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SUMMARY
● Demand for cannabidiol (CBD), the predominant cannabinoid in hemp (Cannabis sativa), has
favored cultivars producing unprecedented quantities of CBD. We investigated the ancestry of a
new cultivar and cannabinoid synthase genes in relation to cannabinoid inheritance.

● A nanopore-based assembly anchored to a high-resolution linkage map provided a chromosomeresolved genome for CBDRx, a potent CBD-type cultivar. We measured cannabinoid synthase
expression by cDNA sequencing and conducted a population genetic analysis of diverse Cannabis
accessions. Quantitative trait locus mapping of cannabinoids in a hemp x marijuana segregating
population was also performed.

● Cannabinoid synthase paralogs are arranged in tandem arrays embedded in long terminal repeat
retrotransposons (LTR-RT) on chromosome 7. Although CBDRx is predominantly of marijuana
ancestry, the genome has cannabidiolic acid synthase (CBDAS) introgressed from hemp and lacks a
complete sequence for tetrahydrocannabinolic acid synthase (THCAS). Three additional genomes,
including one with complete THCAS confirmed this genomic structure. Only cannabidiolic acid
synthase (CBDAS) was expressed in CBD-type Cannabis, while both CBDAS and THCAS were
expressed in a cultivar with an intermediate THC:CBD ratio.

● Although variation among cannabinoid synthase loci might affect the THC:CBD ratio, variability
among cultivars in overall cannabinoid content (potency) was also associated with other
chromosomes.

Keywords: cannabinoids, cannabidiol (CBD), domestication, hemp, marijuana, tetrahydrocannabinol
(THC)

INTRODUCTION
Cannabis has been cultivated for millennia in the form of hemp for fiber and grain, or

marijuana for psychoactive tetrahydrocannabinol (THC) (ElSohly et al., 2000; Merlin & Clark, 2013).
THCA (delta-9-tetrahydrocannabinolic acid) and CBDA (cannabidiolic acid), are chemicals uniquely
produced by Cannabis plants. When decarboxylated, these molecules bind to endocannabinoid
receptors in the nervous systems of vertebrates and elicit a broad range of neurological effects in
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humans (Russo, 2016). Archeological and forensic evidence suggests that the psychoactivity of THC
played a role in the domestication of marijuana (Small, 2016; Zhao et al., 2019) and in selective
breeding to increase THCA (hereafter THC) content during the late 20th century (ElSohly et al.,
2000). On the contrary, hemp cultivars produce predominantly CBDA (hereafter CBD). Recent
demand for cannabidiol (CBD), the predominant cannabinoid in cultivated hemp, has favored the
breeding of high potency CBD-dominant (high-CBD) plants (Small, 2016). Recently developed, highCBD cultivars commonly referred to as "hemp" often exceed THC<0.3% dry weight and fail to meet
statutory definitions of industrial hemp. We restrict our use of the term "hemp" to fiber and grain
cultivars for the sake of clarity (Toth et al., 2020).
The enzymes THCAS and CBDAS compete for a common precursor (cannabigerolic acid or

CBGA) and are implicated in alternative explanations for the THC:CBD ratio. Some investigators
suggest that sequence variation among THCAS gene copies influences the ratio (van Bakel et al.,
2011; Onofri et al., 2015) while others propose that a nonfunctional CBDAS allele in the homozygous
state alters the ratio in favor of THC (Weiblen et al., 2015). Current explanations for differences
among cultivars in the THC:CBD ratio focus on cannabinoid synthase gene loci (Sirikantaramas et
al., 2004; van Bakel et al., 2011; Onofri et al., 2015; Weiblen et al., 2015). In spite of recent advances
in genome sequencing, precisely how cannabinoid synthase genes influence the THC:CBD ratio and
the overall abundance of cannabinoids (potency) is poorly understood (van Bakel et al., 2011).

Among the obstacles to understanding the relationship between cannabinoid synthase gene diversity
and phenotypes is the complexity of the genome that has frustrated attempts to assemble complete
chromosomes until recently (Kovalchuk et al., 2020; Laverty et al., 2019).
We generated a chromosome-resolved reference genome for a new, high-CBD cultivar

(CBDRx) with a nanopore-based assembly anchored by a hemp x marijuana mapping population
(Weiblen et al., 2015). The ancestry of the CBDRx genome was investigated through population
genetic analysis of several hundred cultivars. We then compared the highly inbred CBDRx genome to
other assemblies including three, new nanopore-based genome assemblies. We examined the genomic
structure of cannabinoid synthase gene and pseudogene copies across the assemblies in relationship to
cannabinoid phenotypes. Full-length cDNA sequencing was used to associate patterns of gene
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expression to phenotype. Lastly, quantitative trait locus (QTL) mapping investigated the association
of the THC:CBD ratio and overall cannabinoid content (potency).
MATERIALS & METHODS
Plant Material
High-CBD cultivars, CBDRx and First Light (FL), are related to Cherry cultivars originating

from Colorado, USA (e.g. Cannatonic, Charlotte’s Web, ACDC). FL plants, FL48 and FL49 were full
siblings and a third, FL18, descended from a different family. The F2 mapping population was
described in Weiblen et al. (2015). In brief, parental high-THC Cannabis (Skunk#1) and fiber hemp
(Carmen) cultivars were sibling-crossed for five generations to increase homozygosity. A single fifthgeneration Skunk#1 female was fertilized with pollen from a single fifth-generation Carmen male. A
single female F1 plant was isolated and propagated asexually. Development of staminate flowers in
female clones was induced using silver nitrate and clones were self-pollinated to produce the F2
generation. Plant growth conditions are described in Methods S1.
Cannabinoid analysis
We refer to the decarboxylated forms (THC and CBD) as cannabinoid phenotypes for the sake

