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ABSTRACT

The Cannabis industry is currently one of the fastest growing industries in the United States. Given
the changing legal status of the plant, and the rapidly advancing research, updated information on
the advancement of Cannabis genomics is needed. This versatile plant is used as medicine and for
food, ﬁber, and bioremediation. Insights from modern, high-throughput genomic technology are
revolutionizing our understanding of the plant and are providing new tools to further improve our
knowledge and utilization of this unique species. This review quantiﬁes and evaluates the currently
available genomic resources for Cannabis research, including six whole-genome assemblies, two
transcriptomes, and 393 other substantial genomic resources, as well as other smaller publicly
available genetic and genomic resources. The open-source approaches followed by many leading
scientists in the ﬁeld promote collaboration and facilitate these rapid advances.
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I. Introduction
Cannabis, a genus within the Rosales clade of eudicot angiosperms, is the basis for a multibillion-dollar industry, one of
the fastest growing industries in the US. Yet, in many
respects the plant remains poorly understood. The plant is
cultivated for its ﬁbrous stalks, and its seeds which are high
in healthy oils and protein (Gertsch et al., 2008; Zwenger
and Basu, 2008), responsible for psychoactive effects (Russo
and McPartland, 2003; ElSohly and Slade, 2005; Radwan
et al., 2008) and medicinal properties (Russo, 2011; Swift
et al., 2013; Volkow et al., 2014). Cannabis has a tremendous
amount of phenotypic diversity seen in traits such as leaf
shape, plant shape, seed size, ﬁber quality, branching, height,
phytochemistry, phenology, and ecology. Additionally,
there is substantial variation in reproductive strategy,
with some populations maintaining the ancestral, monoecious type, while others maintaining a more derived
dioecious or mixed strategy (Razumova et al., 2016).
Some trait variations are related to the multiple domesticated uses, whereas additional variation in the wild is
presumably related to ecological differences across its
broad Eurasian range, reaching from Eastern Europe to
Japan and from the equator to Siberia.
The number of species that compose the genus is
debated; some claim that it is composed of three species

(Cannabis sativa, Cannabis indica, and Cannabis ruderalis) (Hillig and Mahlberg, 2004; Hillig, 2005), whereas
others claim that it is a monotypic genus composed of
one species (C. sativa L.) with high interpopulation variation (Small and Cronquist, 1976; de Meijer et al., 2003).
Currently, according to most scientiﬁc conventions, the
plant is classiﬁed as one species, C. sativa, originally
described by Linnaeus (1753). Most of the groupings or
divisions in this genus have been made depending on the
physical traits or uses of the plant. Hemp plants are usually used for the extraction of ﬁber or oil, and the plants
are described as tall, skinny, and lacking the production
of terpenoids or cannabinoids (Small and Cronquist,
1976). Indica plants are usually short, with broad leaﬂets.
Sedative effects are associated with its consumption. Sativa plants are associated with narrow leaﬂets and hemplike traits, but unlike hemp produce high levels of cannabinoids and terpenoids. Psychedelic effects are associated
with the consumption of sativa. Crosses between sativa
and indica are common, vigorous, and fertile, and are
generally referred to as hybrid within the Cannabis
industry. These hybrids have variable phenotypic traits
usually intermediate to the parents, though in both
hemp and marijuana types, heterosis leads to improved
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growth and other traits that exceed either parental type
(Clarke and Merlin, 2013).
Due to the multiple classiﬁcations of this plant,
genomic studies provide insights on how to better
group the individuals. Additionally, genetic and genomic resources available for Cannabis research have
been increasing, and may become more widely used
because of the ongoing legalization and decriminalization of its medicinal and recreational use in increasingly large number of states in the United States, as
well as in other countries. In this paper, we review
the available genomes, their sequencing methods, and
the relationship among Cannabis cultivars; the available resources for genetic regions of interest including
those involved in the production of cannabinoids and
terpenoids; whole genome and cytoplasmic genome
assemblies as well as transcriptomes; and the genomic
underpinnings involving important agronomic traits,
including sex determination and cannabinoid production. We conclude with future directions and suggestions on how to proceed with Cannabis genomic
investigation, which will beneﬁt scientiﬁc research,
patients, breeders, growers, recreational consumers,
and the general public.
Because of the multiple naming conventions, we will
address the plant using its scientiﬁc genus Cannabis, but
we will also use the colloquial terminologies for major
lineages within the species, using indica, sativa, hemp,
and hybrids in italics throughout the review.

II. Available genomic sequences
A. Genome assemblies
There are six whole-genome assemblies publicly available, consisting of two drafts, each of three different genotypes. Two Purple Kush (PK) assemblies (van Bakel
et al., 2011) are available in the National Center for Biotechnology
Information
(NCBI)
(Accessions:
AGQN00000000; GCA_000230575.1). They were assembled from 2 £ 100 paired-end Illumina libraries; 2 and
5 kb Illumina mate-pair libraries; and 8, 13, 20, 30, and
40 kb Roche 454 mate-pair libraries. Sequences were
assembled de novo using SOAPdenovo (Li et al., 2010).
The PK assembly with accession AGQN00000000 is
superior to the GCA_000230575 assembly by the metrics
we examined (Table 1), as it does not include the small,
lower-quality, unplaced contigs.
Four additional genomic assemblies exist, consisting of
sequences from two strains, with raw and ﬁltered assemblies
for each variety. The ﬁltered version of Chemdog (Accession: GCA_001509995) was sequenced on the Illumina GA
IIx and assembled in CLCBio v.5. The ﬁltered LA

