the respective organ, these organs were collected from plants at 50 to 65 d
post-light induction. As expected the levels of cannabinoids are variable between strains, and
the levels in floral tissues are much higher than in leaf tissues. Δ9-THC levels in floral tissues
range from 21% in strain Holy Power, to 3% in Juanita. Δ9-THC levels in leaf tissues were generally at least ten fold lower and range from 2.7% in strain Crystal Cookies to 0.3% in Love
Lace.
The other important medical cannabinoid CBD, was barely detectable in leaf or floral tissue
of most of the strains except Alien Blues, Thunderstruck, Love Lace and Juanita. In three
strains, Thunderstruck, Love Lace and Juanita, the CBD levels were higher than Δ9-THC and
ranged between 9% and 4.7% CBD. A third cannabinoid, CBC, was present at similar levels in
leaves and floral tissues, and varied between strains. Platinum Buffalo had the highest leaf levels, 0.69%, while Bohdi Tree again had the lowest 0.03%. Thunderstruck had the highest CBC
levels in floral tissues, 0.62% while Bohdi Tree had the lowest floral levels at 0.05%. CBG the
precursor for Δ9-THC, CBD or CBC was also readily detected in floral samples and at trace
levels in leaf samples. CBG levels in floral samples ranged between 2.1% in Twisted Velvet to
0.05% in Sour Willie. The variant cannabinoid Δ9-THCV was also detected in floral samples
and at much lower levels in leaf samples. The strain Platinum Buffalo had the highest levels in
floral samples at 1.3%.
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Table 3. Inflorescence cannabinoid content of Cannabis plants cultivated in a greenhouse.
Δ9-THC