of simplicity. CBDRx cannabinoid analysis was performed by Functional Remedies using HPLC and
consistently produced a CBD/THC ratio of 18:1 (15% CBD and 0.8% THC). FL plants were analyzed
for cannabinoid content (HPLC) multiple times, with a typical test result in Table S1. While some
testing labs reported different absolute values, the cannabinoid ratios were consistent. Cannabinoid
content of Skunk#1, Carmen, their F1 hybrid and 96 female F2 plants was measured by GC as
described in Weiblen et al. (2015) (Tables S1 & S2).
Illumina Sequencing
Procedures for DNA isolation and library preparation from the mapping population, CBDrx,

and FL are detailed in the Methods S1. Libraries were sequenced on an Illumina HiSeq 2500 SBS V4
(Illumina, San Diego CA) in 2x125bp read high-output mode to a coverage depth of 2X at the
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University of Minnesota Genomics Center for the F2. In contrast, 2x150bp was generated for CBDrx
and FL. The bioinformatic workflow from raw sequence data processing to genome assembly and
analysis is summarized in Fig. S1. For all mapping population sequence data, we gently trimmed
Illumina reads of low-quality bases and adapter sequence with Trimmomatic (Bolger et al., 2014),
aligned them to the reference assembly with BWA MEM (Li & Durbin, 2009), sorted and compressed
the alignments with SAMtools (Li et al., 2009), and marked duplicates with Picard tools (Broad
Institute, 2016).
Nanopore genome assembly
Procedures for purification of high molecular weight genomic DNA samples of CBDRx and

FL for Oxford Nanopore (ONT) sequencing are described in Methods S1. Nanopore sequence was
generated on the MinION ONT platform resulting in varying genome coverages (Table S3). The
resulting raw reads in fastq format were aligned (overlap) with minimap2 (Li, 2018) and an assembly
graph (layout) was generated with miniasm (Li, 2016). The resulting graph was inspected using
Bandage (Wick et al., 2015). A consensus sequence was generated by mapping reads to the assembly
with minimap2 (Fig. S1), followed by mapping three times with Racon (Vaser et al., 2017). Lastly,
the assembly was polished with Pilon (Walker et al., 2014) three times using the CBDRx Illumina
paired-end 2x150 bp sequence; the Illumina reads were mapped to the consensus assembly using
BWA (Li & Durbin, 2009). All assembly steps (Michael et al., 2018) were carried out on a machine
with 231 Gb RAM and 56 CPU. A Hi-C library was prepared and sequenced by Phase Genomics on
a CBDRx full-sibling using a restriction enzyme cut site GATC and sequenced with 2x 80bp Illumina
PE.

Genetic linkage map
We constructed a genetic linkage map from the segregating F2 population involving Carmen

hemp crossed with Skunk #1 marijuana (Weiblen et al., 1015). A pseudo-F1 dataset was constructed
by concatenating all F2 Illumina reads followed by random subsampling to a target genomic coverage
of 100X. The pseudo F1 and parental reads were independently error-corrected using k-mer
histograms with k=25 with AllpathsLG (Gnerre et al., 2011). We then constructed a de Bruijn graph
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from the pseudo-F1 dataset to identify alleles segregating in the F2 population. The graph was based
on error-corrected pseudo-F1 reads using McCortex assembler at k=19 (Iqbal et al., 2012). This
program is unique in that genome assembly and variant discovery are performed simultaneously. As
reads are assembled, paths through regions of the de Bruijn graph that diverge and rejoin ("bubbles")
are retained as variants. The bubble-read coverage distribution is used to classify bubbles as repeats,
homologous alleles, or errors. Sites at which the Carmen and Skunk#1 parents were fixed for alternate
alleles were genotyped in the F2 population by comparing reads from individual plants to the
population graph. Genotypes were imputed using a sliding-window hidden Markov model as
implemented in LB-Impute (Fragoso et al., 2016) that leverages physical linkage and coverage
information within a window width of 10 variants.
Segregating genotype bins containing no missing data across the population that appeared at

least ten times were selected for use as map markers using a strategy adapted from Hahn et al. (2014).
Markers exhibiting segregation distortion by a χ2 test were low in number and are retained in the map

(~10% of markers). Linkage groups and marker order were inferred using the ant colony optimization
in AntMap (Iwata & Ninomiya, 2006) solution to the traveling salesman path. Recombinations were
counted directly and divided by the number of gametes in the population (192) to infer genetic
distance between adjacent markers and summed consecutively in linear order to give map position on
a linkage group.
Pseudomolecule generation
Prior to aligning genetic map markers with CBDRx contigs, the CBDRx assembly was

evaluated for library contaminants using Blobtools (Laetsch & Blaxter, 2017) and the NCBI nonredundant database to exclude contigs derived from outside Viridiplantae. Map markers were aligned
to the CBDRx contigs with BWA (Li & Durbin, 2009). Contigs were deemed chimeric if they
mapped to different linkage groups or more than 10 centimorgans away from each other and broken at
the longest repeat between genetically mapped regions.
An initial set of rough pseudomolecules were constructed by assigning contigs to linkage

groups, ordering contigs by mean centimorgan, and orienting by cM position on either end (Badouin
et al., 2017). The F2 population was genotyped again via alignment to the rough pseudomolecules
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followed by LB-Impute. Population marker bins from this second round of genotyping were used to
further saturate the genetic map if they increased map density without increasing the map length
(Dijkstra, 1959). Contigs were partitioned by linkage group and scaffolded with the Hi-C library using
three iterations of Salsa (Ghurye et al., 2017). Allmaps (Tang et al., 2015) was used to generate the
contig order and orientation with the template genetic map positions, second-round genetic map
positions, and Salsa contig positions as input. This scaffolding step ordered and oriented contigs but
left gaps between them. Pseudomolecules were further polished with an additional ten iterations of
Racon followed by ten iterations of Pilon. The Racon consensus procedure facilitated alignment of
additional reads bridging gaps represented by N’s in the scaffolds, were replaced by a consensus
sequence of the bridging reads. After scaffolding and gap filling, 841 contiguous sequences spanning
714,498,588 bp were anchored to nuclear pseudomolecules.
Scaffolding with Hi-C data alone did not completely resolve the CBDRx assembly and so the