Conﬁdential (Accession: GCA_001510005) genome was
sequenced on the Roche 454 and assembled using Newbler
v.May 2011. The unﬁltered versions are available at http://
www.medicinalgenomics.com/janeome-additional-data/.
The PK scaffold assembly is the best assembly by
most (eight of twelve) metrics (Table 1): the full
sequence length requires fewer contigs and the average sequence length is higher. Additionally, the metrics for L50 and L90, which are the smallest number
of contigs required to represent 50% and 90% of the
assembly, respectively, are smaller for the PK assemblies. The N50 and N90 metrics are larger in the PK
assemblies, again indicating that the PK assembly is
made up of longer sequences. The unﬁltered PK
assembly is the best or tied for the best for the
remaining four metrics. Therefore for research including the currently available genomic assemblies, we
recommend the use of the PK assemblies.
In order to understand the completeness of the
single-copy portion of the assemblies, we performed a
BLAST comparison using NCBI’s BLASTX algorithm
(Altschul et al., 1990; Gish and States, 1993) with the
default parameters. This BLAST comparison allows us
to identify in each assembly the DNA sequence
encoding for a set of 956 universal single-copy plant
orthologs, which are thought to be essential genes
expected to be present in all high-quality, complete
plant genomes (Sim~ao et al., 2015). We report the
percentage of the number of these Benchmarking
Universal Single-Copy Orthologs (BUSCO) genes that
were uniquely present in the assemblies, a measure of
an assembly’s completeness. The results show that the
number of genes in the single-copy portion of the
assemblies is comparable between all the available
assemblies. All of them are nearly complete in terms
of having at least partial copies of all the BUSCO
genes, but in contrast to the transcriptomes, where
nearly all of the genes are complete, many of the
genes in the genome assemblies are fragmented or
incomplete (Table 1). A more completely assembled
genome, ideally with 11 long sequences representing
the 9 autosomes, X and Y, would be a major
improvement.
In addition to the above metrics, misassemblies in
some of the genome sequences may also be a problem. The Cannabis genomes are highly heterozygous,
due to a large effective population size and recent
hybridization with divergent lineages (Lynch et al.,
2017, this issue). The assembly of individuals with
high heterozygosity can result in homologous loci
with different haplotypes assembled as separate,
redundant scaffolds (Vinson et al., 2005; Kajitani
et al., 2014). For instance, the Cannabis PK assembly

—
287
175,268
90,599
73,305
1634
2249
33,802
711
127,329
0.99
0.74
0.33
Illumina GA II
CLCBio v.5
300X

2016
595
311,039
186,080
50,563
1915
2648
55,094
836
221,321
0.99
0.76
0.33
Roche 454
Newbler v.May 2011
50X
GCA_001510005.1

—
299
232,373
95,354
44,496
1296
1603
49,511
626
176,220
0.99
0.74
0.32
Roche 454
Newbler v.May 2011
50X
2016
286
190,122
90,500
73,305
1634
2249
33,770
710
127,200
0.99
0.74
0.33
Illumina GA II
CLCBio v.5
300X
GCA_001509995.1

NCBI
Chemdog 91
2011
757
135,164
75,416
556,908
5605
16,298
10,934
2628
52,310
0.99
0.76
0.33
Illumina GA II; HiSeq
SOAPdenovo v.1.0.5
130X
GCA_000230575.1

NCBI PK

Note. These assessments allow for the comparison of the available genomes. The best genome assembly, based on each metric, is in bold.

Size after ﬁltering for redundant contigs.

Date of Publication
Size (Mb)
Number of contigs
Number of contigs > 1000 bp
Longest sequence
Average sequence length
Contig N50
Contig L50
Contig N90
Contig L90
Unique BUSCO hits bit score > 50
Unique BUSCO hits bit score > 100
Unique BUSCO hits bit score > 200
Sequencing method
Assembly method
Genome coverage
Accession number

Chemdog

Genome assemblies
LA Conﬁdential

NCBI LA Conﬁdential

Table 1. Metrics for three available genomic assemblies.

2011
466 (389)
60,029
57,529
556,908
11,386
19,021
8842
5100
37,055
0.97
0.70
0.29
Illumina GA II; HiSeq
SOAPdenovo v.1.0.5
130X
AGQN00000000.1

NCBI PK scaffold

2011
—
—
—
—
—
—
—
—
—
0.99
0.99
0.89
Illumina GA II; HiSeq
ABySS v1.2.8
—
—

PK

2011
—
—
—
—
—
—
—
—
—
0.99
0.98
0.84
Illumina GA II; HiSeq
ABySS v1.2.8
—
—

Finola

Transcriptome assemblies
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appears to have been redundantly assembled due to
heterozygosity (Lynch et al., 2017). After ﬁltering to
remove redundant regions, which were approximately
16.7% of the assembled genome, 389 Mbp remained.

genetic and physical maps, placing the thousands of contig sequences onto the ten chromosomes.