CBD

CBC

CBG

Δ9-THCV

21.53 ± 2.04

0.09 ± 0.02

0.34 ± 0.02

0.62 ± 0.06

0.16 ± 0.01

Green Crack

20.30 ± 2.33

0.10 ± 0.01

0.44 ± 0.05

1.19 ± 0.14

0.16 ± 0.01

Platinum Scout

18.70 ± 0.26

0.00 ± 0.00

0.34 ± 0.02

0.40 ± 0.05

1.01 ± 0.03

Green Crack 2015

17.17 ± 1.33

0.07 ± 0.00

0.20 ± 0.03

1.51 ± 0.17

0.12 ± 0.01

Crystal Cookies

17.07 ± 1.85

0.08 ± 0.01

0.51 ± 0.07

0.70 ± 0.08

0.97 ± 0.12

Oracle

17.02 ± 0.40

0.07 ± 0.01

0.25 ± 0.01

0.67 ± 0.05

0.08 ± 0.01

Lavendar Jones 2015

16.53 ± 2.80

0.06 ± 0.01

0.32 ± 0.05

0.29 ± 0.04

0.10 ± 0.01

Lavendar Jones

16.27 ± 1.21

0.08 ± 0.01

0.50 ± 0.02

0.21 ± 0.04

0.09 ± 0.00

Walker Kush

16.07 ± 0.85

0.07 ± 0.02

0.28 ± 0.01

0.55 ± 0.06

0.08 ± 0.01

Platinum Gorilla

15.80 ± 0.60

0.06 ± 0.00

0.37 ± 0.02

0.28 ± 0.06

0.40 ± 0.02

White Widow

15.63 ± 0.91

0.07 ± 0.00

0.17 ± 0.03

0.19 ± 0.03

0.05 ± 0.01

FLO

15.30 ± 1.52

0.07 ± 0.01

0.21 ± 0.02

0.53 ± 0.09

0.07 ± 0.02

Grandaddy Purple

14.30 ± 0.79

0.06 ± 0.01

0.22 ± 0.01

0.32 ± 0.00

0.05 ± 0.00

Platinum Buffalo

13.90 ± 0.75

0.00 ± 0.01

0.33 ± 0.02

0.23 ± 0.02

1.30 ± 0.05

RX

12.73 ± 0.45

0.06 ± 0.00

0.16 ± 0.01

0.96 ± 0.03

0.22 ± 0.02

Twisted Velvet

12.47 ± 1.29

0.05 ± 0.01

0.35 ± 0.03

2.08 ± 0.17

0.13 ± 0.02

Double Royal Kush

11.97 ± 0.35

0.05 ± 0.01

0.27 ± 0.02

0.56 ± 0.09

0.08 ± 0.02

Lavendar

11.91 ± 3.91

0.04 ± 0.01

0.15 ± 0.02

0.53 ± 0.17

0.05 ± 0.01

Skywalker

11.74 ± 2.09

0.04 ± 0.00

0.14 ± 0.00

0.88 ± 0.09

0.07 ± 0.00

Blue Dream

10.99 ± 2.41

0.05 ± 0.01

0.13 ± 0.01

0.10 ± 0.02

0.03 ± 0.01

Purple Fat Pie

10.85 ± 1.07

0.07 ± 0.02

0.27 ± 0.02

0.33 ± 0.03

0.05 ± 0.01

Romulin

10.21 ± 2.55

0.05 ± 0.01

0.17 ± 0.01

0.43 ± 0.02

0.13 ± 0.03

Blue Cherry Pie

9.80 ± 2.25

0.06 ± 0.04

0.14 ± 0.07

0.09 ± 0.02

0.10 ± 0.06

Cold Creek Kush

8.88 ± 4.28

0.04 ± 0.00

0.14 ± 0.00

0.31 ± 0.10

0.06 ± 0.00

Alien Blues

8.66 ± 1.16

0.11 ± 0.03

0.33 ± 0.09

0.26 ± 0.06

0.09 ± 0.06

Strains
Holy Power

Thunderstruck

5.94 ± 0.63

9.84 ± 1.15

0.62 ± 0.06

0.20 ± 0.05

0.05 ± 0.01

Sour Willie

5.73 ± 2.26

0.03 ± 0.00

0.14 ± 0.04

0.05 ± 0.00

0.02 ± 0.00

Love Lace

4.20 ± 0.53

8.88 ± 1.10

0.56 ± 0.04

0.24 ± 0.01

0.39 ± 0.03

Bohdi Tree

3.83 ± 1.55

0.02 ± 0.00

0.05 ± 0.00

0.08 ± 0.00

0.02 ± 0.00

Juanita

3.03 ± 0.37

4.71 ± 0.81

0.21 ± 0.00

0.07 ± 0.00

0.02 ± 0.00

Concentrations expressed as % flower dry wt (avg ± std dev): Δ9tetrahydrocannabinol (Δ9-THC); cannabidiol (CBD); Δ9tetrahydrocannabivarin (Δ9-THCV);
cannabigerol (CBG); and cannabichromene (CBC). Strains are listed in rank order high to low Δ9-THC content.
https://doi.org/10.1371/journal.pone.0201119.t003

The higher levels of cannabinoids in floral versus leaf tissue is expected and has been
described by many other investigators [2, 9, 22]. The levels of Δ9-THC and CBD among the
marijuana plants cultivated in New Mexico for medical applications are similar to the levels
reported for cannabinoids in medical marijuana produced in other states and countries [1, 26,
38]. Typical levels for “high Δ9-THC” (chemotype I) strains range from 15 to 22%, and levels
for “equal CBD to THC” (chemotype II) strains range from 5 to 10% of each cannabinoid [22].

Time course for accumulation of Δ9-THC in flowers of medicinal
marijuana
The induction of flowering in the clonally propagated plants is initiated by a shift to a shortday photoperiod. Floral and leaf samples were collected from two strains, Sour Willie and
Bohdi Tree at multiple intervals following the floral induction. This plant material was collected from greenhouse grown plants. The accumulation of Δ9-THC in these samples was
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Table 4. Leaf cannabinoid content of Cannabis plants cultivated in a greenhouse.
Δ9-THC