genetic map derived from the F2 segregating population was leveraged a third time to order and orient
the remaining 841 contigs. This strategy involved genotyping the F2 population once more against
CBDRx as a reference and visually inspecting marker bins for disorder. Most of the recombination
breakpoints in the genetic map could be referenced to CBDRx contigs in the same order as on the
genetic map. This strategy allowed us to validate the ordering and orientation of loci and to estimate
the extent of CBDRx rearrangement relative to the independent F2 population. We found most
contigs to be largely collinear in genetic and physical space but a few that had no corresponding
recombination break points could not be ordered or oriented. This was the case for two of the three
synthase- bearing (those containing the functional copies of CBDAS and CBCAS) contigs on
chromosome 7. For these, we manually reordered the synthase-bearing contigs to be adjacent, as this
was most parsimonious in the absence of evidence for an alternative arrangement. After we first
assembled CBDRx (Grassa et al. 2018), McKernan et al. (2020) released a public Cannabis genome
assembly that also located the synthases in a single contig, affirming their adjacency. We measured
the completeness of the final chromosome-resolved assembly of CBDRx using Benchmarking
Universal Single Copy Orthologs (BUSCO) using database version viridiplantae_odb10 with a
protein set drawn from 57 species (Simao et al., 2015). The bioinformatic analysis workflow (Fig. S1)
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used for construction of the CBDRx chromosome-resolved assembly is detailed further in Methods
S1.

Pseudomolecules for the FL, Carmen, and Skunk#1 assemblies were created using REVEAL

(Linthorst et al., 2015) with the CBDRx pseudomolecules as reference. In order to close gaps, the FL
pseudomolecules were polished again with three rounds of Racon followed by four rounds of Pilon.
Genome size estimation
The genome sizes of CBDRx, FL18, FL48 and FL49 were estimated using kmer frequency

analysis. Kmer frequency was determined with Jellyfish (v2.2.4) using Illumina paired-end sequence
that was generated to polish the assemblies. All kmers were counted (no -U) to capture the high copy
number kmers (Kmer >10,000). Genome size was estimated from the kmer (-m 31) frequency using a
custom script and Genomescope (http://qb.cshl.edu/genomescope/).
Copy number estimation using short-read coverage analysis
Often in genome assemblies repeat sequence such as ribosomal, centromere, transposable

elements and tandemly repeated genes are collapsed due to the sequencing technology or assembly
method used. One way to estimate the copy number of these repeated sequences in a genome is
through coverage analysis, which leverages the differential mapping of a short-read dataset to single
copy and repeat gene elements. Coverage analysis was performed by mapping Illumina reads from
CBDrx, Purple Kush (SRR352150) and Finola (SRR7285294) (van Bakel et al., 2011) with minimap2
to the genomic versions of a single copy gene GIGANTEA (GI), one complete ribosomal cassette
(rDNA:18S-5S-26S) and the three synthase arrays. Copy number was estimated by dividing the
coverage over the repeat element (rDNA, synthase array) by the coverage over the single copy gene
(see Methods S1). This analysis estimated 13 synthase copies in CBDrx and suggested 500-600 rDNA
arrays, which is consistent with other genomes of this size. Seventeen and 25 synthase copies were
estimated for Finola and Purple Kush, respectively.
Repeat and gene prediction and annotation
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An overview of procedures for sequence prediction and annotation are summarized in Fig. S1.

Full-length LTR-RTs were predicted using LTR_FINDER using the standard settings and 1 mismatch
(Xu & Wang, 2007). The resulting full-length LTR-RTs were used to mask the genome using
RepeatMasker (Chen, 2004). Four full-length cDNA nanopore read libraries were aligned to the
reference with minimap2 (Li, 2018) before and after error correction by Canu (Koren et al., 2017) of
co-located batches (i.e. all reads aligning to the same locus in the genome). RNAseq libraries found
on the Sequence Read Archive (Table S4) were aligned to the reference with GSnap (Wu et al., 2016)
and assembled into transcripts with StringTie (Pertea et al., 2015). Four high-coverage RNAseq
libraries (Table S4) were assembled using Trinity (Haas et al., 2008) in both de-novo and referenceguided modes. Contaminate sequence was removed using Seqclean. The full-length cDNAs, StringTie
assembly, and Trinity transcripts were assembled into gene models with the Program to Assemble
Spliced Alignments (PASA) (Haas et al., 2013). Additional transcriptome assemblies (Table S4) from
Humulus lupulus (Hill et al., 2017) and Cannabis were aligned to the reference with GMap (Wu et
al., 2016). Genes were predicted ab initio using Augustus (Hoff & Stanke, 2013). Augustus was
trained for C. sativa using the CanSat3 genome and representative transcriptome (van Bakel et al.,
2011) from the Augustus web portal. Non-redundant RefSeq proteins (Pruitt et al., 2007) for
Viridiplantae were clustered at 90% identity with CD-HIT (Fu et al., 2012). Representative sequences
for each cluster were aligned to the reference genome using DIAMOND (Buchfink et al., 2014).
Pairwise hits were locally realigned with AAT (Huang et al., 1997) and Exonerate protein2genome.
Repetitive sequence was identified using the set union, taken with bedtools merge, of three programs:
RepeatMasker, Tephra, and Red using default parameters (Girgis, 2015). EvidenceModeler was used
to integrate all evidence for and against protein-coding genes. Finally, the output of EvidenceModeler
was used to update the PASA database to refine exon and UTR boundaries of predicted transcripts.
QTL analysis
Quantative trait locus (QTL) analysis was based on a composite linkage map incorporating

1,175 segregating marker bins derived from Illumina sequencing as described above with 48
amplified fragment length polymorphisms (AFLP), 11 microsatellite markers and one Sangersequenced marker from Weiblen et al. (2015). The map was constructed using JOINMAP 4.1