C. Transcriptomes
B. Future directions for Cannabis assemblies
Sequences from an inbred individual would improve the
current genomic assemblies that may be misassembled
due to heterozygosity. Additionally, having the assembly
and ﬁltering parameters publicly available will aid in the
construction of an improved genome assembly. Assemblies using long-read technologies such as PacBio could
also yield improvements. The most dramatic improvements would come from generating sequence-based

Figure 1. Sum of the submissions of different genomic and genetic
tools by date. mRNA data (purple circles) that has been submitted
since 2004 is the most widely available. EST, or Expressed Sequence
Tag, data (green circles), is a type of mRNA sequence data, which
have not been submitted since 2012. SRA data (pink circles) have had
a steady submission rate since 2012 and include next-generation
sequencing data.

In addition to the genomic DNA resources available for
Cannabis, there are a number of transcriptomic, RNAbased resources, which only include RNA being
expressed at the time of extraction. The advantages of
transcriptomic data are due to their focus on functional,
expressed genes, which result in higher coverage of the
sequenced sites and/or the ability to sequence more individuals because of the reduction in the number of unique
bases to be sequenced. An additional beneﬁt is the ability
to quantify both neutral and functional diversity across
synonymous and nonsynonymous sites, and variation in
expression levels, which indirectly provides details about
the evolution of genetic regulatory elements (Elshire
et al., 2011).
Compared to other economically important crops,
Cannabis has little publically available RNA sequence
data. For example, at present 106,755 mRNA sequence
submissions on the NCBI nucleotide database exist for
Cannabis, and only 36 transcriptome library submissions
are from NCBI’s Sequence Read Archive (SRA). Comparatively, Zea has 5,136,742 mRNA sequence submissions and 5,050 SRA submissions. Further, the rate of
Cannabis mRNA sequence accumulation has slowed,
with relatively few new submissions since 2011
(Figure 1).
van Bakel et al. (2011) assembled two transcriptomes
from ﬂowers at different stages (NCBI accessions:
SRS266825, SRS266824, SRS266823, SRS266822), roots
(NCBI accession: SRS266829) of the marijuana-type cultivar PK, and the ﬂowers (NCBI accession number:
SRS266735) of the hemp cultivar Finola (Table 2). The
raw reads for each tissue type are available in NCBI, and
the two transcriptome assemblies are available from
http://genome.ccbr.utoronto.ca/. Although the PK transcriptome assembly includes a variety of tissue types, it is

Table 2. Metrics for the four available mitochondrial genomes and six available chloroplast genomes.
Organelle

Cultivar

Mitochondria Carmagnola
Chinese hemp
PK
Unknown
Chloroplast Carmagnola
Dagestani
Cheongsam
Yoruba Nigeria
PK
Unknown

Length (bp) Differences to Carmagnola %AT Protein coding genes
414,545
415,602
414,737
415,751
153,871
153,871
153,848
153,854
152,942
153,805

—
257
227
408
—
16
143
128
22
203

54
54
54
54
63
63
63
63
63
63

36
36
—
—
86
86
86
86
—
—

NCBI accession

Total genes

Source

KR059940.1
KU310670
AGQN00000000.1
—
KP274871
KR779995
KR184827
KR363961
AGQN01337109.1
—

54
54
—
—
127
127
127
127
—
—

White et al. (in press)
NCBI
van Bakel et al. (2011)
Website
Vergara et al. (2015)
Oh et al. (2015)
van Bakel et al. (2011)
Website

These assessments allow for the comparison of the available mitochondrial and chloroplast genomes. Differences between the organellar genomes include both
SNP and INDEL difference.
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comparable to the Finola assembly in terms of its completeness as measured by the proportion of BUSCO
genes included in the assembly (Table 1). These BLAST
analyses were performed using a BLASTX with default
parameters using the same methodology described in the
genomic assemblies. Similarly, the number of genes in
the single-copy portion of the PK transcriptome assembly is comparable to that of the PK genome assembly.
Because of the similarities between the transcriptomic
assemblies, with both being quite complete and of high
quality, either or both assemblies can be quite useful.
These transcriptome assemblies were used to evaluate
variation in the expression of the cannabinoid pathway
genes among tissue types in the high- and low-cannabinoid plant varieties PK and Finola, respectively (van
Bakel et al., 2011). This study revealed the apparent
instances of differential expression between genes in the
cannabinoid pathway among the two cultivars. The
authors suggested this pattern is most consistent with
variation in gene regulation, as they found little evidence
for the variation in gene copy number.
D. Future directions for Cannabis transcriptomic
data
In the SRA data available for transcriptomic data on
Cannabis, it is clear that there is a lack of taxonomic
representation (Figure 2). Although it is a valuable

