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Abstract

Background: Cannabis sativa has been cultivated throughout human history as a source of fiber, oil and food, and

for its medicinal and intoxicating properties. Selective breeding has produced cannabis plants for specific uses,

including high-potency marijuana strains and hemp cultivars for fiber and seed production. The molecular biology

underlying cannabinoid biosynthesis and other traits of interest is largely unexplored.

Results: We sequenced genomic DNA and RNA from the marijuana strain Purple Kush using shortread approaches.

We report a draft haploid genome sequence of 534 Mb and a transcriptome of 30,000 genes. Comparison of the

transcriptome of Purple Kush with that of the hemp cultivar ‘Finola’ revealed that many genes encoding proteins

involved in cannabinoid and precursor pathways are more highly expressed in Purple Kush than in ‘Finola’. The

exclusive occurrence of ∆9-tetrahydrocannabinolic acid synthase in the Purple Kush transcriptome, and its

replacement by cannabidiolic acid synthase in ‘Finola’, may explain why the psychoactive cannabinoid ∆
9-

tetrahydrocannabinol (THC) is produced in marijuana but not in hemp. Resequencing the hemp cultivars ‘Finola’

and ‘USO-31’ showed little difference in gene copy numbers of cannabinoid pathway enzymes. However, single

nucleotide variant analysis uncovered a relatively high level of variation among four cannabis types, and supported

a separation of marijuana and hemp.

Conclusions: The availability of the Cannabis sativa genome enables the study of a multifunctional plant that

occupies a unique role in human culture. Its availability will aid the development of therapeutic marijuana strains

with tailored cannabinoid profiles and provide a basis for the breeding of hemp with improved agronomic

characteristics.
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Background
One of the earliest domesticated plant species, Cannabis

sativa L. (marijuana, hemp; Cannabaceae) has been used

for millennia as a source of fibre, oil- and protein-rich

achenes ("seeds”) and for its medicinal and psychoactive

properties. From its site of domestication in Central

Asia, the cultivation of cannabis spread in ancient times

throughout Asia and Europe and is now one of the

most widely distributed cultivated plants [1]. Hemp fibre

was used for textile production in China more than

6000 years BP (before present) [2]. Archaeological evi-

dence for the medicinal or shamanistic use of cannabis

has been found in a 2700-year old tomb in north-wes-

tern China and a Judean tomb from 1700 years BP [3,4].

Currently cannabis and its derivatives such as hashish

are the most widely consumed illicit drugs in the world

[5]. Its use is also increasingly recognized in the treat-

ment of a range of diseases such as multiple sclerosis

and conditions with chronic pain [6,7]. In addition,

hemp forms of cannabis are grown as an agricultural

crop in many countries.

Cannabis is an erect annual herb with a dioecious

breeding system, although monoecious plants exist. Wild

and cultivated forms of cannabis are morphologically
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variable, resulting in confusion and controversy over the

taxonomic organization of the genus (see [8] for review).

Some authors have proposed a monotypic genus,

C. sativa, while others have argued that Cannabis is com-

posed of two species, Cannabis sativa and Cannabis

indica, and some have included a third species, Cannabis

ruderalis, in the genus. In light of the taxonomic uncer-

tainty, we use C. sativa to describe the plants analyzed in

this study.

The unique pharmacological properties of cannabis are

due to the presence of cannabinoids, a group of more

than 100 natural products that mainly accumulate in

female flowers ("buds”) [9,10]. ∆9-Tetrahydrocannabinol

(THC) is the principle psychoactive cannabinoid and the

compound responsible for the analgesic, antiemetic and

appetite-stimulating effects of cannabis [11,12]. Non-

psychoactive cannabinoids such as cannabidiol (CBD),

cannabichromene (CBC) and ∆
9-tetrahydrocannabivarin

(THCV), which possess diverse pharmacological activ-

ities, are also present in some varieties or strains [13-15].

Cannabinoids are synthesized as carboxylic acids and

upon heating or smoking decarboxylate to their neutral

forms; for example, ∆9-tetrahydrocannabinolic acid

(THCA) is converted to THC. Although cannabinoid

biosynthesis is not understood at the biochemical or

genetic level, several key enzymes have been identified

including a candidate polyketide synthase and the two

oxidocyclases, THCA synthase (THCAS) and cannabidio-

lic acid (CBDA) synthase, which form the major cannabi-

noid acids [16-18].

Cannabinoid content and composition is highly variable

among cannabis plants. Those with a high-THCA/low-

CBDA chemotype are termed marijuana, whereas those

with a low-THCA/high-CBDA chemotype are termed

hemp. There are large differences in the minor cannabi-

noid constituents within these basic chemotypes. Breeding

of cannabis for use as a drug and medicine, as well as

improved cultivation practices, has led to increased

potency in the past several decades with median levels of

THC in dried female flowers of ca. 11% by dry weight;

levels in some plants exceed 23% [10,19]. This breeding

effort, largely a covert activity by marijuana growers, has

produced hundreds of strains that differ in cannabinoid

and terpenoid composition, as well as appearance and

growth characteristics. Patients report medical marijuana

strains differ in their therapeutic effects, although evidence

for this is anecdotal.

Cannabis has a diploid genome (2n = 20) with a kar-

yotype composed of nine autosomes and a pair of sex

chromosomes (X and Y). Female plants are homoga-

metic (XX) and males heterogametic (XY) with sex

determination controlled by an X-to-autosome balance

system [20]. The estimated size of the haploid genome

is 818 Mb for female plants and 843 Mb for male plants,

owing to the larger size of the Y chromosome [21]. The

genomic resources available for cannabis are mainly

confined to transcriptome information: NCBI contains

12,907 ESTs and 23 unassembled RNA-Seq datasets of

Illumina reads [22,23]. Neither a physical nor a genetic

map of the cannabis genome is available.

Here, we report a draft genome and transcriptome

sequence of C. sativa Purple Kush (PK), a marijuana strain

that is widely used for its medicinal effects [24]. We com-

pared the genome of PK with that of the hemp cultivars

‘Finola’ and ‘USO-31’, and the transcriptome of PK flowers

with that of ‘Finola’ flowers. We found evidence for the

selection of cannabis for medicinal and drug (marijuana)

use in the up-regulation of cannabinoid ‘pathway genes’

and the exclusive presence of functional THCA synthase

(THCAS) in the genome and transcriptome of PK.

Results
Sequencing the C. sativa PK genome and transcriptome

We obtained DNA and RNA samples from plants of PK, a

clonally propagated marijuana strain that may have been

bred in California and is reportedly derived from an

“indica” genetic background [24]. Genomic DNA was iso-

lated from PK leaves and used to create six 2 ×100-bp Illu-

mina paired-end libraries with median insert sizes of

approximately 200, 300, 350, 580 and 660 bp. Sequencing

each of these libraries produced > 92 gigabase (Gb) of data

after filtering of low-quality reads (see below), which is

equivalent to approximately 110× coverage of the esti-

mated ~820 Mb genome. To improve repeat resolution

and scaffolding, we supplemented these data with four 2 ×

44-bp Illumina mate-pair libraries with a median insert

size of approximately 1.8 kb and two 2 × 44-bp libraries

with a median insert size of approximately 4.6 kb, adding

16.3 Gb of sequencing data in 185 million unique mated

reads. We also included eleven 454 mate-pair libraries

with insert sizes ranging from 8 to 40 kb, obtaining > 1.9

Gb of raw sequence data (~2.3 × coverage of 820 Mb) and

2 M unique mated reads.

To characterize the cannabis transcriptome, we

sequenced polyA+ RNA from a panel of six PK tissues

(roots, stems, vegetative shoots, pre-flowers (i.e. primor-

dia) and flowers (in early- and mid-stages of develop-

ment)) obtaining > 18.8 Gb of sequence. To increase

coverage of rare transcripts, we also sequenced a nor-

malized cDNA library made from a mixture of the six

RNA samples, obtaining an additional 33.9 Gb. The

sequencing data obtained for the genomic and RNA-Seq

libraries are summarized in Table 1.