This article is protected by copyright. All rights reserved

Accepted Article

(Wageningen, Netherlands) with parents (Skunk #1 and Carmen) and 96 F2 plants. Linkage groups
were assembled from independent log-of-odds scores (LOD) based on G-tests for independence of
two-way contingency tables. Linkage groups with LOD >3.0 and containing four or more markers
were included in a map based on the Kosambi (1944) function.
Cannabinoid proﬁles of the same 96 F2 individuals (Table S2) were analyzed with respect to

the composite linkage map using Windows QTL CARTOGRAPHER v.2.5_011 (WinQTLCart)
(Wang et al., 2006). Composite interval mapping was used to estimate LOD over a walk speed of 1.0
cM with ten cofactors and a 2.5 cM exclusion window. Signiﬁcant associations between traits and
linkage groups were identiﬁed using an experiment-wise (p = 0.05) LOD threshold estimated in
WinQTLCart using 1000 permutations. Results were plotted with MAPCHART 2.32 (Wageningen,
Netherlands).
CBDRx ancestry and selection
We obtained previously published whole genome sequenced-libraries (Sawler et al., 2015;

Lynch et al., 2016; Soorni et al., 2017) representing diverse Cannabis populations for the purpose of
investigating CBDRx ancestry. WGS sequences from 367 individuals were genotyped using BCFtools
and CBDRx as the reference genome. Plink and Plink2 were used to filter the genotype matrix and
minimize structure originating from familial relatedness, potentially artefactual patterns of allele
frequency, selection, and genetic linkage as follows. We selected a single representative from closely
groups related based on a KING-robust kinship coefficient >0.016. We retained bi-allelic sites called
in at least 80% of individuals, with a minor allele frequency greater than 1% and observed
heterozygosity less than 0.60. We removed sites failing an exact test for Hardy-Weinberg with a midp adjustment (Graffelman & Moreno, 2013). We eliminated individuals genotyped at less than 90% of
sites. We thinned sites for linkage disequilibrium in sliding windows with a width of 50 SNPs, a slide
of 5 SNPs, and a variance inflation factor threshold of 2. A principal components analysis was
conducted on the filtered genotype matrix.
The filtered genotype matrix was used to estimate genome-wide ancestry proportions at k=3

using ADMIXTURE (Alexander et al., 2009). Individuals identified as having >99% ancestry were
assigned to respective drug Cannabis and hemp populations. A subset of segregating sites was
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selected for assigning ancestry blocks along chromosomes using a method intended to maximize
information and minimize linkage disequilibrium. Sites were ranked by Wright’s FST (Wright, 1950).
Genetic positions for all segregating sites were interpolated along a B-spline function fitted to the
empirically observed positions in the mapping population with coefficients penalized to maintain
monotonicity (Pya & Wood, 2015). For each chromosome, the site with the highest FST value and
lowest genetic position was the first selected. Decreasing by FST through all segregating sites,
additional sites were selected when separated by at least 0.03 cM from any previously selected site.
Ancestry blocks were assigned by AncestryHMM (Corbett-Detig & Nielsen, 2017) assuming a single
pulse from hemp to drug Cannabis eight generations in the past, based on discussions with the
breeders. As described in Methods S1, we used the Population Branch Statistic (PBS) (Yi et al.,

2010), an FST -based three-population test, to scan the genome for regions exhibiting different
molecular evolutionary rates among populations that can be interpreted as evidence of selection.
RESULTS
CBDRx ancestry
Single nucleotide polymorphisms (SNPs) segregating in a diverse sample of Cannabis

genotypes indicate that marijuana and hemp cultivars are associated with a major axis of population
genetic differentiation (FST = 0.229) (Fig. 1a). CBDRx was grouped with marijuana cultivars despite
having a THC:CBD ratio more similar to hemp. The genome-wide ancestry of CBDRx was estimated
to be 89% marijuana and 11% hemp (Fig. 1b; Fig S2). The Population Branch Statistic (PBS) showed
evidence of selection in the vicinity of cannabinoid synthases on chromosome 7 (Fig. 2; Fig. S3).
CBDRx genome
The CBDRx genome assembly was 97.4% complete with a 1.9% duplication percentage that

is consistent with residual heterozygosity. The quality of scaffolding that supported the assembly is
evident in a contact map of the Hi-C library (Fig. S4). After a first round of CBDRx assembly, 1,190
contigs representing 602,278,047 bp were anchored using the F2 genetic linkage map alone. Most
contigs mapped to individual linkage groups but 61 contigs mapped to multiple linkage groups.
Discordance between the genetic and physical maps could be attributed to either assembly error or
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chromosomal rearrangement. In either case, chromosomal rearrangement in CBDRx relative to the
mapping population would seem to be rather low given the high percentage of contigs that were
assigned to a single linkage group. We opted to break ambiguously mapped contigs and assign their
pieces to different linkage groups.
After splitting ambiguously mapped contigs, 685 of 1,306 contigs were anchored with two or

more adjacent and unique genetic map positions that facilitated the granular ordering and orientation
of 65% of the genome. Another 78 contigs representing 3% of the genome mapped to a unique
genetic position but could not be oriented unambiguously. The remaining 543 contigs (32% of the
genome) did not map to a unique genetic position within a linkage group and could not be ordered or
oriented. Nearly all of the contigs mapped to the presumed centromeric regions with a few mapped to
the nucleolus-organizing region or in telomeric regions.
Genes in CBDRx were predicted using a combination of ab initio and empirical data including

full-length cDNA sequenced using ONT long-read sequencing. After masking 63% of the genome for
repeats consisting of 17,536 full-length long terminal repeat retrotransposons (LTR-RTs), we
predicted the presence of 42,052 protein-coding genes in the assembly. The Benchmarking Universal
Single Copy Orthologs (BUSCO) analysis identified 97% out of 425 BUSCOs as complete, including
62% single copy and 35% duplicated BUSCOs. Only ten BUSCOs were missing and two were
fragmented. We also identified a 345-355 bp subtelomeric repeat similar to that observed in Humulus
lupulus (Divashuk et al., 2014) and a 224 bp centromeric repeat (Melters et al., 2013). The percentage