Figure 2. Amount of transcriptomic data available for each tissue
type. The amount of transcriptomic data available for a variety of
different tissues is very similar, except for whole plant; however,
most of it is for only one strain. Blue points identiﬁed as C. sativa
had no further strain information provided in the SRA submission.
The tissue types labeled “Whole Plant” were from libraries with
unspeciﬁed tissue type in the SRA submission.
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foundation for further study, van Bakel et al.’s (2011)
transcriptomic work needs to be replicated to evaluate its
generality across the diversity of Cannabis varieties, and
to make statistically relevant datasets. While there are
obvious legal hurdles that hinder further generation of
sequence data for Cannabis, the recent surge of industrial
interest for both medical and agricultural purposes
should encourage and fund further studies.
E. Organellar genomes
The mitochondria and the chloroplasts provide interesting phylogenetic comparisons because of their maternal
inheritance in Cannabis. Four mitochondrial genome
assemblies are accessible, three of which are published
on NCBI (Table 2). The four genomes are similar in total
length and sequence, and the nucleotides are almost
equally distributed (54% AT). Two of the mitochondrial
genomes have been fully annotated and belong to hemp
cultivars. They have the same number of total genes
(54), protein coding genes (36), rRNAs (3), and tRNAs
(15) (White et al., 2016). The other two mitochondrial
genomes await annotation. One of them is partially
assembled, comprises six contigs, belongs to the PK variety, and was sequenced in 2011 (van Bakel et al., 2011).
The last mitochondrion is fully assembled and belongs to
an unspeciﬁed individual (http://www.medicinalgenom
ics.com/chloroplast-and-mitochondrial-haplotypes-ofcannabis/). We recommend the use of the Chinese hemp
or Carmagnola (White et al., 2016) assemblies.
Six chloroplast genome assemblies for Cannabis are
available, four of which are complete and annotated (Oh
et al., 2015; Vergara et al., 2015); one of which is fully
assembled but not annotated (van Bakel et al., 2011),
and one which is partially assembled and awaits annotation
http://www.medicinalgenomics.com/chloroplastand-mitochondrial-haplotypes-of-cannabis/; Table 2).
These chloroplast genomes are very similar to each other
in total length, sequence identity, and AT composition
(63%). Of the six assemblies, three belong to hemp types,
two to marijuana types, and the sixth is an unspeciﬁed
cultivar. The four annotated chloroplasts have 127 genes,
of which 86 are protein coding, 4 are rRNA, and 37 are
tRNA (Oh et al., 2015; Vergara et al., 2015). However,
Vergara et al. (2015) reported 83 coding genes, omitting
three, and Oh et al. (2015) counted the number of
rRNAs from both inverted repeats as unique, reporting
each twice. The long single-copy region of the unknown
chloroplast is inverted in its orientation with respect to
the other published genomes, most likely because its
assembly was not oriented canonically, with the origin of
replication (ori) at the start of the assembly. For chloroplast genomic research, we recommend the use of the
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fully assembled and annotated chloroplast genomes published by Oh et al. (2015) and Vergara et al. (2015).

182 samples from the University of Colorado Boulder
(Table 3). According to popular classiﬁcation, the Dalhousie project contains 43 hemp, 64 hybrid, 7 indica, 10
sativa, and 19 unclassiﬁed sequences (Sawler et al.,
2015). The CU Boulder dataset has 10 hemp, 65 hybrids,
33 indica, 17 sativa, and 57 unknown samples (Lynch
et al., 2017). Of these samples, 133 have been classiﬁed
genetically (Table 3).

F. Future directions for the improvement of
Cannabis organellar genomes
Numerous comparisons such as gene diversity within
and between cultivars, as well as within groupings (hemp
and marijuana types) remain to be performed using
these genomes. Still, both types of organellar genomes
show the expected phylogenetic relationships to related
taxa in the angiosperms (Oh et al., 2015; Vergara et al.,
2015; White et al., 2016). Despite the lack of information
in some of the genomes for both the mitochondria and
chloroplast, full comparisons between the available data
are still possible.

H. WGS data
Whole genome shotgun (WGS) data are created by randomly shearing the entire genome into small fragments,
which are then sequenced and reassembled into genomic
scaffolds. An advantage of WGS over GBS is that most
of the genome is sequenced, so it is easier to compare different datasets, while two different GBS datasets may
contain few or no overlapping markers.
Currently, 68 WGS datasets are available for Cannabis
(Table 3). Of these, 57 are from CU Boulder, divided into
15 hemp, 14 hybrid, 14 indica, and 14 sativa samples.
While CU Boulder has produced the largest WGS dataset, other sequencing projects are also available (van
Bakel et al., 2011; Medicinal Genomics (http://www.
medicinalgenomics.com/)). van Bakel and collaborators
(2011) sequenced one indica and two hemp varieties.
Medicinal Genomics has eight different strains commonly classiﬁed as the following: four hybrid, one indica,
and three sativa samples. Sixty-two of these samples
have been classiﬁed genetically. All of these genomes

G. GBS data
Genotyping by sequencing (GBS) uses high-throughput,
short-read sequences to provide low-cost genotyping
with high information content. GBS libraries are produced using restriction enzymes that cut at speciﬁc short
sequences found many times in the genome. The libraries produced represent »1% of the whole genome and
facilitate genotyping before a reference genome is available (Elshire et al., 2011), and is often more ﬁnancially
accessible than other genotyping options.
Currently there are 325 GBS samples on NCBI’s GenBank: 143 samples from the Dalhousie University and
Table 3. Cannabis genomic datasets.