CBD

CBC

CBG

Δ9-THCV

Crystal Cookies

2.69 ± 0.49

0.00 ± 0.00

0.19 ± 0.04

0.01 ± 0.00

0.10 ± 0.02

Platinum Gorilla

2.56 ± 0.46

0.12 ± 0.23

0.22 ± 0.03

0.01 ± 0.00

0.02 ± 0.01

Green Crack 2017

2.03 ± 0.50

0.01 ± 0.00

0.39 ± 0.11

0.02 ± 0.00

0.01 ± 0.01

Twisted Velvet

1.62± 0.43

0.00 ± 0.00

0.45 ± 0.05

0.02 ± 0.01

0.00 ± 0.01

Double Royal Kush

1.56± 0.76

0.01 ± 0.00

0.41 ± 0.29

0.02 ± 0.01

0.02 ± 0.01

Blue Dream

1.47± 0.37

0.01 ± 0.00

0.12 ± 0.03

0.01 ± 0.00

0.01 ± 0.00

Platinum Buffalo

1.38± 0.44

0.00 ± 0.00

0.69 ± 0.07

0.01 ± 0.01

0.01 ± 0.03

Platinum Scout

1.27± 0.27

0.00 ± 0.00

0.12 ± 0.12

0.00 ± 0.00

0.00 ± 0.00

Blue Cherry Pie

1.21± 0.65

0.00 ± 0.00

0.33 ± 0.16

0.00 ± 0.00

0.00 ± 0.00

White Widow

1.01± 0.17

0.01 ± 0.00

0.05 ± 0.00

0.00 ± 0.00

0.01 ± 0.00

Cold Creek Kush

1.01± 0.20

0.01 ± 0.00

0.17 ± 0.04

0.01 ± 0.00

0.01 ± 0.00

Walker Kush

1.00± 3.00

0.01 ± 0.00

0.18 ± 0.06

0.01 ± 0.01

0.01 ± 0.00

Lavendar

0.99± 0.28

0.01 ± 0.00

0.09 ± 0.04

0.01 ± 0.00

0.01 ± 0.00

Skywalker

0.94± 0.24

0.01 ± 0.00

0.14 ± 0.03

0.01 ± 0.00

0.01 ± 0.00

Grandaddy Purple

0.91± 0.17

0.01 ± 0.00

0.07 ± 0.01

0.01 ± 0.00

0.01 ± 0.00

Sour Willie

0.89 ± 0.22

0.01 ± 0.00

0.15 ± 0.06

0.00 ± 0.00

0.01 ± 0.00

Purple Fat Pie

0.85 ± 0.22

0.00 ± 0.00

0.04 ± 0.03

0.00 ± 0.00

0.00 ± 0.00

Holy Power

0.84 ± 0.56

0.00 ± 0.00

0.08 ± 0.05

0.01 ± 0.02

0.00 ± 0.00

Romulin

0.83 ± 0.13

0.01 ± 0.00

0.07 ± 0.01

0.01 ± 0.00

0.01 ± 0.00

Oracle

0.83 ± 0.19

0.01 ± 0.00

0.20 ± 0.12

0.01 ± 0.01

0.01 ± 0.00

Alien Blues

0.78 ± 0.38

0.01 ± 0.00

0.09 ± 0.01

0.02 ± 0.01

0.00 ± 0.00

RX

0.74 ± 0.07

0.01 ± 0.00

0.06 ± 0.00

0.01 ± 0.00

0.02 ± 0.00

SkyWalker

0.73 ± 0.19

0.01 ± 0.00

0.04 ± 0.01

0.02 ± 0.01

0.01 ± 0.00

FLO

0.67 ± 0.12

0.01 ± 0.00

0.10 ± 0.02

0.01 ± 0.00

0.01 ± 0.00

Thunderstruck

0.66 ± 0.15

1.24 ± 0.28

0.15 ± 0.02

0.04 ± 0.04

0.00 ± 0.00

Lavendar Jones 2015

0.58 ± 0.04

0.01 ± 0.00

0.09 ± 0.01

0.01 ± 0.00

0.01 ± 0.00

Green Crack 2015

0.58 ± 0.10

0.01 ± 0.00

0.05 ± 0.01

0.01 ± 0.00

0.01 ± 0.00

Bohdi Tree

0.55 ± 0.15

0.01 ± 0.00

0.03 ± 0.01

0.00 ± 0.00

0.01 ± 0.00

Lavendar Jones 2017

0.46 ± 0.09

0.00 ± 0.00

0.15 ± 0.04

0.00 ± 0.00

0.00 ± 0.00

Juanita

0.41 ± 0.15

0.70 ± 0.27

0.08 ± 0.04

0.00 ± 0.00

0.01 ± 0.00

Love Lace

0.26 ± 0.03

0.69 ± 0.02

0.09 ± 0.02

0.00 ± 0.00

0.00 ± 0.00

Strains

Concentrations expressed as % leaf dry wt (avg ± std dev): Δ9tetrahydrocannabinol (Δ9-THC); cannabidiol (CBD); Δ9tetrahydrocannabivarin (Δ9-THCV); cannabigerol
(CBG); and cannabichromene (CBC). Strains are listed in rank order, high to low Δ9-THC content.
https://doi.org/10.1371/journal.pone.0201119.t004

determined and is shown in Fig 3. As expected the Δ9-THC content of the samples increases
in the floral samples with increasing time post-induction, this is observed in both strains. The
levels of Δ9-THC in the leaf samples decrease slightly during this same time period. There is
considerable variation in Δ9-THC content in the floral samples at each time point for collection. These are the averages of multiple flowers collected from different parts of the plant.
When those flowers are separated into their locations on the plant, high, middle and low, a pattern of accumulation is detected. Floral samples from the top or high portion of the plant have
higher levels of Δ9-THC than floral samples from the lower portion of the plant (Fig 3B and
3D). This was observed in both Sour Willie and Bohdi Tree and is anecdotal knowledge
among producers of this crop. This same pattern of accumulation was observed in two additional strains, increasing the biological replication of this observation. Within each strain there
is only a single data point for a floral position at a unique time, we see exactly the same pattern
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Fig 3. Accumulation of Δ9-THC in organs of Sour Willie or Bohdi Tree following floral induction. Δ9-THC levels in samples collected from
Sour Willie (A, B) or Bohdi Tree (C, D) at days post-induction are represented. Panels A and C report average (n = 3) Δ9-THC levels in floral
samples (solid line) and leaf samples (dotted line). Panels B and D report Δ9-THC levels in floral samples from the top of the plant (solid) or bottom
of the plant (dotted line).
https://doi.org/10.1371/journal.pone.0201119.g003

across four strains (S1 Fig); the Δ9-THC content is highest in flowers in the upper third, lowest
in the flowers from the lower third, and intermediate in flowers from the middle third of the
plant.
The observation that the cannabinoid content increases during floral development has been
described by other investigators for plants cultivated in vitro as well as in greenhouse settings
[22, 39]. The quantification of the variability within the plant for floral content of cannabinoids
has not been described in the literature previously. The Δ9-THC content in flowers from the
upper levels of the plant was close to twice as high as that in flowers from lower levels of the
plant; this was observed in two distinct strains.
Given the somewhat unusual sourcing of plants grown in medical marijuana facilities, the
ability to predict whether a particular plant will produce flowers with high levels of CBD or
Δ9-THC is desirable. For example, does the cannabinoid content of vegetative leaves, those on
the plant prior to flower induction predict the cannabinoid content of the mature flowers that
develop later on that plant. A comparison of the levels of CBD in vegetative leaves and mature
flowers is plotted for samples from 16 strains (Fig 4). There is a positive correlation between
the CBD content of leaf and flower samples, with an R2 value of 0.92. If a strain is going to
have primarily Δ9-THC in its flowers, there will be virtually no CBD in its vegetative leaves.
Conversely, if a strain is going to have appreciable levels of CBD in its flowers, then the vegetative leaves will have at least 0.5% CBD content. We also tested for a correlative relationship
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Fig 4. Paired comparisons of CBD levels in leaf and floral samples of Cannabis plants. Flowers and leaves were
collected from 16 Cannabis strains. The Δ9-THC dominant strains fall within the red circle, while the CBD co-dominant
strains fall within the blue circle.
https://doi.org/10.1371/journal.pone.0201119.g004