of all reads mapping to each repeat is a proxy for their overall abundance in the genome. Consistent
with the expectation of extreme abundance of these repeats, 14% of the reads mapped to the
subtelomeric repeat and 17% mapped to the centromeric repeat.
CBDRx cannabinoid synthase genes
We conducted a coverage analysis to compare the quality of the CBDRx assembly to other

published Cannabis assemblies (e.g. Laverty et al., 2019) with special regard for the genomic position
of cannabinoid synthase genes. Coverage analysis confirmed that we identified all cannabinoid
synthase gene copies present in the CBDRx assembly (Table S5 & S6). In contrast, genomic data sets
for Purple Kush and Finola (Laverty et al., 2019) included unanchored, synthase-bearing contigs
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(Tables S7 & S8). Only 52% (13/25) of synthase homologs were assembled in Purple Kush compared
to 94% (16/17) in Finola.
In CBDRx, 13 cannabinoid synthase gene sequences and pseudogenes were grouped on

chromosome 7 at locations near 26, 29, and 31Mb (Fig. 2; Tables S5 & S9). Cannabinoid synthase
homologs positioned in this highly repetitive, pericentromeric region of suppressed recombination
were linked in physical and genetic space (Fig. 2). Aside from a solitary CBDAS copy at 31 Mb, the
other 12 homologs were located in tandemly repeated arrays consisting of seven and five copies each
at 26 and 29 Mb, respectively. Each homolog within a tandem array shared at least 1,000 bp of
identical upstream sequence. All but two homologs were pseudogenes consisting either of incomplete
coding sequence or containing stop codons in the reading frame. A complete copy of CBCAS
(cannabichromenic acid synthase), five CBCAS-like pseudogenes, and a THCAS-like pseudogene
were present in the 26 Mb array (Fig. 3). A complete coding sequence for THCAS was not detected in
CBDRx. Among the five homologs in the 29 Mb array, only one had a full-length open reading frame.
This sequence shared only 93% similarity with CBDAS and was nearly identical to what Taura et al.
(2007) labeled "CBDAS2". This sequence and its truncated homologs in the 29 Mb array are hereafter
referred to as CBDAS-like.
Each of the three synthase locations consisted of cassettes comprising 31-45 kb tandem

repeats nested between long terminal repeat retrotransposons in regions otherwise riddled with
abundant transposable elements (Fig. 3). An LTR-RT associated with the 26 Mb array (LTR01;
gypsy-related) occurred in great abundance over the entire genome such that almost every long read
had at least some LTR01 sequence. In contrast, a rare LTR-RT (LTR08; gypsy-related) was
associated with the CBDAS and CBDAS-like arrays, bearing similarity to only small sequence
fragments elsewhere in the genome.
First Light genome assemblies
We sequenced three closely related individuals of First Light (FL) with Oxford Nanopore

Technologies long reads to examine whether tandemly repeated synthase arrays are present in other
Cannabis genomes. The FL plants included two high-CBD phenotypes and an intermediate phenotype
expressing both CBD and THC (Table S1). Contig level assemblies were on par or slightly more
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contiguous than CBDRx and BUSCO completeness scores confirmed that assembly quality was
similar to CBDRx (Table S3). The high-CBD lines (FL18 and FL49) displayed the same synthase
tandem array structure as CBDRx with a CBCAS & THCAS-like array at 26 Mb, a CBDAS-like array
at 29 Mb and a single CBDAS at 31 Mb (Fig. 4). The co-location of all three synthase-containing
regions on the same contig in these two assemblies validated our methodological assumption that
separate, contig-bearing arrays are contiguous in CBDRx. However, the assembly of FL48, the
intermediate cultivar producing both THC and CBD, unlike the three high-CBD assemblies, failed to
gather CBCAS, CBCAS-like, THCAS-like and THCAS sequences into a single contig. Based on the
structure of the assembly graph, we attribute this to heterozygosity in this region of FL48 (Fig. 4) and
mapping their respective contigs back to CBDRx confirmed that the presumably heterozygous arrays
were located in the correct chromosomal locations.
Heterozygosity estimates based on kmer frequency for FL48 (0.58%), CBDRx (0.38%), FL18

(0.50%) and FL49 (0.54%) are consistent with this interpretation (Table S3). Despite the highly
homozygous condition of each FL genome and CBDRx, FL48 had the greatest heterozygosity.
Genotype-based estimates of heterozygosity from Illumina reads mapped to the assemblies are
likewise consistent (Table S3). Genome size estimation plots serve to further illustrate this
interpretation (Fig. S5). Unimodal kmer distributions with slight shoulders at lower coverage in
CBDRx, FL18 and FL49 suggest the presence of residual heterozygosity in highly inbred cultivars
(Fig. S5) whereas a bimodal distribution in FL48 points to greater genome-wide heterozygosity than
in the other three genomes. FL48 could be heterozygous in the vicinity of 26 Mb and hemizygous
with a single THCAS-bearing allele (Fig. 4). The difference between the predicted genome size of
CBDRx based on kmer frequency (639 Mb; Table S3) from the physical length of the CBDRx
assembly (737 Mb; Table S3) could also be attributed to residual heterozygosity. Although kmer
frequency estimates and BUSCO duplication percentages are not interchangeable, they are at least
concordant in suggesting low levels of residual heterozygosity that are also consistent with genotypebased estimates. Regardless, the completeness of the CBDRx and FL assemblies according to
BUSCO was comparable to other published genomes (Table S3).
THCAS and CBDAS gene expression
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We confirmed the predicted association between cannabinoid synthase gene expression and

cannabinoid phenotypes by examining THC:CBD ratios and full-length cDNA transcripts from
CBDRx and FL cultivars. The close similarity of different synthases and the absence of introns
complicates their discrimination by short-read sequencing technology so we used Oxford Nanopore
sequencing to obtain complete transcripts from pistillate flowers of each cultivar, as described in the
Methods S1. High-CBD cultivars expressed only the single CBDAS synthase gene located at 31 Mb,
whereas the heterozygous intermediate (FL48) expressed both the THCAS gene located at 26 Mb and
the 31 Mb CBDAS gene. Copy DNAs for THCAS and CBDAS were inspected to confirm full length
but the open reading frames for CBCAS and CBDAS-like genes showed no evidence of expression
(Fig. 3e).
Genetic map and cannabinoid QTL
A segregating mapping population derived from Skunk #1 marijuana x Carmen hemp was