Common classiﬁcation
Data type
GBS

Genetic classiﬁcation

Provider

Total # samples

Group

# of samples

Group

# of samples

University of Dalhousie

143

182

43
64
7
10
19
10
65
33
17
57
15
14
14
14
4
1
3

—
—
—
—

University of Colorado

Hemp
Hybrid
Indica
Sativa
Unknown
Hemp
Hybrid
Indica
Sativa
Unknown
Hemp
Hybrid
Indica
Sativa
Hybrid
Indica
Sativa
Hemp
Indica

2
1

WGS

57

Medicinal Genomics

8

van Bakel et al. (2011)

3

Scientiﬁc publication

NCBI accession

—
—
—
—

Sawler et al. (2015)

PRJNA285813

Hemp
BLDT
NLDT
Unknown

6
45
82
49

Lynch et al. (2017)

PRJNA317659

Hemp
BLDT
NLDT
Unknown
Hemp
BLDT
NLDT
Unknown
Hemp
BLDT

14
12
28
3
—
2
3
2
2
1

PRJNA310948

—

van Bakel et al. (2011)

—

PRJNA73819

Four research groups have sequenced low-coverage full genomes or GBS datasets, three of whom have published their data in peer-reviewed scientiﬁc journals
and have made their data available through NCBI. Lynch et al.’s (2017) full analysis included 340 of the 393 total available samples, and they genetically classiﬁed unique 195 cultivars. Even though CU Boulder sequenced a total of 182 genomes, only 169 passed quality control ﬁlters and the other 13 were removed
from the analysis.
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have been sequenced using the Illumina platform except
for one, which was sequenced using 454 technology.
I. Future directions for genomic sequencing
The genomic sequences for Cannabis can be
improved in multiple ways. In the future, sequencing
new varieties such as ruderalis would greatly improve
our understanding of the overall genetic variation in
the genus. In addition to WGS data, the two existing
GBS datasets cover a large amount of diversity within
the Cannabis genus, but they were sequenced using
different restriction enzymes during their library
preparation procedures. This has led to few genomic
regions overlapping between both datasets, making
their comparison challenging. Therefore, we recommend future sequencing endeavors to include WGS,
which will allow for comparisons between future
datasets, and to sequence as much variation as
possible.

III. Genetic diversity within and among lineages
A. Common vs. genomic classiﬁcations
Results generated by genomic studies often contradict
the industry’s popular classiﬁcations of Cannabis,
which vary between breeders, growers, and dispensaries. Studies concur that hemp is a distinct group
(van Bakel et al., 2011; Sawler et al., 2015; Lynch
et al., 2017), and that two marijuana-type groups may
exist (van Bakel et al., 2011; Sawler et al., 2015; Lynch
et al., 2017). Lynch et al. (2017) used the FLOCK
(Duchesne and Turgeon, 2012) model for population
structure inferences that established these two marijuana and one hemp groups and suggested a naming
convention based on leaf phenotypes shared within
them, modiﬁed from Clarke and Merlin (2013): narrow-leaf drug type (NLDT), broad-leaf drug type
(BLDT), and hemp (Table 3). Using Lynch et al.
(2017) groupings, 19% of the popularly classiﬁed sativa clustered within the NLDT grouping, 27% of the
indica clustered within the BLDT grouping, and 36%
and 62% of hybrids fell into the BLDT and NLDT
categories, respectively. Additionally, cultivars that are
popularly reported as 100% sativa can be more
closely related to those reported to be 100% indica
(Sawler et al., 2015). The individuals commonly classiﬁed as hemp fall into this genomic category 86% of
the time, suggesting that the industry usually classiﬁes
these samples accurately.
If we focus on the speciﬁc cultivar names, Sawler
et al. (2015) found that 35% of their samples were

7

more genetically similar to those with different names
than to samples with identical names. Similarly, cultivars with the same name might cluster in different
groups, which is the case for Girl Scout Cookies and
R4 (Lynch et al., 2017). This is also the case for the
cultivar ACDC, which is popularly classiﬁed as a
hybrid, but appears to be more closely related to the
hemp genetic grouping (Lynch et al., 2017).
B. Hemp
Hemp cultivars appear to be more closely related to
each other (van Bakel et al., 2011; Sawler et al., 2015;
Lynch et al., 2017). However, it is still under debate
whether hemp is more closely related to the colloquial
sativa or to indica groupings. Classic taxonomy proposed hemp as a part of C. sativa (Small and Cronquist, 1976), which is supported by recent genomic
studies that found the genetic groups hemp and
NLDT to be more closely related to each other
(Lynch et al., 2017). Still, others found that hemp is
more related to the colloquial indica grouping (Sawler
et al., 2015). All hemp varieties cultivated for either
oil or ﬁber appear to have similar phenotypic characteristics (Anderson, 1980), except for the Asian hemp
that seems to be more closely related to indica than
to sativa, or to the BLDT genetic group (Lynch et al.,
2017). Thus, the question arises as to whether the
hemp strains used by Sawler and collaborators (2015)
are mostly of Asian origins, which could explain their
close relationship to indica plants.
C. Marijuana types
Marijuana-type plants appear to have genetic differences.
The STRUCTURE (Raj et al., 2014) and FLOCK analyses
by Sawler et al. (2015) and Lynch et al. (2017) suggest
two divisions within the marijuana-type plants. Both
groupings contain similar levels of within-group genetic
variation (Lynch et al., 2017). However, Lynch and collaborators found that the amount of variation between
BLDT and NLDT types is much lower than the variation
between either group, and hemp.
D. Comparison between hemp and marijuana types
The genomic studies measured variation between hemp
and marijuana types using heterozygosity, but their
results differ in the amount of diversity found within
these groupings. One study found that hemp contains
more heterozygosity than marijuana strains suggesting
that hemp varieties are derived from a broader genetic
pool (Sawler et al., 2015). Other studies suggest that
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hemp contain less heterozygosity due to the possible
widespread hybridization of marijuana strains and the
stable seed stock required for ﬁber and seed hemp cultivars (Lynch et al., 2017). However, both studies used a
different number of single nucleotide polymorphisms
(SNPs) for their analyses.