between abundance of Δ9-THC in leaves and flowers and detected a slight trend between
Δ9-THC content in leaf and only the flowers from the upper portions of the plant however
there was insufficient statistical support for this relationship (S1 Fig). Testing vegetative leaves
to determine if a medical marijuana strain predicted to have high CBD floral content will provide valuable information early on in the management of the plant.

Terpenoid content and composition in medical cannabis
A detailed analysis of the terpenoid and cannabinoid content of commercially generated medical Cannabis floral samples was conducted. The aim of this analysis was to compare/contrast
the terpenoid composition of these samples among the various strains. The growth conditions
of the plant, the harvest of the samples and their curing process were all under the purview of
the producer. The strain names for these samples are provided in the supporting information
(S1 Table), but we have somewhat limited confidence in the provenance of the strain name.
However, the chemical composition of this material used medicinally in New Mexico has been
accurately determined. In the supplemental material we provide the abundances of 19 terpenoids and 6 cannabinoids determined on 72 strains of medical Cannabis. The totals of these
values were plotted to look for correlations in levels (Fig 5).
The total terpenoid content ranged between 0.6 and 3.3%, while the total cannabinoid content ranged between 12.6–31.5% in these samples. We found a slight positive correlation
between total cannabinoid content and total terpenoid content (Fig 5), with an R2 = 0.32.
There are limited biosynthetic interactions between these two biosynthetic pathways, so a
strong correlation based on shared biochemical pathways is not predicted. One group has
reported a positive correlation between the terpenoid and cannabinoid content [1] of selected
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Fig 5. Paired comparisons of total cannabinoid and total terpenoid levels. Cured trimmed flowers were extracted
and the terpenoid and cannabinoid composition determined by GC-FID. The total values for cannabinoids and
terpenoids in each sample were plotted.
https://doi.org/10.1371/journal.pone.0201119.g005

strains developed in the Netherlands for medicinal uses. Those authors do not consider the
abundance of these metabolites to be linked metabolically either. The positive association
between the abundance of terpenoids and cannabinoids in Fig 5 probably reflects increased
production of all metabolites, including oils in larger healthier floral buds.
We also tested for chemotypes within the medical cannabis population based on terpenoid
profiles. For that analysis we clustered the Cannabis strains using the relative abundance of 19
unique terpenoids in 72 different strains. The dendrogram that resulted from this analysis is
presented in Fig 6. The specific composition and strain identifications are presented in supporting information (S1 Table). Pie charts for selected strains are presented along with the
color code for the terpenoid composition in S1 Table. As demonstrated in Fig 6, there were
three major clades or chemotypes: a type rich in β-myrcene and α- and β-pinenes (30 strains);
a type rich in terpinolene (10 strains); and a type rich in d-limonene and β-caryophyllene (32
strains). We also noted two sub-types with reduced statistical support, an α- and β-pinene rich
clade (9 strains); and a β-myrcene rich clade (21 strains). We did not test plants with high
CBD/low Δ9-THC content and it is likely that additional terpenoid chemotypes will be found
in those plants. The biosynthetic pathway for the monoterpenoids and sesquiterpenoids present in the Cannabis samples are highly interrelated and positive and negative correlations
between the accumulations of specific compounds are expected.
Several other groups around the world have used terpenoid profiles to categorize Cannabis
strains [1, 22, 26, 40]. In these cases the authors used a principal components analysis approach
to identify metabolites important in either clustering or discriminating specific strains. Clustering analysis of medicinal Cannabis samples from Canada identified β-pinene, β-myrcene,
d-limonene, and β-caryophyllene among other terpenoids as important discriminators [26].
PCA and hierarchical clustering of 11 medicinal Cannabis samples from the Netherlands also
demonstrated the importance of terpenoids in the classification of Cannabis strains; again α-
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Fig 6. Hierarchical clustering of medical Cannabis strains based on floral terpenoid composition. The relative abundance of 19 terpenoids
detected by GC-FID in cured floral samples from 72 medical Cannabis strains were used to generate the tree using the agglomerative
hierarchical clustering method in the XLSTAT plug-in for Excel. Pie charts of a sample terpenoid composition for individuals within each clade
are shown at the branch points, terpenoid composition is indicated by numerical code (Table 1, 1 = T1, 2 = T2, etc). Terpenoid types are
identified: α- and β-pinene, Pin; β-myrcene, Myr; β-caryophyllene, C; d-limonene, L; terpinolene, Terp.
https://doi.org/10.1371/journal.pone.0201119.g006

and β-pinene, β-myrcene, d-limonene, and β-caryophyllene were noted among other metabolites [1]. Recently, a PCA and hierarchical analysis of 30 cultivars from a medical Cannabis
dispensary in California also identified five major groups based on the abundance of 16 terpenoids in these samples [40]. Our approach of agglomerative clustering and then inspection of
pie chart displays of terpenoid composition, allowed us to identify the clades in the trees with
their most abundant terpenoid.