used to associate THC:CBD ratios with the genomic positions of THCAS and CBDAS in CBDRx and
FL. The high-density composite linkage map comprised ten linkage groups, 1,235 total segregating
markers, a map distance of 818.6 cM and a mean inter-marker distance of 0.66 cM (Fig. 5; Table
S10). Each linkage group corresponded to a separate CBDRx chromosome. A single QTL accounting
for >90% of variance in the THC:CBD ratio (r2 = 0.92) was mapped to the location of the synthase

arrays on chromosome 7 (Figs. 2e & 5; Table S11). We also identified significant QTL for the
fraction of inflorescence dry weight composed of CBD and THC, cannabigerol (CBG) and
cannabichromene (CBC). The strongest QTL for CBD (partial r2 = 0.40) and THC (partial r2 = 0.52)
content were located near the THC:CBD ratio QTL. A single QTL for CBG (r2 = 0.15) was detected
on chromosome 3 and comparably weak QTL for CBC were located on chromosomes 3, 7 and the X
chromosome. We also investigated QTL for potency defined as total cannabinoid content. Six
significant QTL located on five different chromosomes together accounted for more than half of
variance in potency (0.53 = ∑ partial r2). Although several of the potency QTL were co-located with
QTL for individual cannabinoids, we did not find experiment-wise significant (LOD >= 4.0) potency
association (max LR = 13.9; LOD = 3.02) with the THCAS and CBDAS arrays of chromosome 7.
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DISCUSSION
CBDRx genome assembly
The genomic positions of CBDAS and THCAS in CBDRx and FL cultivars as assembled from

long-read sequences mapped to the location of a QTL for the THC:CBD ratio in a segregating
population derived from Skunk #1 marijuana x Carmen hemp. The high density genetic map derived
from this segregating population (Weiblen et al., 2015) was further leveraged in assembling long-read
sequences from CBDRx to resolve nine autosomes and the X chromosome. The high quality of the
CBDRx assembly is supported by a BUSCO (Benchmarking Universal Single Copy Orthologs)
completeness score of 97.2% and a genome size (736 Mb) matching predictions from kmer frequency
(Table S3). The number of CBDAS-like and THCAS-like paralogs that we identified also matched
estimates based on coverage analysis (Tables S5 & S6). The CBDRx assembly is highly colinear with
published chromosomal assemblies for Finola (FN) hemp and Purple Kush (PK) marijuana (Fig. S6)
but with more genes anchored, an order of magnitude fewer contigs, and higher contig N50 values
(Tables S3, S5 & S8). However, CBDRx and all of the other available genome assemblies were
derived from female (pistillate) plants such that an assembly derived from a male (staminate) plant is
yet needed to shed light on the Y chromosome (Kovalchuk et al., 2020).
Genomic structure of cannabinoid synthases in CBDRx
The association of cannabinoid synthases with highly repetitive elements as detected by long-

read sequencing (Tables S6, S7 & S8) provides insight into why these complex gene regions did not
assemble previously (van Bakel et al., 2011). Fig. 3e illustrates where the synthases are located in
CBDRx relative to a variety of repetitive DNA including terminal-repeat retrotransposons in
miniature (TRIM), gypsy-like transposable elements, copia-like transposons, large retrotransposon
derivative elements (LARD), and numerous unclassified long terminal repeats. Cannabinoid synthase
arrays on chromosome 7 of CBDRx consist of multiple paralogs with long terminal repeat
retrotransposons in proximity. That each of the seven paralogs in the 26 Mb array is flanked by pairs
of LRT01 remnants (Fig. 3a) suggests a potential mechanism for the independent movement of
multiple synthase "cassettes" (Chuong et al., 2017). A pair of LTR01 remnants also flanks the entire
29 Mb array but the five synthase paralogs within it each have only a downstream LTR08 remnant
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(Fig. 3b). This configuration suggests that a single transposition event might have landed an entire
array in the vicinity of 29 Mb.
The solitary CBDAS at 31 Mb has a downstream LTR08 remnant similar to that of the

CBDAS-like paralogs in the 29 Mb array. The presence of LTR08 in CBDAS and CBDAS-like
cassettes could be interpreted as evidence of additional transposition events affecting synthase copy
numbers. That each cannabinoid synthase homolog within a tandem array shares at least 1,000 bp of
identical upstream sequence further suggests that variation in copy number might have arisen by
illegitimate recombination and/or the activation and movement of LTR-RT associated with the
synthases (Chuong et al., 2017).
Neither the CBDRx genome nor high-CBD cultivars FL18 and FL49 possessed a complete

coding sequence for THCAS but rather each had a single THCAS-like pseudogene in the 26 Mb array
(Fig. 4). That only the intermediate cultivar FL48 possessed a complete THCAS sequence could be
explained by the presence of a single THCAS allele in the hemizygous condition. Along with this
interpretation we would expect hemp ancestry in the vicinity of 26 Mb but this was not the case in
CBDRx (Fig. 2d). How do we account for the location of the THCAS-like tandem array 26 Mb in a
region of drug-type ancestry? There could be error associated with the inference of chromosomal
ancestry blocks such that our sliding window analysis failed to detect a narrow band of hemp-type
introgression at 26 Mb. The potential for systematic error in the assignment of ancestry blocks has yet
to be investigated (Corbett-Detig & Nielsen, 2017). Alternatively, the absence of THCAS in a region
of true marijuana ancestry could be the result of a mechanism yet unknown or genomic complexity
absent from our model (Fig. 4). A recent review suggested that the level of discord among available
C. sativa is evidence of such complexity (Kovalchuk et al., 2020). Although this may be the case, at
least the assignment of THCAS and CBDAS to the same chromosome in the Purple Kush and Finola
assemblies as updated after the original publication by Laverty et al. (2019) is consistent with the
chromosomal placement of the synthases in CBDRx, Skunk #1, Carmen and FL cultivars. Variation
in the location and number of cannabinoid synthase arrays on chromosome 7 requires further study.
Cannabinoid synthase activity and the THC:CBD ratio