the aromatic variation among Cannabis strains (Ross
and ElSohly, 1996; Mediavilla and Steinemann, 1997).
Thus, terpenoids likely reﬂect the history of interbreeding, natural, and artiﬁcial selection, rather than purely
ancestry.
B. Cannabinoids

E. Future directions on Cannabis classiﬁcation
Thanks to these genomic studies, we know that the colloquial classiﬁcations given to the plant are not accurate.
The classic taxonomic classiﬁcations might also be incorrect, but without proper sample sizes that provide
enough genetic variation from all extant Cannabis taxa,
phylogenetic relationships remain to be established. We
therefore recommend that public outreach be used to
decrease the knowledge gap between researchers and the
general community.

IV. Key biosynthetic pathways
A. Terpenoids
Cannabis produces approximately 100 terpenoids,
mostly in the female inﬂorescences (Potter, 2004, 2009).
The terms “terpenoid” and “terpene” are used interchangeably (Gershenzon and Dudareva, 2007) and are a
type of secondary metabolite phytochemical excreted by
plants that appear to function as defense against herbivory (Langenheim, 1994; McPartland et al., 2000; Sirikantaramas et al., 2005). However, humans have selected for
terpenoids by fragrances they produce.
In addition to contributing to the aromatic proﬁle of
the plant, these compounds also have biological, biochemical, and medical activities (McPartland and Russo, 2001;
ElSohly and Slade, 2005; Mehmedic et al., 2010). At
higher concentrations, terpenoids produce psychoactive
effects and possibly interact with cannabinoids, altering
the effect of both chemicals (McPartland and Russo, 2001;
Adams and Taylor, 2010). Recent studies have shown that
some terpenoids have sedative effects (Hazekamp and
Fischedick, 2012) and show potential as treatments for illnesses such as inﬂammation (Gil et al., 1989; Lorenzetti
et al., 1991), pain (Russo, 2006; Huestis, 2007), depression
(Komori et al., 1995), convulsions (Elisabetsky et al.,
1995), cancer (De-Oliveira et al., 1997; Vigushin et al.,
1998), and fungal infections (Langenheim, 1994).
Without a clear way to deﬁne the taxonomy of Cannabis, previous research relied on terpenoid variation as
a measure of divergence within the genus (Hillig, 2004).
However, artiﬁcial selection in marijuana and hemp
altered the composition of monoterpenoids and other
volatile compounds, which are primarily responsible for