Assembling the C. sativa PK genome and transcriptome

We used different approaches for the de novo assembly

of the PK genome (SOAPdenovo [25]) and transcrip-

tome (ABySS [26] and Inchworm [27]). To gauge the

van Bakel et al. Genome Biology 2011, 12:R102

http://genomebiology.com/2011/12/10/R102

Page 2 of 17



success of the outputs, and to refine the assemblies, we

used both traditional measures (coverage, bases in

assembly, N50, maximum contig size and contig count)

as well as comparisons between the assembled versions

of the genome and transcriptome.

For the transcriptome, we used two different assem-

blers, ABySS and Inchworm, to obtain the best possible

coverage. Both assemblers were run on the individual tis-

sue datasets and normalized cDNA libraries, as well as

the full set of RNA-Seq data (summarized in Table 2).

We used predicted splice junctions and the presence of

apparent coding regions to orient the assembled tran-

scripts and to perform quality control (QC). In general,

Inchworm produced assemblies with a larger N50 than

ABySS (Table 2); however, we also observed many cases

in which adjacent transcripts (e.g. head-to-head tran-

scripts that overlap in their termini) appeared to be

merged. Therefore, we considered only Inchworm tran-

scripts with a single blastx hit covering at least 70% of

their length when merging assemblies. The filtered indi-

vidual ABySS and Inchworm assemblies were combined

by first selecting the largest transcript among sets of

Table 1 Purple Kush sequencing library statistics

Library Insert size (bp) Raw No. Raw nt (Gb) Filtered No. Filtered nt (Gb) % in a) assembly

Genomic DNA, Illumina 2 × 100 bp paired-end reads

CS-PK_SIL-1a 181 143,951,601 28.0 124,499,863 23.8 82.2

CS-PK_SIL-1b 195 111,106,936 22.2 98,124,711 19.0 82.4

CS-PK_SIL-2a 313 93,774,355 18.8 81,421,333 15.3 84.7

CS-PK_SIL-3b 362 66,932,319 13.4 60,519,955 11.6 82.8

CS-PK_SIL-B 664 95,648,778 19.1 49,550,098 9.2 85.1

CS-PK_SIL-C 580 101,329,142 20.3 72,977,620 13.6 87.1

Genomic DNA, Illumina 2 × 44 bp mate pair reads

CS-PK_2 kb-1a 1,926 36,057,086 3.2 24,688,690 2.2 75.0

CS-PK_2 kb-1b 1,846 32,385,628 2.8 24,405,458 2.1 76.8

CS-PK_2 kb-2a 1,850 37,761,064 3.3 29,927,921 2.6 75.5

CS-PK_2 kb-2b 1,787 37,111,622 3.3 28,744,604 2.5 77.1

CS-PK_5 kb-1 4,721 36,182,230 3.2 27,377,398 2.4 77.5

CS-PK_5 kb-2 4,585 64,613,144 5.7 50,712,974 4.4 79.9

Genomic DNA, 454 mate pairs

CS-PK_8 kb-1 8,000 557,443 0.20 192,483 0.069 77.0

CS-PK_8 kb-2 8,000 484,033 0.17 176,405 0.063 74.5

CS-PK_8 kb-3 8,000 603,780 0.21 221,616 0.079 78.6

CS-PK_13 kb-1 13,000 430,642 0.11 96,503 0.030 75.1

CS-PK_20 kb-1 20,000 611,986 0.19 216,379 0.070 77.0

CS-PK_20 kb-2 20,000 575,618 0.21 228,811 0.081 77.0

CS-PK_30 kb-1 30,000 644,026 0.22 239,625 0.082 72.8

CS-PK_30 kb-2 30,000 536,273 0.15 150,510 0.048 73.4

CS-PK_40 kb-1 40,000 213,928 0.06 64,325 0.019 74.9

CS-PK_40 kb-2 40,000 627,945 0.21 241,189 0.079 76.8

CS-PK_40 kb-3 40,000 573,313 0.19 224,264 0.073 74.5

RNA, Illumina 1 × 100 bp single-end reads

PK-Mid-flower - 37,835,287 3.8 25,687,331 2.3 -

PK-Early-flower - 37,472,665 3.7 25,434,724 2.3 -

PK-Pre-flower - 54,026,640 5.4 35,522,980 3.2 -

PK-Shoot - 55,653,984 5.6 36,204,828 3.3 -

PK-Stem - 60,353,149 6.0 39,274,463 3.5 -

PK-Root - 37,374,640 3.7 24,904,927 2.2 -

RNA, Illumina 2 × 100 bp paired-end reads

PK-subtracted1 180 110,483,894 22.1 64,525,082 11.6 -

PK-subtracted2 180 82,190,044 16.4 46,291,148 8.3 -

PK-subtracted3 180 105,737,119 21.1 61,974,962 11.2 -

PK-subtracted4 180 48,599,953 9.7 26,505,457 4.8 -

a) Percentage of genomic DNA reads that could be mapped back to the canSat3 genome assembly
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near-identical sequences from each assembly, followed by

a second stage where transcripts with blunt overlaps were

joined. This second step resulted in a significant

improvement of transcript N50 from 1.65 to 1.80 kb

(Table 2).

The final merged assembly contains 40,224 transcripts

falling into 30,074 clusters of isoforms (Table 3). We

selected the transcript with the largest open reading

frame (ORF) as the representative for each cluster, result-

ing in a pruned assembly with an N50 of 1.91 kb. Most

representative transcripts (83%) have a blastx hit in other

plants, and the distribution of transcript classes, accord-

ing to Panther [28], is nearly identical between PK and

Arabidopsis (Figure 1), as is the total number of tran-

scripts and the N50 (33,602 and 1.93 kb in Arabidopsis,

respectively [29]). The total number of bases in represen-

tative Arabidopsis transcripts is, however, somewhat lar-

ger (50 Mb, [29]) which may indicate that some of the

PK transcripts are partial or that genes are represented

by more than one non-contiguous fragments. We noted

a 3’ end bias in the normalized cDNA library, presumably

due to the polyA priming step (data not shown). More-

over, by combining near-identical transcripts during

assembly merging and isoform clustering, we likely col-

lapsed transcripts of large multi-copy gene families.

Indeed, applying our isoform clustering algorithm to the

Arabidopsis assembly reduces the total number of bases

to 44 Mb, which is mostly due to the loss of transposable

element genes. Overall, our assembled PK transcriptome

is therefore very similar to the deeply characterized Ara-

bidopsis transcriptome, both in size and composition.

Our genome assembly procedure first involved a series

of filtering steps to remove low-quality reads, bacterial

sequences (about 2% of all reads) and sequencing adap-

ters. Mate-pair libraries (454 and Illumina) were further

processed to remove duplicate pairs and unmated reads.