Transcriptional control of cannabinoid biosynthetic genes
The transcript abundance of three cannabinoid biosynthetic genes, THCAS, CBDAS, and prenyl transferase was determined using qRT-PCR. The levels of these transcripts were determined in four strains, two producing high Δ9-THC levels in flowers (Platinum Scout and Holy
Power) and two producing high CBD levels in their flowers (Love Lace and Thunderstruck).
Plant samples for these studies were collected from greenhouse grown plants. Transcript levels
for these three genes were quantified in leaves (Fig 7) and three different development stages
in floral tissues (Fig 8A–8C).
Transcripts for all three genes were detected in leaves of all four strains. The level of
CBDAS was the lowest of the transcripts in all four strains. The levels of transcripts for prenyl
transferase and THCA synthase were similar within a strain. The two strains that accumulate
CBD, Love Lace and Thunderstruck, had similar patterns of expression of all three genes, and
the level of CBD synthase was higher in these two strains than in the strains that are higher in
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Fig 7. Transcript accumulation in leaf samples of cannabinoid biosynthetic genes. Leaf RNA from the indicated
strains were assayed in triplicate by qRT-PCR, using primers for CBDAS (black), for THCAS (purple) or prenyl
transferase (blue).
https://doi.org/10.1371/journal.pone.0201119.g007

Δ9-THC. Platinum Scout, a high Δ9-THC strain, had the highest transcript levels for THCAS
and prenyl transferase among the four strains. The Δ9-THC levels in the leaves of Platinum
Scout are the highest of the four strains tested in this assay (Table 4).
Transcripts for all three genes were detected in the flowers of all four strains with notable
variations. Maximal accumulation of a transcript occurred early in floral development and
transcript levels decreased over time. This pattern was observed in all four strains for THCAS
and for prenyl transferase (Fig 8A and 8C). Levels of CBDAS were also observed to follow this
same developmental pattern in the two high CBD strains, Love Lace and Thunderstruck, while
the levels of transcripts for CBDAS in Platinum Scout and Holy Power were barely detected
(Fig 8B). The absolute levels of transcripts in leaves for these enzymes were 10 to 100-fold
lower than in the floral RNA samples. This reflects the much greater abundance of the cannabinoids in the floral samples versus the leaf samples (Tables 3 and 4).
These results suggest that transcriptional regulation of the cannabinoid biosynthetic genes
plays a role in the accumulation of Δ9-THC and CBD in the inflorescences of these plants.
Transcript levels were higher in floral tissues than leaf tissues, and transcript accumulation of
THCAS was much higher in lines that accumulate higher levels of Δ9-THC, and a similar relationship for CBDAS. Also, transcripts accumulated early in floral development with decreased
transcript abundance as the flower matures, suggests that the enzymes translated from these
transcripts persist in the flowers and continue to support cannabinoid biosynthesis. The genes
and enzymes for capsaicinoid biosynthesis in fruit of Capsicum sp. follow a similar pattern,
transcription peaks of genes for biosynthetic enzymes precede the metabolite accumulation
[35, 41, 42,].
A few other groups have investigated the transcription of cannabinoid biosynthetic genes
using qRT-PCR approaches, however in all of those cases, the levels of transcript are reported in
relative terms not absolute amounts as we do here. This method difference may be the basis for

PLOS ONE | https://doi.org/10.1371/journal.pone.0201119 July 23, 2018

15 / 20

Accumulation of bioactive metabolites in cultivated medical Cannabis

Fig 8. Transcript accumulation of cannabinoid biosynthetic genes during floral development. RNA was isolated
from flowers collected from the indicated strains at early (blue), middle (orange) or late (purple) after the floral
induction phase. Triplicate RNA isolations were assayed by qRT-PCR, using primers for THCAS (A), CBDAS (B) or
prenyl transferase (C).
https://doi.org/10.1371/journal.pone.0201119.g008
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some of the different results reported by these groups. THCAS and CBDAS levels in trichomes
in flowers were described as stable during the latter stages of floral development in the C. sativa
strain Bediol [43]. These authors also reported higher levels of THCAS and CBDAS in leaves
versus flowers or flower trichomes, which is quite the inverse of the results reported here for
four separate strains of Cannabis (Figs 7 and 8). The increase in CBDAS transcripts in flowers
of hemp strains relative to THCAS transcripts in flowers of marijuana strains has been reported
in a transcriptomic study [18] and in a gene mapping study [19]. A comparison of THCAS and
CBDAS transcript levels among a number of strains that differ in the accumulation of Δ9-THC
and CBD, revealed no association between final metabolite levels and transcript abundances in
floral RNA [17]. Again we report here a positive relationship between transcript levels for
THCAS or CBDAS and relevant metabolite accumulation. The difference in this case may
again be due to the quantification of transcripts, as we determine absolute mass amounts and
other groups report relative expression that has been normalized by a range of factors.
In summary we report a simple, robust and reliable method for the chemical characterization of two classes of bioactive compounds in medical Cannabis samples, terpenoids and cannabinoids. Given the myriad of health conditions treated by medical marijuana, detailed and
complete compositional analyses are essential to determine the efficacy of this material for
those conditions, and the optimal strain for specific conditions. The opportunity to predict
high CBD floral samples from analyses on vegetative leaves should be explored further as a
way to help producers increase the availability of this medically important cannabinoid.