Cannabis is perhaps best known for its production of cannabinoids, a class of terpenoids including approximately
25,000 different compounds (Zwenger and Basu, 2008).
The plant produces as many as 100 phytocannabinoids,
whose compositions vary among cultivars (Brenneisen,
2007; Mehmedic et al., 2010). Cannabinoids are primarily
produced in glandular trichomes, which are concentrated
in the female ﬂower (Kim and Mahlberg, 1997a, b; Potter,
2004, 2009), with little to no production in other parts of
the plant (Dayanandan and Kaufman, 1976; Mahlberg
and Kim, 2004). These ﬁndings are supported by transcriptomic data establishing that enzymes from the cannabinoid pathway are expressed in the ﬂower (van Bakel
et al., 2011), speciﬁcally in the glandular trichomes (Marks
et al., 2009). Transcriptomic studies have also established
that the trichomes in the ﬂower harbor other cannabinoids involved as precursors in the cannabinoid pathway
(Gagne et al., 2012).
Cannabis research has been heavily focused on the
cannabinoids D-9-tetrahydrocannabinolic acid (THCA)
and cannabidiolic acid (CBDA) (Russo, 2011). When
heated, dried, or stored, these two compounds decarboxylate into the neutral forms of tetrahydrocannabinol
(THC) and cannabidiol (CBD), respectively (de Meijer
et al., 2003; Russo, 2011). These neutralized forms are
able to interact with the brain’s endocannabinoid system
(McPartland et al., 2006; Russo, 2011) to produce psychoactive effects on invertebrates and vertebrates
(McPartland et al., 2006).
Studies on the biosynthetic pathway of THC and CBD
synthases have shown similar biochemical properties in
both mass and kinetics, suggesting a relationship
between the two enzymes (Shoyama et al., 1975; Taura
et al., 1995; Taura et al., 1996). It was originally thought
that CBDA was converted to THCA (Mechoulam, 1970;
Shoyama et al., 1975), but now it is widely accepted that
cannabigerolic acid (CBGA) is the precursor molecule to
both THCA and CBDA (Taura et al., 1995; Fellermeier
et al., 2001). Premature stop codons in the THCA and
CBDA synthase sequences or catalytically inefﬁcient synthases lead to a buildup of CBGA (Mandolino et al.,
2003; de Meijer and Hammond, 2005).
The gene responsible for the production of THCA is
comprised of a single exon with 1638 base pairs (Kojoma
et al., 2006; van Bakel et al., 2011). It was previously
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thought that the gene encoding THCA and CBDA synthases was a single locus with two codominant alleles (de
Meijer et al., 2003; Mandolino and Carboni, 2004), but
we will discuss later why this may not be the case. Using
this previous model, the differences in the THCA/CBDA
ratios were due to either sequence variation in the alleles
or to polymorphic expression caused by regulatory elements (de Meijer et al., 2003). Hence, the three distinct
chemotypes produced by this Mendelian model suggested the following three different genotypes: one associated with hemp (homozygous for CBDA) and two with
marijuana-type plants (homozygous or heterozygous for
THCA) (Paciﬁco et al., 2006; van Bakel et al., 2011).
Crosses between chemotypically divergent parents exhibited a 1:2:1 ratio in the F1 progeny supporting this singlelocus model (Yotoriyama et al., 1980; de Meijer et al.,
2003; Weiblen et al., 2015). Additionally, expression
analysis established that the marijuana strain PK
expresses THCA synthase and not CBDA synthase (van
Bakel et al., 2011), which could be due to the lack of the
CBDA allele.
Recent studies suggest that the presence of multiple
paralogs is related to the variable production of THCA
and CBDA (McKernan et al., 2015; Onofri et al., 2015;
Weiblen et al., 2015). Divergence between the coding
sequences in these paralogs can lead to functional
changes in the expressed proteins (Onofri et al., 2015).
The transcription rate of the different paralogs does not
appear to be correlated with the production of the cannabinoids; however, regulatory elements might play a role
in the production of the chemotype (Onofri et al., 2015).
Still, of the nine paralogous copies identiﬁed in a hemp
(Carmen)–marijuana (Skunk #1) cross, only four of
them were actively expressed, suggesting that multiple
gene copies, their coding sequences, and expression levels are related to the production of CBDA and THCA
(Weiblen et al., 2015). Some of the genomic regions
related to the production of these cannabinoids appear
to have a great amount of variability, particularly in samples that produce both THC and CBD (Welling et al.,
2015). A caveat of these investigations is the use of PCR
ampliﬁcation products, which could lead to ambiguous
results given the similarities of these paralogs.
C. Future directions for cannabinoids and other
terpenoids
The cannabinoid pathway genes are well studied,
although numerous questions remain to be answered.
The means of duplication of these paralogs remains
unknown, as is the question of how these paralogs inﬂuence the phenotype. Although it appears that CBDA synthase is the ancestral form and THCA synthase arose
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after duplication and divergence (Onofri et al., 2015),
much remains to be explored regarding the cannabinoid
biochemical pathway. We know that cannabinoid chemotype is paraphyletic—high-CBD lineages are not necessarily related to each other (Sawler et al., 2015; Lynch
et al., 2017). Finally, we believe that because of the possible opposing psychoactive effects of CBD and THC
(Bhattacharyya et al., 2010; Zuardi et al., 2012; Englund
et al., 2013; Niesink and van Laar, 2013), CBDA synthase
has historically been selected against in marijuana-type
plants. However, due to the newly discovered medicinal
properties of CBD, selection for chemotypes high in this
cannabinoid has seen a resurgence in recent years. Due
to the multiple genes involved in the production of cannabinoids, and perhaps terpenoids as well, we recommend the use of whole genomes for the comparison of
these genes instead of isolated techniques such as PCR.
D. Genetic maps
The number of linkage groups in a species should correspond to the number of chromosomes in the organism.
However, Cannabis has 10 chromosomes and only nine
linkage groups were discovered in the ﬁrst linkage map
because this map does not include one of the chromosomes (Weiblen et al., 2015), most likely the sex
chromosomes.
For this genetic map, linkage groups were created
using two types of markers: 103 ampliﬁed fragment
length polymorphism (AFLP) loci and 16 microsatellites.
Genetic distances in centimorgans (cM), the conventional unit measurement for recombination frequency,
were recorded along each chromosome with a 6.10 cM
average distance between loci along the whole genome.
The total distance covered by all linkage groups in the
genome corresponded to 335.7 cM.
Two loci, both on linkage group six, separated by
approximately one cM, are associated with the ratio for
both THCA and CBDA synthases. These loci corresponding to CBDA and THCA are located at 12.5 and
13.6 cM, respectively, and may play a crucial role in the
psychoactive and medicinal effects produced by the
plant. One caveat for this ﬁnding is that only one plant
in the study recombined between the two loci, which
might be due to the close proximity between them and
to the small sample size. Additionally, the phenotypic
ratios produced by the rest of the progeny could be due
to the previously proposed single-locus/two-allele model.
Previous research has also suggested that the two synthases might be a product of either two loci or one locus
with two alleles (van Bakel et al., 2011). Plants that produce high THCA and low CBDA have a nonfunctional
CBDA synthase allele under the single-locus model or a
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nonfunctional locus under the two loci model
(McKernan et al., 2015; Onofri et al., 2015; Weiblen
et al., 2015).
One locus on linkage group one may encode for cannabinoid quantity (Weiblen et al., 2015). This linkage
group, which is completely separate and segregates independently from the loci from group six, might be associated with the size or density of the trichomes (Weiblen
et al., pers. Comm.). The presence of different loci
related with the production and quantity of both THCA
and CBDA synthases explains the existence of different
cannabinoid phenotypes (Weiblen et al., 2015).
E. Future directions for Cannabis genetic maps
Additional crosses of phenotypically divergent individuals
will be the basis for an ultra-high-density genetic map that
can be used to place the current genomic assemblies onto
the nine pairs of autosomes, and the X and Y sex chromosomes. Genetic variation found in current assemblies will
also be associated with numerous physical traits of interest.
With no existing quantitative trait locus (QTL) or genomewide association-mapping studies for the species to date,
these maps will be transformative in quantifying associations between existing single-gene markers and traits.