We then assembled a small fraction of the Illumina data

(1%) together with the 454 data, to reconstruct the

Table 2 Overview of transcriptome assembly stages

Library ABySS a) Inchworm a)

N50 (kb) Max (kb) b) Total (Mb) c) N50 (kb) Max (kb) b) Total (Mb) c)

PK-Mid-flower 0.73 6.55 19.9 1.36 7.42 26.5

PK-Early-flower 0.64 4.94 16.7 1.06 6.11 24.0

PK-Pre-flower 0.80 6.74 21.4 1.56 7.89 28.0

PK-Shoot 0.69 6.16 20.2 1.34 7.41 26.8

PK-Stem 0.80 6.55 22.9 1.67 11.55 29.3

PK-Root 0.43 4.03 15.3 0.64 7.21 22.5

PK-tissue-all 0.62 8.74 26.7 - - -

PK-normalized1 - - - 1.78 10.96 31.1

PK-normalized2 - - - 1.72 7.89 34.2

PK-normalized3 - - - 1.84 8.19 34.7

PK-normalized4 - - - 1.71 7.10 32.1

PK-normalized-all 1.18 7.31 42.1 - - -

Library Combined

N50 (kb) Max (kb) Total (Mb)

Non-redundant 1.65 11.55 49.4

Cap3 overlap merging 1.80 12.11 41.0

a) Fields marked with ‘-’ indicate library/assembly combinations that were not analyzed. Statistics are shown for transcripts that passed initial QC and that could

be oriented according to coding strand.

b) Size of largest transcript in the assembly

c) Total number of non-gap bases in the assembly

Table 3 Genome and transcriptome assembly statistics

Genome Transcriptome

All a) With transcript a) All Representative

Total bases (+ gaps) 786.6 Mb 532.3 Mb 40.63 Mb 33.20 Mb

Total bases (- gaps) 534.0 Mb 366.9 Mb 40.63 Mb 33.20 Mb

Scaffold N50 16.2 Kb 24.9 Kb 1.80 Kb 1.91 Kb

Number of scaffolds 136,290 45,776 40,224 30,074

Largest scaffold 565.9 Kb 565.9 Kb 12.11 Kb 12.11 Kb

a) Only scaffolds and unplaced contigs larger than 400 bp are included in the genome assembly statistics.
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mitochondrial (approximately 450 kb) and plastid

(approximately 150 kb) genomes, and subsequently

removed their highly abundant DNA sequences. The

remaining reads were assembled with SOAPdenovo,

resulting in a draft assembly that spans > 786 Mb of the

cannabis genome and includes 534 million bp (Table 3).

The Illumina mate-pair libraries had a significant impact

on the assembly, increasing the N50 from 2 kb to 12 kb.

Addition of the large-insert 454 data increased this to

16 kb (24.9 kb for scaffolds containing genes). Between

73% and 87% of the reads in each library could be

mapped back to the draft genome (Table 1), indicating

that our assembly accounts for most of the bases

sequenced. As an additional measure of completeness,

we also examined the proportion of the transcriptome

represented in the genome assembly. Over 94% of

assembled transcripts map to the draft genome over at

least half of their length, and 83.9% of them are fully

represented; that is, all bases of the transcript can be

mapped to genomic contigs. Overall, 37.6 Mb (92.5%) of

the complete transcriptome is accounted for in the gen-

ome assembly (Figure 2), and over 68.9% of transcripts

are fully encompassed by a single scaffold. Thus, our

draft genome assembly appears to represent a large

majority of the genic, non-repetitive C. sativa genome.

The assembled C. sativa PK genome and transcrip-

tome (canSat3) can be downloaded and browsed at a

dedicated website [30]. The Cannabis Genome Browser

combines the genome assembly with the transcriptome

annotations, and has tracks for RNA-Seq data, single

nucleotide variants (SNVs) and repeats.

Expression of the cannabinoid pathway in C. sativa PK

tissues

Our first step in the functional analysis of the C. sativa

genome was to examine the relative expression of each

of the 30,074 representative transcripts in the six PK tis-

sues, from which the RNA-Seq data were derived (Fig-

ure 3a). In metazoans (e.g. humans), different organs

and tissues have different physiological functions, and

consequently have unique gene expression profiles [31].

Therefore, many genes have a highly restricted expres-

sion pattern. By contrast, in plants, different photosyn-

thetic tissues are often composed of a similar set of cell

types. Moreover, photosynthetic processes and primary

metabolic pathways have widespread expression, and

Cannabis sativa Arabidopsis thaliana

Calcium-binding protein

Cell adhesion molecule

Cell junction protein

Chaperone

Cytoskeletal protein

Defense/immunity protein

Enzyme modulator

Oxidoreductase

Phosphatase

Protease

Receptor

Signaling molecule

Storage protein

Structural protein

Extracellular matrix protein

Hydrolase

Isomerase

Ligase

Lyase

Membrane traffic protein

Nucleic acid binding

Surfactant

Transcription factor

Transfer/carrier protein

Transferase

Transmembrane protein

Transporter

Viral protein

(a) (b)

Figure 1 Transcript classes in Cannabis sativa and Arabidopsis thaliana. Panther [28] was used to determine the distribution of transcripts in

(a) C. sativa (PK) (30,074 representative transcripts) and (b) A. thaliana (31,684 transcripts). The high degree of similarity between both species

indicates that all major functional classes are proportionally represented in the PK transcriptome assembly.
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only a minor proportion of transcripts appear to be

uniquely expressed in a given cell type [32]. Consistent

with these observations, we found all of the cannabis

photosynthetic tissues to have similar expression profiles

(Figure 3a).

Nonetheless, flowers show a pattern of gene expres-

sion consistent with the biosynthesis of cannabinoids

and terpenoids in these organs. Cannabinoids are preny-

lated polyketides that are synthesized from the short-

chain fatty acid hexanoate and geranyl diphosphate

(GPP) [23,33]. The latter precursor, which is the sub-

strate for an aromatic prenyltransferase enzyme, is

derived from the 2-C-methyl-D-erythritol 4-phosphate

(MEP) pathway [34-36] (see Figure 3b for details). We

found that the genes encoding cannabinoid pathway

enzymes and also most of those encoding proteins (e.g.

hexanoate, MEP and GPP) involved in putative precur-

sor pathways were most highly expressed in the three

stages of flower development (pre-flowers, and flowers

in early and mid-stage of development) (Figure 3c). This

finding is consistent with cannabinoids being synthe-

sized in glandular trichomes, the highest density of

which is found on female flowers [37]. The production

of THCA in marijuana strains (such as PK) and CBDA

in hemp, is due to the presence or absence of THCAS

and CBDA synthase (CBDAS) in these two chemotypes.

Indeed, THCAS is highly expressed in PK flowers of all

stages, whereas CBDAS is absent (Figure 3c).

It is worth noting that of the 19 ‘pathway genes’ we

analyzed, 18 were complete in the transcriptome assem-

bly, underscoring its quality. The transcript of the MDS

gene (which encodes a protein involved in the MEP path-

way) was assembled in two fragments with a blunt over-

lap of 48 nt, narrowly missing the merging threshold of

50 nt. This sequence was resolved by merging the frag-

ments manually. All ‘pathway genes’ are fully represented
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in the draft genome and an overview of their genomic

locations is provided on the Cannabis Genome Browser

website [30].

Comparison of the expression of cannabinoid pathway

genes between marijuana (PK) and hemp (’Finola’)

Although there are differences in the morphology of

marijuana and hemp strains, the THC content of PK

and other strains selected and bred for use as marijuana

is remarkably high. We investigated whether the high

THC production in PK was associated with increased

gene expression levels of cannabinoid pathway enzymes,

relative to those in hemp. We performed RNA-Seq ana-

lysis on Finola flowers at the mid-stage of development,

generating a total of 18.2 M reads. ‘Finola’ is a short,

dioecious, autoflowering cultivar developed in Finland

for oil seed production. It was created by crossing early

maturing hemp varieties from the Vavilov Research

Institute (St. Petersburg, Russia), ‘Finola’ might be

derived from a “ruderalis“ genetic background [38]. It

contains moderate amounts of CBDA in female flowers

but very low amounts (< 0.3% by dry weight) of THCA.