Supporting information
S1 Fig. Accumulation of Δ9-THC in flowers following floral induction. Δ9-THC levels in
samples collected from A. Bodhi Tree, B. Sour Willie, C. Cold Creek Kush, or D. Blue Dream
at the days post-induction are represented. Samples are shown as flowers collected from the
upper third of the plant (blue), middle third of the plant (red) or bottom third of the plant
(green).
(TIF)
S2 Fig. Paired comparisons of Δ9-THC levels in leaf and floral samples of Cannabis plants.
Flowers (upper portion of the plant) and leaves (prior to floral induction) were collected from
21 Cannabis strains. The average floral content of each strain (n = 3–9) and the average leaf
content (n = 3–9) are plotted.
(TIF)
S1 Table. Cannabinoid and terpenoid composition in flower samples as cured commercially available medicinal marijuana. The terpenoid and cannabinoid abundances are
reported as % dry wt for 72 strains, listed alphabetically by strain name, rows 2–73. The relative
abundances of the terpenoids (% of total terpenoid) of these same samples are presented in
rows 78–168. The results are organized by terpenoid type detected following the hierarchical
clustering. Representative pie charts for the terpenoid composition are provided for each of
the four terpenoid types: pinene, myrcene, terpinolene, and caryophyllene-limonene. A key to
the color code for the pie chart is provided.
(XLSX)

Acknowledgments
The authors wish to thank Duke Rodriguez, Leonard Salgado, and Eric Howard at UltraHealth
in Bernalillo, NM for providing all of the greenhouse grown plant material analyzed in this
report.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201119 July 23, 2018

17 / 20

Accumulation of bioactive metabolites in cultivated medical Cannabis

Author Contributions
Conceptualization: Richard D. Richins, Mary A. O’Connell.
Data curation: Richard D. Richins, Mary A. O’Connell.
Formal analysis: Richard D. Richins, Mary A. O’Connell.
Investigation: Laura Rodriguez-Uribe.
Methodology: Richard D. Richins, Laura Rodriguez-Uribe, Kiah Lowe, Rebekah Ferral.
Writing – original draft: Richard D. Richins, Mary A. O’Connell.
Writing – review & editing: Richard D. Richins, Mary A. O’Connell.

References
1.

Fischedick JT, Hazekamp A, Erkelens T, Choi YH, Verpoorte R. Metabolic fingerprinting of Cannabis
sativa L., cannabinoids and terpenoids for chemotaxonomic and drug standardization purposes. Phytochemistry. 2010; 71(17–18):2058–73. https://doi.org/10.1016/j.phytochem.2010.10.001 PMID:
21040939.

2.

Andre CM, Hausman JF, Guerriero G. Cannabis sativa: The Plant of the Thousand and One Molecules.
Front Plant Sci. 2016; 7:19. https://doi.org/10.3389/fpls.2016.00019 PMID: 26870049.

3.

Russo E. History of cannabis and its preparations in saga, science and sobriquet. Chem Biodiver. 2007;
4:1614–48.

4.

Sawler J, Stout JM, Gardner KM, Hudson D, Vidmar J, Butler L, et al. The Genetic Structure of Marijuana and Hemp. PLoS One. 2015; 10(8):e0133292. https://doi.org/10.1371/journal.pone.0133292
PMID: 26308334.

5.

Hillig K, Mahlberg P. A chemotaxonomic analysis of cannabinoid variation in Cannabis (Cannabaceae).
Amer J Bot. 2004; 91:966–75.

6.

Thomas B, Elsohly MA. The Botany of Cannabis sativa L. In: Thomas B, Elsohly MA, editors. The Analytical Chemistry of Cannabis: Elsevier; 2016. p. 1–26.

7.

de Meijer E, Bagatta M, Carboni A, Crucitti P, Moliterni V, Ranalli P, et al. The inheritance of chemical
phenotype in Cannabis sativa L. Genetics. 2003; 163:335–46. PMID: 12586720

8.

Happyana N, Agnolet S, Muntendam R, Van Dam A, Schneider B, Kayser O. Analysis of cannabinoids
in laser-microdissected trichomes of medicinal Cannabis sativa using LCMS and cryogenic NMR. Phytochemistry. 2013; 87:51–9. https://doi.org/10.1016/j.phytochem.2012.11.001 PMID: 23280038.

9.

Potter DJ. A review of the cultivation and processing of cannabis (Cannabis sativa L.) for production of
prescription medicines in the UK. Drug testing and analysis. 2014; 6(1–2):31–8. https://doi.org/10.1002/
dta.1531 PMID: 24115748.