V. The genetics of sex determination in
Cannabis
The majority of angiosperms are hermaphrodites (having both males and female genotypes), with dioecious
species (separate male and female genotypes) representing a small fraction in the reported range of 4%–7%
(Lloyd, 1974, 1980; Charlesworth, 1991; Sakamoto et al.,
1998; Barrett, 2002; Charlesworth, 2002; Geber et al.,
2012; Divashuk et al., 2014; Faux et al., 2014). The evolution of sex to reinforce dioecy generally results in the
appearance of morphologically distinct sex chromosomes to ensure 1:1 segregation of males and females
(Charlesworth and Charlesworth, 1978; Charlesworth
et al., 2005; Ming and Moore, 2007; Ming et al., 2007).
Very few dioecious angiosperms have sex chromosomes,
and of these only a small number have been studied at a
molecular level (Charlesworth, 2002). Cannabis is a
model system to study the evolution of sex chromosomes, providing a unique snapshot into the early transitions from hermaphroditism to dioecy. Aside from
karyotypes (Sakamoto et al., 1998; Divashuk et al., 2014;
Razumova et al., 2016), various morphological metrics
(Moliterni et al., 2004), and a few sex-speciﬁc markers
(Mandolino et al., 1999; Faux et al., 2014; Faux et al.,
2016), little is known about the genetics underlying sex
determination.

Cannabis sativa is a diploid species (2n D 20) that is
considered dioecious, with separate male and female genotypes being most common than hermaphrodites; in these
sex is a genetically determined trait thought to be governed by distinct X and Y chromosomes (Hirata, 1929;
Sakamoto et al., 1998; Peil et al., 2003; Divashuk et al.,
2014; Dufa€y et al., 2014). However, hermaphroditic, monoecious varieties also exist. The latter lack heteromorphic
sex chromosomes, yet are interfertile with dioecious
plants, indicating a very close relationship between both
types (Razumova et al., 2016). Many dioecious types are
able to express varying degrees of monoecy in response to
chemical, hormonal, and environmental cues. The plasticity in this trait has led to some confusion regarding the
genetic basis of sex, and the role of the Y chromosome
and autosomes in sex determination in Cannabis. Some
authors list Cannabis as having XY sex chromosomes
with an X:0 sex determination system (Faux et al., 2014),
which means that the Y chromosome does not contribute
to sex determination, and the differences between males
and females are produced by the number of X chromosomes present. Others argue that sex is governed by an
active Y system and autosomes are not involved (Sakamoto et al., 1998), similar to the sex determination system
present in humans. Because Cannabis is in the same family as Humulus lupulus and this species has an X:0 system
(Skof et al., 2012), it is parsimonious to assume that there
is an X:0 effect on sex determination in Cannabis, but the
role of the Y remains to be understood.
Progress is being made in our understanding of the morphological characteristics of the sex chromosomes of Cannabis. The sizes of the X and Y chromosomes were
evaluated, which revealed that the Y chromosome is larger
than the X, with a total haploid genome sizes of 843 and
818 Mbp for males and females, respectively (Sakamoto
et al., 1998; van Bakel et al., 2011). The large size of the Y
chromosome and the existence of a pseudo-autosomal
region that recombines with the X (Peil et al., 2003) support
the hypothesis that sex chromosomes are in the early stages
of evolution (Yamada, 1943; Sakamoto et al., 1998; Ming
et al., 2007). Sex-speciﬁc DNA markers that allow for individuals to be tested early in development (Mandolino et al.,
1999; Divashuk et al., 2014) revealed polymorphisms in the
X chromosome between monecious and dioecious types
(Peil et al., 2003), which may explain some of the variabilities in sex expression that has led to the debate regarding
the role of the Y in sex determination.
A. Future directions for Cannabis sex-chromosome
evolution
Future work will focus on improving the resolution of
the current genetic map and necessary genomic
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resources that will aid in identifying the genes underlying
sex determination. As previously discussed, this genetic
map can place the current genomic assemblies onto the
X and Y sex chromosomes in addition to the nine pairs
of autosomes. Additional sequencing of both males and
hermaphrodites should be performed to approach a better understanding of the molecular basis of sex determination in Cannabis.
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VI. Conclusions
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allowed us to begin exploring its many scientiﬁcally
and economically interesting properties. These attributes include the synthetic pathways of its multiple
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Further studies will provide invaluable information
for evolution history, natural selection, plant ecology,
and breeding for improved crops and domestication.
Current Cannabis genomic research will greatly beneﬁt
from the sequencing of a more diverse selection of cultivars and feral varieties to improve our understanding of
the phylogenetic relationships between them. Determining the associations between phenotypic and genomic
data will improve the decisions made in breeding this
crop for speciﬁc traits.
The state of research of this important crop remains
desperately deﬁcient compared to other modern crops of
similar importance, as does the quality of public education and outreach from researchers. As genetic analysis
becomes easier and analytical tools become more accessible, collaboration among scientists and industry will also
become increasingly important. In this rapidly emerging
industry, cooperation is essential to make the best use of
our endeavors.
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