Figure 4a shows that the overall mid-flower transcript

profiles, expressed as RPKM (reads per kb per million

reads), are similar between PK and ‘Finola’; however, the

entire cannabinoid pathway is expressed at higher levels

in PK than in ‘Finola’, with later steps increased as

much as 15-fold (Figure 4a).

zThe difference in gene expression is not due to mor-

phological variability between the strains, such as in the

size or proportion of trichomes. We examined the global

expression levels of trichome genes to account for possi-

ble differences in trichome density between PK and

‘Finola’ flowers, by analyzing an RNA-Seq dataset

obtained for ‘Finola’ glandular trichomes (from a separate

study, data not shown). From a set of the1000 most

abundant transcripts, we selected 100 that had the great-

est difference in expression between the mid-flower stage

and the maximum expression level found in PK root,

shoot or stem in the current study. This subset of genes

should be highly enriched for genes predominantly

expressed in glandular trichomes (and indeed contained
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Figure 3 Analysis of gene expression in PK tissues. (a) RNA-Seq read counts for 30,074 representative transcripts (rows), expressed as log2

RPKM, were subjected to hierarchical agglomerative clustering based on their expression pattern across tissues (columns). (b) Schematic

illustration of THCA and CBDA cannabinoid biosynthesis, including the production of fatty acid and isoprenoid precursors via the hexanoate,

MEP and GPP pathways. Hexanoate could arise through fatty acid degradation, involving desaturase, lipoxygenase (LOX) and hydroperoxide lyase

(HPL) steps. Activation of hexanoate by an acyl-activating enzyme (AAE) yields hexanoyl-CoA, which is the substrate for the polyketide synthase

enzyme (OLS) that forms olivetolic acid. The prenyl side-chain originates in the MEP pathway, which provides substrates for GPP synthesis, and is

added by an aromatic prenyltransferase (PT) [36]. The final steps are catalyzed by the oxidocyclases THCAS and CBDAS. Pathway enzymes and

metabolic intermediates are indicated in black and blue, respectively. (c) Same data as (a), showing the expression levels for genes in the

cannabinoid pathway and precursor pathways (rows) across the six assayed tissues (columns). The majority of the genes encoding cannabinoid

and precursor pathway enzymes are most highly expressed in the flowering stages. Gene and pathway names correspond to those used in

panel B.
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Figure 4 Comparison of gene expression in female cannabis flowers, and gene copy number, between marijuana (PK) and hemp

(’Finola’). (a) A scatter plot of RNA-Seq read counts for all representative transcripts in marijuana and hemp, expressed as log2 RPKM. Specific

subsets of transcripts are shown in color, as indicated in the key. The dashed line represents the relative enrichment of trichomes in the

marijuana strain, inferred from the ratio in expression of trichome-specific genes, as defined in the text. Gene symbols/abbreviations: CAN -

known and putative cannabinoid pathway genes; HEX - putative hexanoate pathway genes; GPP - GPP pathway genes; MEP - MEP pathway

genes; TF - putative transcription factors according to PFAM, with at least a 4-fold change in expression in PK relative to ‘Finola’; MYB - Myb-

domain transcription factors previously suggested as trichome regulators. (b) A scatter plot of the log2 median read depth (MRD) of genomic

DNA-Seq reads that aligned uniquely to the PK transcriptome. Genomic reads were trimmed to a length of 32 bases prior to alignment with

Bowtie, to allow for mapping close to exon junctions. The lack of outliers in the scatter plot indicates that there have been relatively few

changes in gene copy number between marijuana and hemp. (c) The relative RNA-Seq expression of individual genes in the cannabinoid

pathway and precursor pathways (is shown on the left), adjusted for enrichment of trichome-specific genes (i.e. relative to the dashed line in

panel a). The median genomic DNA read depth for the same genes is shown on the right. The box plots reflect the variation in the depth of

coverage of uniquely aligned genomic DNA reads across each transcript, with the median coverage distribution across all transcripts shown as

reference (All). Reads that are likely derived from pseudogenes are marked by the symbol [P]. While there is increased expression of most

cannabinoid genes in the HEX and CAN pathways (left) in PK, this does not appear to be due to an increased representation of these genes in

the PK genome relative to the ‘Finola’ genome (right).
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all the cannabinoid and hexanoate ‘pathway genes’

expressed in ‘Finola’). The median difference in expres-

sion level after excluding the cannabinoid genes is shown

as a dotted line in Figure 4a, and was used to adjust the

expression differences shown in Figure 4c. Even after

accounting for global trichome differences, cannabinoid

pathway enzymes remain among several hundred obvious

outliers. Outliers also include several dozen transcription

factors, including two Myb-domain proteins that have

been previously suggested to play a role in regulating

processes in cannabis trichomes [23] (Figure 4a). These

data suggest that the increased production of cannabi-

noids in PK may be due in part to an increase in expres-

sion of the biosynthetic genes.

Resequencing of the C. sativa ‘Finola’ genome reveals

copy number changes in a PK cannabinoid pathway

related enzyme

To begin our search for the underlying causes of the dif-

ferences between marijuana and hemp, we sequenced the

genome of ‘Finola’ (e.g. Illumina 100 nt paired-end reads,

200-500 bp inserts, at approximately 50× coverage of the

estimated 820 Mb genome). Plant genomes often contain

many duplicated genes, and gene amplification represents

a well-documented mechanism for increasing expression

levels [39]. Therefore, we first asked whether there were

apparent differences in copy number for the enzyme-

encoding gene set, using the median read depth (MRD) of

genomic DNA-Seq reads that could be uniquely mapped

to transcripts as a proxy. Figure 4b illustrates that, overall,

there appear to be relatively few differences in gene MRD

between PK and ‘Finola’. The exception to this is the

much expanded coverage for AAE3, a gene encoding an

enzyme of unknown function in PK. AAE3 is similar to an

Arabidopsis AAE [TAIR:At4g05160] that has been shown

to activate medium- and long-chain fatty acids including

hexanoate [40]. Although AAE1 is a more likely candidate

for the hexanoyl-CoA synthetase involved in cannabinoid

biosynthesis (JMS and JEP, unpublished results), owing to

its high expression in flower tissues and increased tran-

script abundance in PK (Figure 3b, 4), AAE3 might play

an, as yet, unknown role in cannabinoid biosynthesis.

Because we could detect both multi- and single-exon

copies of AAE3, we believe that the large expansion of

AAE3 has occurred through the insertion of processed

pseudogenes in the PK genome. In addition, the read

depth analysis uncovered reads corresponding to CBDAS

in PK and THCAS in ‘Finola’. However, on the basis of

our inability to assemble these into functional protein-cod-

ing genes, we conclude that the THCAS reads in ‘Finola’

and CBDAS reads in PK are likely to be caused by the pre-

sence of pseudogenic copies, as we discuss below. There-

fore, it appears that the differences in expression of

cannabinoid pathway enzymes between marijuana and

hemp are due to subtle genetic differences that cause

changes in gene expression, either directly or indirectly.

The PK genome contains two copies of two genes

involved in cannabinoid biosynthesis. Copies of AAE1,

which encodes a protein likely to synthesize the hexanoyl-

CoA precursor for cannabinoid biosynthesis, are found on

scaffold1750 [genbank:JH227821] and scaffold29030 [gen-

bank:JH245535]. OLS, which encodes the putative canna-

binoid pathway polyketide synthase [18], was found to be

duplicated at scaffold15717 [genbank:JH226441] and scaf-

fold16618 [genbank:JH237993].