10.

Carvalho A, Hansen EH, Kayser O, Carlsen S, Stehle F. Designing microorganisms for heterologous
biosynthesis of cannabinoids. FEMS Yeast Res. 2017; 17(4). https://doi.org/10.1093/femsyr/fox037
PMID: 28582498.

11.

Gagne S, Stout J, Liu E, Boubakir Z, Clark S, Page JE. Identification of olivetolic acid cyclase from Cannabis sativa reveals a unique catalytic route to plant polyketides. Proceedings of the National Academy
of Sciences of the United States of America. 2012; 109:12811–6. https://doi.org/10.1073/pnas.
1200330109 PMID: 22802619

12.

Yang X, Matsui T, Kodama T, Mori T, Zhou X, Taura F, et al. Structural basis for olivetolic acid formation
by a polyketide cyclase from Cannabis sativa. The FEBS journal. 2016; 283(6):1088–106. https://doi.
org/10.1111/febs.13654 PMID: 26783002.

13.

Page JE, Boubakir Z, Aromatic prenyltransferase from Cannabis 2012; US 20120144523. https://
patents.google.com/patent/US20120144523. Cited 26 June 2018

14.

Sirikantaramas S, Morimoto S, Shoyama Y, Ishikawa Y, Wada Y, Shoyama Y, et al. The gene controlling marijuana psychoactivity: molecular cloning and heterologous expression of Delta1-tetrahydrocannabinolic acid synthase from Cannabis sativa L. J Biol Chem. 2004; 279(38):39767–74. https://doi.org/
10.1074/jbc.M403693200 PMID: 15190053.

15.

Taura F, Sirikantaramas S, Shoyama Y, Yoshikai K, Shoyama Y, Morimoto S. Cannabidiolic-acid
synthase, the chemotype-determining enzyme in the fiber-type Cannabis sativa. FEBS Lett. 2007;
581(16):2929–34. https://doi.org/10.1016/j.febslet.2007.05.043 PMID: 17544411.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201119 July 23, 2018

18 / 20

Accumulation of bioactive metabolites in cultivated medical Cannabis

16.

Page JE, Stout JM, Cannabichromenic acid synthase from Cannabis sativa 2015; WO 2015196275 A1.
https://patents.google.com/patent/WO2015196275A1. Cited 26 June 2018

17.

Onofri C, de Meijer EP, Mandolino G. Sequence heterogeneity of cannabidiolic- and tetrahydrocannabinolic acid-synthase in Cannabis sativa L. and its relationship with chemical phenotype. Phytochemistry.
2015; 116:57–68. https://doi.org/10.1016/j.phytochem.2015.03.006 PMID: 25865737.

18.

van Bakel H, Stout JM, Cote AG, Tallon CM, Sharpe AG, Hughes TR, et al. The draft genome and transcriptome of Cannabis sativa. Genome Biol. 2011; 12(10):R102. https://doi.org/10.1186/gb-2011-1210-r102 PMID: 22014239.

19.

Weiblen GD, Wenger JP, Craft KJ, ElSohly MA, Mehmedic Z, Treiber EL, et al. Gene duplication and
divergence affecting drug content in Cannabis sativa. New Phytol. 2015; 208(4):1241–50. https://doi.
org/10.1111/nph.13562 PMID: 26189495.

20.

Marks MD, Tian L, Wenger JP, Omburo SN, Soto-Fuentes W, He J, et al. Identification of candidate
genes affecting Delta9-tetrahydrocannabinol biosynthesis in Cannabis sativa. J Exp Bot. 2009;
60(13):3715–26. https://doi.org/10.1093/jxb/erp210 PMID: 19581347.

21.

Pacifico D, Miselli F, Carboni A, Moschella A, Mandolino G. Time course of cannabinoid accumulation
and chemotype development during the growth of Cannabis sativa L. Euphytica. 2007; 160(2):231–40.
https://doi.org/10.1007/s10681-007-9543-y

22.

Aizpurua-Olaizola O, Soydaner U, Ozturk E, Schibano D, Simsir Y, Navarro P, et al. Evolution of the
Cannabinoid and Terpene Content during the Growth of Cannabis sativa Plants from Different Chemotypes. J Nat Prod. 2016; 79(2):324–31. https://doi.org/10.1021/acs.jnatprod.5b00949 PMID: 26836472.

23.

Small E, Beckstead H. Common cannabinoid phenotypes in 350 stocks of Cannabis Lloydia. 1973;
36(2):144–65. PMID: 4744553

24.

Welling MT, Liu L, Shapter T, Raymond CA, King GJ. Characterisation of cannabinoid composition in a
diverse Cannabis sativa L. germplasm collection. Euphytica. 2015; 208(3):463–75. https://doi.org/10.
1007/s10681-015-1585-y

25.

Russo E. Taming THC: potential synergy and phytocannabinoid-terpenoid entourage effects. British
journal of pharmacology. 2011; 163(7).

26.