This article is protected by copyright. All rights reserved

Accepted Article

The assembly of CBDAS and THCAS-like synthases in three contigs located relatively near

each other on CBDRx chromosome 7 (Fig. 2; Table S9) supports a genomic architecture that is
consistent with the segregation of THC:CBD ratio phenotypes and putative loci (de Meijer et al.,
2003; Weiblen et al., 2015). We sequenced and assembled three additional genomes to evaluate the
generality of the model. First Light (FL) genomes included two CBD-type cultivars and an
intermediate-type cultivar producing an approximately even ratio of THC:CBD (Table S1). The
contig-level assemblies for FL plants were on par or slightly more contiguous than CBDRx (Table
S3), had BUSCO completeness scores >90%, and included cannabinoid synthase arrays with same
genomic architecture as CBDRx. Synthases assembled into one or three contigs in the high-CBD
cultivars but the cultivar with an intermediate THC:CBD ratio did not assemble well. Detailed
annotation of synthase copies indicated that the high-CBD cultivars carry only one complete CBDAS
and lack a complete THCAS sequence (Fig. 4). Consistent with this observation were full-length
cDNA libraries showing expression of but a single full-length CBDAS and no THCAS expression in
each of the three high-CBD cultivars. On the contrary, the intermediate cultivar (FL48) expressed
both full-length CBDAS and THCAS. Difficulty assembling the FL48 genome in the vicinity of 26 Mb
is consistent with a potentially hemizygous state where but a single allele of THCAS is present with
no alternative allele in the THCAS-like array. Regardless, genome structure and transcript expression
together suggest that, although CBDAS and THCAS are not allelic, the three main cannabinoid profiles
can be conferred by the expression of either a single full-length CBDAS or THCAS or both in the case
of intermediate cultivars.
The close physical linkage of CBDAS and THCAS loci provides a mechanistic explanation for

the appearance of single-locus inheritance observed previously where predominantly CBD,
intermediate, and predominantly THC profiles segregate 1:2:1 in the F2 generation of hemp x
marijuana experimental crosses (de Meijer et al., 2003). An F2 genetic linkage map derived from the
cross of Carmen hemp with Skunk #1 marijuana (Weiblen et. al., 2015) is highly collinear with
genetics maps for Finola and Purple Kush (Fig. S6d-e). Comparing the F2 map to the CBDRx
assembly (Fig. 2c, e), the position of CBDAS and the CBDAS-like array in CBDRx corresponds to a
major QTL for the THC:CBD ratio that accounts for 92% of the trait variance in the F2 population
(r2=0.92, Fig. 5). This association and the inferred ancestry of chromosome 7 (Fig. 2d) lend additional
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support to the interpretation that the genomic segment responsible for the predominance of CBD in
CBDRx was introgressed from hemp-type Cannabis into a marijuana genetic background.
Cannabinoid potency
It is known from other systems that increases in copy number of biosynthetic gene clusters can

elevate secondary metabolite production (Manderscheid et al., 2016) and it has been suggested that
cannabinoid synthase gene copy numbers might play a role in determining overall cannabinoid
content (Vergara et al., 2019). Although multiple copies are present in tandemly repeated arrays in
CBDRx, only a single copy of CBDAS was expressed. Also contrary to the prediction of the copy
number hypothesis, none of the six separate QTL for total cannabinoid content (potency) in a
segregating population was associated with the cannabinoid synthase arrays on chromosome 7 (Fig. 5,
Table S11). However, a potential marker association near the cannabinoid ratio QTL, at 38.89 cM, did
not reach the experiment-wise threshold for statistical significance (max LR = 13.9, LOD = 3.02, at
31.65 cM). Repeating the potency analysis with additional marker cofactors on chromosome 7
increased the likelihood ratio to 17.95 (LOD = 3.9) but fell just short of significance threshold.
We might expect genes expressing other metabolic enzymes upstream of THCAS and CBDAS

in the cannabinoid pathway to be associated with potency. The hexanoate pathway, the
methylerythritol phosphate (MEP) pathway, and the geranyl diphosphate pathway produce essential
substrates for cannabinoid synthesis. Previous experimental work identified each of the enzymes
involved in these pathways (Laverty et al., 2019). We located these genes in our assemblies and
verified their expression with full-length cDNA libraries (Table S12). We then compared their
physical map positions to our genetic map and found two candidate genes proximal to potency QTL.
The gene coding Acyl-activating enzyme 1 (AAE1), the last enzyme of the hexanoate pathway (Gagne
et al., 2012), is located at 39.7 cM on chromosome 3 and a QTL (LOD peak 40.2 cM) associated with
17% of the variance in potency. The gene coding for 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase (HDR), the last enzyme in the MEP pathway, is located 1.61 cM from a QTL (LOD peak at
40.59 cM) on the X chromosome that is associated with 9% of potency variance. These associations
point to potential directions for future studies of mechanisms enhancing cannabinoid expression and
selection of this economically important trait.
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CBDRx ancestry and the origin of CBD-type Cannabis
Weiblen et al. (2015) argued that marijuana breeding would favor plants lacking CBDAS.