Analysis of single nucleotide variants (SNVs) in cannabis

To further examine the genetic variation in C. sativa, we

estimated the frequency of SNVs in four taxa. In addition

to PK and ‘Finola’, our analysis included the Illumina

reads we generated from the hemp cultivar ‘USO-31’, as

well as the reads from the marijuana strain Chemdawg,

which were released by Medical Genomics, LLC [41]

while this manuscript was in preparation. ‘USO-31’ is a

tall, monoecious fibre hemp cultivar developed in the for-

mer Soviet Union that contains very low or undetectable

levels of cannabinoids [42]. Our resequencing of ‘USO-

31’ was similar to that of ‘Finola’ (Illumina 100 nt paired-

end reads, 200 and 500 bp inserts, at approximately 16×

coverage of the estimated 820 Mb genome). We aligned

individual Illumina reads to the PK reference genome,

and identified variant bases that qualify as SNVs (see the

Methods section for further details). We also quantified

the degree of heterozygosity within single genomes.

Overall, PK, Chemdawg, ‘Finola’ and ‘USO-31’ have com-

parable rates of heterozygosity (0.20%, 0.26%, 0.25%, and

0.18%, respectively). The lower rate of heterozygosity in

‘USO-31’, which is monoecious, is presumably due to

self-pollination.

The rate of occurrence of SNVs between any two

strains ranged from 0.38% (PK versus Chemdawg) to

0.64% (Chemdawg versus ‘Finola’). A neighbor-joining

tree constructed using the concatenated polymorphic

sequences from each of the strains is shown in Figure 5,

and supports the expected pedigree of the two hemp cul-

tivars, which are likely to have been bred using germ-

plasm from North Central Asia. Although the ancestry of

PK and Chemdawg is unclear, their position on the tree

supports the notion that marijuana forms of cannabis are

more related to each other than to the hemp forms, and

that these two marijuana strains share a common

heritage.

Genomic analysis of cannabinoid chemotypes

The molecular basis for THCA (marijuana) and CBDA

(hemp) chemotypes is unclear. De Meijer et al [43]

crossed CBDA- and THCA-dominant plants to produce

F1 progeny that are intermediate in their ratio of
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THCA:CBDA; selfing gave F2 progeny that segregated

1:2:1 for THCA-dominant:codominant mixed THCA/

CBDA:CBDA-dominant chemotypes. These data sug-

gested two explanations: a single cannabinoid synthase

locus (B) exists with different alleles of this gene encod-

ing THCAS or CBDAS; or THCAS and CBDAS are

encoded by two tightly linked yet genetically separate

loci. In the latter scenario, differences in transcript

abundance and/or enzyme efficiencies might account for

the observed chemotypic ratios. Indeed, given that both

of these enzymes compete for CBGA, reductions in one

activity might lead to a proportional increase in the pro-

duction of the other cannabinoid. Our draft sequence of

the THCA-dominant PK genome enables some prelimin-

ary insights into possible mechanisms of the inheritance

of cannabinoid profiles. Using the published THCAS

sequence [genbank:AB057805] [16] to query the PK gen-

ome, a single scaffold of 12.6 kb (scaffold19603, [gen-

bank:JH239911]) was identified that contained the

THCAS gene as a single 1638 bp exon with 99% nucleo-

tide identity to the published THCAS sequence. Querying

the PK transcriptome returned the same THCAS tran-

script (PK29242.1, [genbank:JP450547]) that was found

to be expressed at high abundance in female flowers (Fig-

ure 3c). A THCAS-like pseudogene (scaffold1330 [gen-

bank:JH227480], 91% nucleotide identity to THCAS) was

also identified. We used the CBDAS sequence [genbank:

AB292682] [17] to query the PK genome and identified

as many as three scaffolds that contain CBDAS pseudo-

genes (scaffold39155 [genbank:AGQN01159678], 95%

nucleotide identity to CBDAS; scaffold6274 [genbank:

JH231038] + scaffold74778 [genbank:JH266266] com-

bined, 94% identity; and scaffold99205 [genbank:

AGQN01254730], 94% identity), all of which contained

premature stop codons and frameshift mutations. The

presence of these pseudogenes in the PK genome

accounts for the identification of CBDAS genomic

sequences in PK (Figure 4c). A 347-bp transcript frag-

ment (PK08888.1, [genbank:JP462955]) with 100%

nucleotide identity to CBDAS could be identified in the

PK transcriptome, likely due to the nonsense-mediated

decay of transcripts derived from CBDAS pseudogenes.

Given that multiple independent loci were identified with

high sequence similarity to either THCAS or CBDAS in a

THCA-dominant marijuana strain, the two-loci model

for the genetic control of THCA:CBDA ratios might be

correct. A possible explanation is that during the devel-

opment of high-THC marijuana strains such as PK,

underground breeders selected for non-functional

CBDAS that would effectively eliminate substrate compe-

tition for CBGA and thus increase THCA production.

Alternatively, the CBDAS pseudogene in the PK genome

might occur in all cannabis strains. If this is true, the sin-

gle-locus model might still be correct, and we did not

find a CBDAS-encoding allele at this locus because PK is

homozygous for THCAS.

Analysis of PK transcriptome for cannabichromenic acid

synthase (CBCAS) candidates

To illustrate the potential value of the cannabis genome

and transcriptome to elucidate cannabinoid biosynthesis,

we searched for genes encoding enzymes that might cata-

lyze the formation of cannabichromenic acid (CBCA),

which is present in most cannabis plants as a minor con-

stituent and in certain strains as the dominant cannabi-

noid [44]. Although a protein that synthesizes CBCA has

been purified from cannabis, the gene that encodes the

CBCA synthase (CBCAS) has not been identified [45].

We hypothesized that CBCAS is an oxidocyclase enzyme

related to THCAS and CBDAS, therefore, we queried the

PK transcriptome using THCAS and CBDAS sequences.

In total, 23 candidates were identified that had greater

than 65% nucleotide identity with these sequences. These

include four genes that we designated THCAS-like1 to

THCAS-like4, which encode proteins that are 89%, 64%,

68%, and 59% identical to THCAS at the amino acid

level, respectively. We also identified transcripts corre-

sponding to CBDAS2 and CBDAS3, which are closely

related to CBDAS but do not encode enzymes with

CBDAS activity [17]. The remaining 18 transcripts

Purple Kush

Chemdawg

‘Finola’

‘USO-31’

0.2

Figure 5 Neighbour-joining tree for two hemp cultivars and two marijuana strains. The tree was plotted in MEGA5 [71] using the

maximum composite likelihood of SNV nucleotide substitution rates, calculated based on the concatenated SNV sequences in each variety, as a

distance metric. The topology of the tree reveals a distinct separation between the hemp and marijuana strains.
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encode proteins that are similar to reticuline oxidase, an

oxidoreductase that functions in alkaloid biosynthesis

[46]. Biochemical analysis of CBCAS candidates is cur-

rently underway.

Discussion
We anticipate that the cannabis genome and transcrip-

tome sequences will be invaluable for understanding the

unique biological properties and considerable phenotypic

variation in the genus Cannabis. These genomic

resources are applicable to the molecular analysis of both

marijuana and hemp, as we sequenced a marijuana strain

(PK) and two hemp cultivars (‘Finola’ and ‘USO-31’)

grown in Canada and elsewhere. The high repeat content

of plant genomes, coupled with the relatively high level

of sequence variation in cannabis [47-49], complicates

the assembly of the full genome into the anticipated nine

autosomes and two sex chromosomes. We will continue

to explore approaches that might facilitate assembly of

the full genome sequence, including anchoring the gen-

ome using molecular markers or FISH (fluorescence in

situ hybridization) [50]. A more complete assembly

might provide the sequences of the × and Y chromo-

somes and help shed light on the mechanism of sex

determination in cannabis. Nonetheless, our current

assembly appears to encompass the vast majority of the

non-repetitive genome and the individual genes.