Jin D, Jin S, Yu Y, Lee C, Chen J. Classification of Cannabis Cultivars Marketed in Canada for Medical
Purposes by Quantification of Cannabinoids and Terpenes Using HPLC-DAD and GC-MS. Journal of
Analytical & Bioanalytical Techniques. 2017; 08(01).

27.

Hillig KW. A chemotaxonomic analysis of terpenoid variation in Cannabis. Biochemical Systematics and
Ecology. 2004; 32(10):875–91. https://doi.org/10.1016/j.bse.2004.04.004

28.

Atakan Z. Cannabis, a complex plant: different compounds and different effects on individuals. Ther
Adv Psychopharmacol. 2012; 2:241–54. https://doi.org/10.1177/2045125312457586 PMID: 23983983

29.

Friedman D, Devinsky O. Cannabinoids in the Treatment of Epilepsy. N Engl J Med. 2015; 373
(11):1048–58. https://doi.org/10.1056/NEJMra1407304 PMID: 26352816.

30.

Mechoulam R, Peters M, Murillo-Rodriguez E, Hanum L. Cannabidiol—Recent Advances. Chem Biodiver. 2007; 4:1678–92.

31.

Martin C, Rodriguez J, O’Connell MA, Steiner R, Yao S. Lavender cultivar trial results for north-central
New Mexico, 2003 through 2005. http://aces.nmsu.edu/pubs/research/horticulture/RR770.pdf: New
Mexico State University, 2012 Contract No.: RR770.

32.

Medina-Holguin AL, Holguin FO, Micheletto S, Goehle S, Simon JA, O’Connell MA. Chemotypic variation of essential oils in the medicinal plant Anemopsis californica. Phytochem. 2008; 69:919–27.

33.

Rodriguez-Uribe L, Hernandez L, Kilcrease JP, Walker S, O’Connell MA. Capsaicinoid and carotenoid
composition and genetic diversity of KasI and Ccs in New Mexican Capsicum annuum L. landraces.
HortSci. 2014; 49(11):1370–5.

34.

Mudge EM, Murch SJ, Brown PN. Leaner and greener analysis of cannabinoids. Anal Bioanal Chem.
2017; 409(12):3153–63. https://doi.org/10.1007/s00216-017-0256-3 PMID: 28233028.

35.

Keyhaninejad N, Curry J, Romero J, O’Connell MA. Fruit specific variability in capsaicinoid accumulation and transcription of structural and regulatory genes in Capsicum fruit. Plant Science. 2014; 215–
216:59–68. https://doi.org/10.1016/j.plantsci.2013.10.013 PMID: 24388515

36.

Rodriguez-Uribe L, Guzman I, Rajapakse W, Richins RD, O’Connell MA. Carotenoid accumulation in
orange-pigmented Capsicum annuum fruit, regulated at multiple levels. J Exp Bot. 2012; 63(1):517–26.
Epub 2011/09/29. https://doi.org/10.1093/jxb/err302 PMID: 21948863.

37.

Ibrahim EA, Gul W, Gul SW, Stamper BJ, Hadad GM, Abdel Salam RA, et al. Determination of Acid and
Neutral Cannabinoids in Extracts of Different Strains of Cannabis sativa Using GC-FID. Planta Med.
2018; 84(4):250–9. https://doi.org/10.1055/s-0043-124088 PMID: 29237190.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201119 July 23, 2018

19 / 20

Accumulation of bioactive metabolites in cultivated medical Cannabis

38.

National Academy of Science. The Health Effects of Cannabis and Cannabinoids: The Current State of
Evidence and Recommendations for Research. Washington (DC): National Academy of Science;
2017. 468 p.

39.

Chandra S, Lata H, Mehmedic Z, Khan IA, ElSohly MA. Assessment of cannabinoids content in micropropagated plants of Cannabis sativa and their comparison with conventionally propagated plants and
mother plant during developmental stages of growth. Planta Med. 2010; 76(7):743–50. https://doi.org/
10.1055/s-0029-1240628 PMID: 19950050.

40.

Fischedick JT. Identification of Terpenoid Chemotypes Among High (-)-trans-Delta(9)- Tetrahydrocannabinol-Producing Cannabis sativa L. Cultivars. Cannabis Cannabinoid Res. 2017; 2(1):34–47. https://
doi.org/10.1089/can.2016.0040 PMID: 28861503.

41.

Curry J, Aluru M, Mendoza M, Nevarez J, Melendrez M, O’Connell M. Transcripts for possible capsaicinoid biosynthetic genes are differentially accumulated in pungent and non-pungent Capsicum spp.
Plant Sci. 1999; 148:47–57.

42.

Stewart C, Mazourek M, Stellari G, O’Connell M, Jahn M. Genetic control of pungency in C. chinense
via the Pun 1 locus. J Exp Bot. 2007; 58:979–91. https://doi.org/10.1093/jxb/erl243 PMID: 17339653

43.

Happyana N, Kayser O. Monitoring Metabolite Profiles of Cannabis sativa L. Trichomes during Flowering Period Using 1H NMR-Based Metabolomics and Real-Time PCR. Planta Med. 2016; 82(13):1217–
23. https://doi.org/10.1055/s-0042-108058 PMID: 27336318.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201119 July 23, 2018

20 / 20