Mechoulam [13] characterized the plant-derived can-

nabinoids as a ‘neglected pharmacological treasure trove’

and others have noted the potentially useful biologically

activities yet to be identified for this group of plant nat-

ural products [15]. Medical marijuana strains reportedly

have different therapeutic effects based on levels of

THC, THC:CBD ratios, the presence of minor cannabi-

noids and the contribution of other metabolites such as

terpenoids [51]. The sequences of the cannabis genome

and transcriptome will provide opportunities for identi-

fying the pathways and remaining enzymes leading to

the major and minor cannabinoids. Such knowledge will

facilitate breeding of cannabis for medical and pharma-

ceutical applications. For example, analysis of the PK

transcriptome has enabled us to identify several candi-

date genes that might encode CBCAS, which forms a

cannabinoid with interesting biological activities

[14,52,53]. Despite the low levels of THC in modern

hemp strains, the cannabinoid content of hemp remains

a significant impediment to wider cultivation because of

regulations that require germplasm to be carefully con-

trolled and for crops to be tested to ensure they contain

less than 0.3% THC. The genome sequence will aid the

development of hemp cultivars that are devoid of canna-

binoids through marker-assisted selection and other

breeding techniques.

The differences in the expression of cannabinoid path-

way enzymes in PK and ‘Finola’ are also of interest, and

could be due to either cis- or trans-regulatory alterations.

The up-regulation of the cannabinoid pathway in PK

appears to be a consequence of the longstanding breed-

ing effort to create marijuana strains with enhanced psy-

choactivity through increased THC levels. Plant

domestication is often accompanied by a reduction of

secondary metabolic pathways, many of which produce

toxic or unpalatable compounds that have defensive

functions [54,55]. The opposite appears to be the case in

marijuana strains of cannabis, where there has been posi-

tive selection for THC production. This is primarily due

to two molecular events: the selection for THCAS over

CBDAS and the up-regulation of the cannabinoid path-

way and pathways supplying metabolic precursors. Our

analysis indicates that amplification of cannabinoid path-

way genes does not appear to play a causative role in this

increased expression. Most of the key domestication

genes in crop plants have been shown to encode tran-

scription factors [56]. It seems likely that one of the pro-

cesses causing the emergence of high-THC marijuana

strains is also due to transcriptional alterations in canna-

binoid pathway regulation. Indeed, we find evidence for

the increased expression of a multitude of transcription

factors in PK compared with those in ‘Finola’ (Figure 4a).

The underlying mechanisms for this transcriptional

control could probably be dissected using existing tech-

niques, were there not severe legal restrictions in most

jurisdictions on growing cannabis, even for research

purposes. Although this difficulty is somewhat unique to

cannabis, more generally it is becoming common to

obtain genome sequences and transcriptome data for

organisms that are not experimentally tractable. We

propose that in silico analyses, for example, modeling of

regulatory networks, can provide a way to explore the

function and evolution of such genomes. On the basis

of close homology to Arabidopsis transcription factors,

it is possible to infer the sequence specificities of many

cannabis transcription factors (HvB and M Weirauch,

unpublished results). This modeling of cannabis tran-

scriptional networks is already feasible.

Finally, the genome sequence will enable investigation of

the evolutionary history, and the molecular impact of

domestication and breeding on C. sativa. The taxonomic

treatment of the genus Cannabis has been controversial. It

might be feasible to use sequence-based genotyping to

trace the relationships in cannabis taxa, including wild

germplasm, landraces, cultivars and strains, as has recently

been demonstrated in grape [57,58]. Our SNV analysis has

already allowed for the separation of two hemp cultivars

from two marijuana strains, suggesting additional analysis

of diverse cannabis germplasm is warranted. Outstanding
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areas that might be addressed by further genomic investi-

gation include whether the genus is composed of one or

several species, the existence of ‘sativa’ and ‘indica’ gene

pools, the relative contributions that wild ancestors have

made to modern hemp and marijuana germplasm, and the

process by which cannabis was first domesticated by

humans.

Conclusions
C. sativa has been cultivated throughout human history

as a source of fibre, oil, food, drugs and medicine. Here,

we have presented a draft genome and transcriptome of

C. sativa, and compared the genomes and flower tran-

scriptomes of high- and low-THCA producing strains

(PK (high), ‘Finola’ (low) and ‘USO-31’ (low to absent)).

THCAS, the gene encoding the oxidocyclase enzyme

that forms the THC precursor THCA, is found in the

genome and transcriptome of PK, whereas CBDAS dom-

inates in the ‘Finola’ hemp cultivar. Moreover, we find

that most of the cannabinoid biosynthetic pathway

enzymes are highly expressed in flower tissues contain-

ing glandular trichomes, and that the expression of the

cannabinoid biosynthetic enzymes is elevated in the

high-THCA PK strain, even relative to other genes

expressed specifically in glandular trichomes. Although

some of the genes encoding pathway enzymes are pre-

sent in multiple copies, amplifications do not appear to

account for the increased expression. The C. sativa gen-

ome sequence will greatly facilitate exploration of the

molecular biology and evolutionary history of this cultu-

rally significant and exceptionally useful plant.

Materials and methods
Plant material

Frozen samples of C. sativa PK from clonally propa-

gated female plants were obtained from an authorized

medical marijuana grower in Vancouver, BC, Canada.

Plants of the hemp cultivars C. sativa ‘Finola’ (originally

called ‘FIN-314’) and C. sativa ‘USO-31’ were grown

from seed in controlled environment chambers at the

NRC Plant Biotechnology Institute, Saskatoon, SK,

Canada.

Nucleic acid isolation

Genomic DNA was extracted from nuclei isolated from

approximately 30 g of young leaves from PK using the

method described in [59] with modifications from [60].

DNA was isolated from a single ‘Finola’ plant and a sin-

gle ‘USO-31’ plant using the same method. For RNA-

Seq analysis, total RNA was isolated from PK roots,

stems, shoots (shoot tips with young leaves and apical

meristems), pre-flowers (shoot tips with flower primor-

dia but no visible stigmas), and early-stage flowers (flow-

ers with visible stigmas) and mid-stage flowers (flowers

with visible, non-withered stigmas and conspicuous tri-

chomes). A CTAB-based method [61] followed by

clean-up with an RNeasy Plant Mini Kit (Qiagen, Venlo,

Netherlands) was used. Genomic DNA was removed by

on-column digest with DNase I (Qiagen). Total RNA

was isolated from ‘Finola’ mid-stage female flowers

using the same method.

Illumina paired-end library construction and sequencing

Paired-end genomic DNA libraries were constructed

using reagents from the NEBNext DNA Sample Prep

Reagent Set 1 (New England Biolabs, Ipswich, MA,

USA) or the Paired-End DNA Sample Prep Kit (Illu-

mina, San Diego, CA, USA). Genomic DNA (5-10 μg)

was sheared using the Bioruptor Standard sonication

device (Diagenode, Liège - Belgium) for 20 min on low

power using 30 s ‘ON’ and ‘OFF’ cycles. Fragmented

DNA was purified using a PCR purification kit (Qiagen),

and was subjected to an end-repair reaction for 30 min-

utes at 20°C containing 1× end-repair buffer, 0.4 mM

dNTPs, 5 μl T4 DNA Polymerase, 1 μl Klenow Large

Fragment, and 5 μl T4 PNK in a final reaction volume

of 100 μl. The reaction was then purified using the Qia-

gen PCR purification kit and the 3’-ends of the DNA

were adenylated for 30 min at 37°C in a reaction con-

taining 1× Klenow buffer, 0.2 mM dATP, and 3 μl Kle-

now (Exo-) in a final volume of 50 μl. Adenylated DNA

was again purified using the Qiagen MinElute PCR puri-

fication kit. Adapters were ligated to the purified DNA

for 30 min at 20°C in a reaction containing 1× T4 DNA

ligase buffer with ATP, 0.3 μM Adapter Oligo Mix, and

5 μl T4 DNA Ligase in a final volume of 50 μl. Ligation

reactions were immediately analyzed on a 1% agarose

gel and bands of the desired size were excised and puri-

fied using the QIAQuick Gel Extraction Kit (Qiagen). 1-

2 μl of the purified DNA was used in a PCR reaction

containing 1× Phusion buffer, 0.2 mM dNTPs, 0.5 μM

each of PCR primers PE 1.0 and 2.0 and 2 U Phusion

DNA Polymerase in a final reaction of 50 μl. Thermal

cycler conditions were as follows: 98°C for 30 s, 10

cycles of 98°C for 15 s, 65°C for 30 s, and 72°C for 30 s,

followed by 72°C for 5 min. PCR reactions were run on

a 1% agarose gel and fragments of the desired size were

excised and purified using the QIAQuick Gel Extraction

Kit. Products were quantified using the Bioanalyzer

2100 (Agilent, Santa Clara, CA, USA) and the KAPA

Library Quantification Kit for Illumina (KAPA Biosys-

tems, Woburn, MA, USA), and sequenced as 2 × 100 nt

paired-end reads on the Genome Analyzer IIx or Hi-Seq

instruments (Illumina).

Illumina mate-pair library construction and sequencing

The 2-kb and 5-kb mate pair libraries were prepared

using the Mate Pair Library Preparation Kit v2
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(Illumina). 10 μg genomic DNA was fragmented using

the S2 Adaptive Acoustic Device (Covaris, Woboum,

MA, USA) following the manufacturer’s recommenda-

tions. The fragmented DNA was subjected to an end-

repair reaction for 30 min at 20°C containing 1× end-

repair buffer, 1.5 μl mM dNTPs, 2.5 μl biotinylated

dNTPs, 5 μl T4 DNA Polymerase, 1 μl Klenow Large

Fragment, and 5 μl T4 PNK in a final reaction volume

of 100 μl. The DNA was then run on a 0.8% agarose gel

and bands of the desired size were excised and purified

using the QIAQuick Gel Extraction Kit (Qiagen). 600 ng

of purified DNA was circularized overnight at 30°C in a

reaction containing 1× Circularization Buffer and

13.4 μl Circularization Ligase in a total volume of

300 μl. The next day, 3 μl DNA exonuclease was added

to the reaction and incubated for 20 min at 37°C. The

circularized DNA was fragmented using the Bioruptor

sonication device as described above. The fragmented

DNA was then applied to DynaI magnetic M-280 beads

(Invitrogen, Carlsbad, CA, USA) and washed as recom-

mended by the manufacturer to enrich for biotinylated

DNA fragments. The fraction of DNA bound to the

beads was subjected to end-repair, adenylation, and

adapter ligation as described above, except that each

step was followed by a bead wash instead of column

purification. The beads were resuspended in 50 μl PCR

mix (1× Phusion buffer, 0.2 mM dNTPs, 0.5 μM each of

PCR primers PE 1.0 and 2.0 and 2 U Phusion DNA

Polymerase). Thermal cycler conditions were as

described above, except that 18 cycles were used. Size

selection, gel purification, and quantification of libraries

were as described above. Mated libraries were sequenced

as 2 × 42 nt reads on an Illumina HiSeq instrument.

cDNA library construction and sequencing

Normalized, full length-enriched cDNA was generated

from total RNA pooled from PK tissues by Bio S&T

(Montreal, QC, Canada) and the resulting double-

stranded cDNA was fragmented. Libraries were gener-

ated as described for the paired-end genomic DNA

libraries. mRNA-Seq libraries from individual plant tis-

sues were prepared by the Virginia Bioinformatics Insti-

tute (Blacksburg, VA, USA). All cDNA libraries were

sequenced as single-end 100 nt reads (individual tissues)

or paired-end 100 nt reads (normalized sample) on Gen-

ome Analyzer IIx or Hi-Seq instruments (Illumina).

454 library construction and sequencing

To construct the paired-end libraries for 454 sequencing,

we followed the method described in the GS FLX Tita-

nium 20 kb and 8 kb Span Paired End Library Prepara-

tion Method Manual from Roche (April 2009 version;

Roche, Basel, Switzerland) with the following modifica-

tions. In Manual section 3.1, high-quality genomic DNA

(45 μg) was fragmented using a Hydroshear (Digilab,

Holliston, MA, USA) with the large assembly and set to

speed code 18 for 20 cycles. In section 3.3, the fragmen-

ted DNA was separated on a single lane of a 0.5% agarose

gel (Megabase, from Bio-Rad, Hercules, California, USA)

in 1× TAE for 16 h at 14°C using a FIGE Mapper Electro-

phoresis System (Bio-Rad). The switch time ramp was set

at 0.1-0.8 s with a linear shape and forward and reverse

voltages were 180 V and 120 V, respectively. In section

3.4, four slices were cut from the one lane (13 kb, 20 kb,

30 kb and 40 kb). Libraries were multiplied at the DNA

circularization (section 3.6) and library amplification

(section 3.10) steps. For circularization of the 40 kb

libraries, 600 ng were used instead of 300 ng (section

3.6.2). During the circularization incubation program

(section 3.6.5), the 40-kb libraries were held at 37°C for

60 min instead of 45 min. To make the DNA beads, we

followed the method described in the emPCR Method

Manual - Lib-L LV GS FLX Titanium Series (Roche,

October 2009 (Rev. Jan 2010)). For emPCR of paired-end

libraries, the Live Amplification Mix (section 3.1.4) was

modified with addition of smaller volume of amplification

primer and the heat denaturation (section 3.2.6) was

omitted. To sequence, we followed the method described

in the Sequencing Method Manual GS FLX Titanium

Series (Roche, October 2009 (Rev. Jan 2010)) with soft-

ware v2.5.3.

De novo genome assembly

All Illumina reads were filtered on quality; allowing for no

more than 10 bp with a Phred quality score below 30; dis-

carding the rest of the sequence and keeping only pairs

where both reads were larger than 55 bp. Next we used

cutadapt [62] to remove any reads that were contaminated

with an Illumina adapter. Bacterial reads were removed by

aligning each Illumina library to all sequenced bacterial

genomes using Bowtie v0.12.7 [63]. For the Illumina mate

pair data, we estimated the proportion of unmated reads

to range from 4.6 to 7.8%, based on a comparison of the

number of reads that mapped to contigs > 10 kb in a

reverse-forward orientation (mated) to the number of

reads mapping in a forward-reverse orientation (unmated).

To remove unmated reads, we used Bowtie to map the

mate pair libraries to the Illumina paired-end reads with

inserts ranging between 200 and 660 bp, and discarded

those that were fully contained within a single short-insert

read pair. This procedure reduced the proportion of

unmated reads to < 0.2%. Finally we discarded duplicated

mate pairs with identical sequence in the first 30 bp of

both reads, which accounted for < 3% of the data. For 454

data, we used the CABOG [64] tool sffToFrg to identify

mated reads and remove duplicate mate pairs. The pro-

portion of duplicates in the 454 libraries ranged from 3.1%

to 12.2%. The remaining read sequence data were
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converted to fastq format, trimmed to a length of 65 bases

and used in combination with the Illumina reads in the

assembly.

The genome was assembled with SOAPdenovo v1.0.5

using a kmer parameter of 39, which was selected after

testing a range of kmers settings between 31 and 41, and a

merge level of two. The mate pair libraries were only

incorporated during the scaffolding phase, using a cut-off

of three or four mapped pairs to identify reliable links

between contigs for the 454 and Illumina mate libraries,

respectively. The SOAPdenovo ‘GapCloser’ tool was used

with default settings after scaffolding, closing 166 Mb of

gaps. Following assembly, we identified near-identical scaf-

folds that shared ≥ 98% identity across ≥ 95% of the length

of the smallest scaffold. We assessed that these occur-

rences represented instances where heterozygosity resulted

in distinct assemblies of each strand and therefore selected

the largest scaffold as the representative genome sequence.

Finally, we removed potential bacterial contigs by aligning

the draft assembly to all available fully sequenced micro-

bial genomes obtained from NCBI in April 2011, and

removing scaffolds with significant blat or blastx hits

(score > 150) and a median read coverage more than 2

SDs outside the range observed for validated Cannabis

sativa scaffolds with high sequence similarity to other

plant genomes.

De novo transcriptome assembly

Each tissue and normalized RNA-Seq library, as well as a

combination of all libraries, was assembled with ABySS

v1.2.6 and/or Inchworm v03132011. For ABySS we used

the following parameters: k - 49, e - 5, n - 5. For

Inchworm we set the k-mer size to 31. These parameters

were optimized for scaffold N50 and total base coverage,

after running each assembler across a range of parameters.

Following assembly, we used three different approaches

to QC and identify the coding strand of each transcript.

First, each transcript was compared with the predicted

ORF translations for three fully sequenced plant genomes

(Arabidopsis release TAIR10, Maize release ZmB73_5b,

and Rice release 6.1) using blastx [65]. We selected for PK

transcripts matching at least one ORF translation with an

e-value below 10-6 and used the alignment strand informa-

tion to orient the transcript. In case multiple blastx hits

were found on conflicting strands, the transcript was

dropped from the assembly. Second, we identified tran-

scripts that had an open reading frame ≥ 240 nt spanning

≥ 70% of the length of the transcript on one strand, with

the additional requirement that there was a ≥ two-fold dif-

ference in size compared with any ORF found on the

opposite strand. Transcripts meeting these criteria were

oriented according to the strand containing the largest

ORF. Third, we used blat [66] to align the transcriptome

assemblies to the genome assembly to identify spliced

transcripts. We selected alignments where a transcript

matched a genomic contig in consecutive blocks with ≥

95% overall sequence identity and a minimum block (i.e.

exon) size of 30 nt. The boundaries of aligned blocks were

considered candidate splice sites and further examined for

the presence of the canonical splice junction donor/accep-

tor sequences (GT/AG for the coding strand and CT/AC

for the template strand, respectively) in the genomic scaf-

folds sequence directly adjacent to the aligned blocks. We

selected transcripts with at least one candidate splice site

matching the canonical junction sequences, while discard-

ing those that had an equal or greater number of candi-

date splice sites that did not match the canonical

sequences. The resulting set of transcripts was then

oriented according to the directionality of the splice junc-

tion sequences.

The transcripts that met the criteria for at least one of

the three methods outlined above, and that had no con-

flicting orientation information between these methods,

were selected for each assembly (see Table 2 for a sum-

mary of each assembly at this stage). Overall, 64% of all

transcripts had their orientations derived from two or

more methods. We then combined the filtered and

oriented transcripts from each assembly together and used

cd-hit-est [67] to merge transcripts between assemblies

when they shared ≥ 97% identity across ≥ 95% of the

length of the smallest transcript, keeping the largest tran-

script in each cluster. Given that we frequently observed

chimeric transcripts in the Inchworm assembly, we only

included Inchworm transcripts that were covered for

more than 70% of their length by a single blast hit during

the merging stage. Finally, we used blat to identify blunt

overlaps of at least 50 nt between transcript fragments and

used cap3 [68] to join these fragments together. From this

assembly we selected an additional set of representative

transcripts by first clustering overlapping isoforms when

they shared ≥ 95% similarity across ≥ 100 nucleotides,

and then choosing the transcript with the largest ORF

(Table 2). Finally, remaining traces of vector or adapter

contamination were removed by screening against the

UniVec database.

Variant analysis

A subset of the QC filtered Illumina genomic DNA

libraries was selected to obtain an estimated 30× cover-

age of sequence data for PK, Chemdawg and ‘Finola’, as

well as 16× coverage of ‘USO-31’. Each dataset was

aligned to the PK genome assembly using Bowtie v0.12.7

[63] and variants were called across the four sets using

the multi-sample mpileup option in SAMtools (v0.1.17)

[69]. We selected for SNVs with a quality score ≥ 30, cor-

responding to a ≤ 10-3 likelihood of an incorrect call. In

addition, we restricted our analysis to regions uniquely

covered by at least five reads in each cultivar and no
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more than 150 reads across all samples combined (a total

of 159 Mb of the PK reference genome), to restrict our

analysis to regions where we had data for all cultivars,

and to limit spurious calls in repetitive regions of the

genome.

Accession numbers
The PK Whole Genome Shotgun project has been depos-

ited at DDBJ/EMBL/GenBank under the accession [gen-

bank:AGQN00000000]. The version described in this

paper is the first version, [genbank:AGQN01000000], and

corresponds to the canSat3 assembly in the Cannabis Gen-

ome Browser. Assembled transcripts ≥ 200 nt have been

deposited in the NCBI Transcriptome Shotgun Assembly

(TSA) sequence database with accession numbers between

[genbank:JP449145] - [genbank:JP482359]. Raw sequence

read data have been deposited in the NCBI Sequence Read

Archive with the following study identifiers: PK genomic

DNA - [SRA:SRP008673]; PK RNA-Seq - [SRA:

SRP008726]; ‘Finola’ genomic DNA - [SRA:SRP008728];

‘Finola’ RNA-Seq - [SRA:SRP008729]; ‘USO-31’ genomic

DNA - [SRA:SRP008730].
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AAE: acyl-activating enzyme; bp: base pair; BP: before present; CBC:

cannabichromene; CBCA: cannabichromenic acid; CBCAS: cannabichromenic

acid synthase; CBD: cannabidiol; CBDA: cannabidiolic acid; CBDAS:

cannabidiolic acid synthase; CBGA: cannabigerolic acid; CMK: 4-

diphosphocytidyl-2-C-methyl-D-erythritol kinase; CTAB: cetyl

trimethylammonium bromide; DXR: 1-deoxy-D-xylulose 5-phosphate
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fluorescence in situ hybridization; Gb: giga base pair; GPP: geranyl

diphosphate; GPP synthase lsu: GPP synthase large subunit; GPP synthase

ssu: GPP synthase small subunit; HDR: 4-hydroxy-3-methylbut-2-enyl

diphosphate reductase; HDS: 4-hydroxy-3-methylbut-2-en-1-yl diphosphate

synthase; HPL: hydroperoxide lyase; kb: kilo base pair; LOX: lipoxygenase; Mb:

mega base pair; MCT: 4-diphosphocytidyl-methylerythritol 2-phosphate

synthase; MDS: 2-C-methyl-D-erythritol 2:4-cyclodiphosphate synthase; MEP:

2-C-methyl-D-erythritol 4-phosphate; ORF: open reading frame; OLS: olivetol

synthase; PK: Purple Kush; PT: prenyltransferase; QC: quality control; RPKM:

reads per kb per million reads; SNV: single nucleotide variants; THC: Δ9-

tetrahydrocannabinol; THCA: Δ9-tetrahydrocannabinolic acid; THCAS: Δ9-

tetrahydrocannabinolic acid synthase; THCV: Δ9-tetrahydrocannabivarin.
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