Without the enzyme that competes with THCAS for the same precursor, CBG, the cannabinoid ratio
is skewed in favor of intoxicating THC (Onofri et al. 2015). Evidence from dN/dS ratios suggests
strong, positive selection for non-functional variants of CBDAS in marijuana (Weiblen et al., 2015).
Marijuana breeders also likely selected other independently inherited traits affecting cannabinoid
content (potency) such as inflorescence architecture and trichome size (Small & Naraine 2016). Once
highly potent marijuana cultivars were developed (ElSohly et al., 2000) they could be crossed with
hemp-type Cannabis, decoupling the THC:CBD ratio from overall cannabinoid content so that highly
potent CBD-type Cannabis could be selected by introgressing functional CBDAS into marijuana.
Multiple lines of evidence from CBDRx support this scenario. The CBDRx genome is

predominantly of marijuana ancestry (Fig. 1; Fig S2) and much of the hemp-derived ancestry in the
CBDRx genome is found on chromosome 7 where CBDAS is located (Fig. 2). The lone QTL for the
cannabinoid ratio maps to the 31 Mb position of CBDAS on this chromosome (Fig. 2d) and there is
population genetic evidence of recent, positive selection in the vicinity (PBS; Fig. 2b; Fig S3). These
observations are consistent with the interpretation that a CBD-type cannabinoid profile is the result of
introgression of hemp-like alleles into a drug-type genetic background to elevate CBD production at
the expense of THC. Further evaluation of this hypothesis will require additional genome assemblies
from THC- type C. sativa.
It appears that introgression followed by artificial selection has yielded new types of Cannabis

like CBDRx with unprecedented combinations of phenotypic traits as has been observed in other
domesticated plants including sunflower (Rieseberg et al., 2003). Marijuana and hemp cultivars have
a history of independent breeding and reduced gene flow between domesticated populations selected
for divergent traits. We suggest that breeders have responded to recent interest in CBD with targeted
introgression to produce marijuana cultivars with exceptionally high levels of CBD.
Conclusion
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We trace the origin of a Cannabis cultivar with elevated CBD content to chromosome 7 where

the introgression of CBDAS from hemp into a marijuana background has shifted the predominant
cannabinoid from THC to CBD while maintaining an overall quantity of cannabinoids that is typical
of drug-type Cannabis. Cannabinoid synthase gene clusters could be further manipulated but QTL
analysis suggests that other genetic regions on different chromosomes can be targeted to either
enhance or reduce potency. It is highly abnormal for a plant to allocate 20-30% of flowering biomass
to one or two specialized metabolites, as do modern Cannabis cultivars. Dissecting this trait will
require much additional study. We speculate that integrating cell biology and developmental genetics
with existing knowledge of the relevant metabolic pathways will be necessary. Although controlled
substance regulations have hindered Cannabis science for decades, economic trends, recent changes
in law, and the genomic results described here have the potential to accelerate the study of a plant that
has co-evolved with human culture since the origins of agriculture.
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Data Availability
The Cannabis CBDRx chromosome assembly, annotation, and genome raw data have been

deposited in ENA under project PRJEB29284, GenBank assembly accession GCA_900626175.2 and
are also available for download from http://cannabisgenome.org. NCBI has also chosen the CBDRx
(cs10) genome as the reference genome for Cannabis and produced a high-quality gene prediction
that is available for users to search, download and visualize at NCBI
(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Cannabis_sativa/100/). Chromosome
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collection of Bash and Perl scripts documenting the assembly of the CBDRx genome are available via
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Methods S1: Detailed description of plant growth, DNA isolation, genome sequencing, cDNA
sequencing and bioinformatic, population branch statistic, and comparative genomic analyses.
Fig. S1. Bioinformatic analysis workflow.
Fig. S2. Genome-wide ancestry of CBDRx.
Fig. S3. Population Branch Statistic.
Fig. S4. Hi-C to CBDRx contact map.
Fig. S5. Kmer genome size estimates for Cannabis lines.
Fig. S6. Chromosome scale alignment of Cannabis genomes, pairwise comparisons of genetic maps,
and CBDRx cannabinoid synthase alignments.
Table S1. Cannabinoid profiles (% dry weight) for six Cannabis genomes reported in this study.
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Table S2. Mean (SD) cannabinoid content in mature pistillate inflorescences from 96 drug-type,
hemp-type, and intermediate-type F2 plants as a percentage of total dry weight.
Table S3. Cannabis genome statistics at the level of sequencing reads, contigs, pseudomolecules,

genome size and BUSCO scores.
Table S4. cDNA libraries referenced for annotation.
Table S5. Coverage analysis using sequence reads and the assembled CBDAS and THCAS cassettes.
Table S6. Sequenced Cannabis genomes, data sources, numbers of contigs, depth of coverage,
numbers of cannabinoid synthase copies and sequencing methods.
Table S7. Purple Kush (PK) cannabinoid synthase blast matches (>82%) for THCAS mRNA
(AB057805).
Table S8. Finola (FN) cannabinoid synthase blast matches (>82%) for THCAS mRNA (AB057805).
Table S9. CBDRx cannabinoid synthase blast matches (>82%) for THCAS mRNA (AB057805).
Table S10. Marker density and description of the ten pseudomolecules and correspondence with the
Purple Kush and Finola chromosomes.
Table S11. QTL composite interval mapping results of phenotypic traits.
Table S12. Protein-coding genes involved in the cannabinoid synthase and precursor pathways.
Figure 1. Population genetic structure inferred from 2,051 single nucleotide polymorphisms (SNP)
and 367 accessions of hemp, marijuana, and naturalized (established wild population) Cannabis
sativa. We limit our definition of hemp to grain and fiber cultivars. A) Principal components analysis
(PCA) of the genotype matrix with circles, triangles, and diamonds indicating data sources (Sawler et
al., 2015; Lynch et al., 2016; Soorni et al., 2017). Arrows point to the intoxicating marijuana cultivar
(Skunk #1), an industrial fiber hemp cultivar (Carmen), and a high-CBD cultivar (CBDRx). Clusters
were assigned from k-means as cultivated hemp (yellow), marijuana cultivars (blue), or naturalized
Cannabis (red). Naturalized individuals are defined as any plants derived from non-cultivated
populations. Wild populations referred to in the literature as landraces (Merlin and Clark, 2013) are
here termed "naturalized" to acknowledge ambiguity about nativity, recent escape from cultivated
populations, and historically adapted feral populations. The first component (PC1) divides cultivated
hemp and marijuana while the second (PC2) represents a continuum between naturalized and

This article is protected by copyright. All rights reserved

Accepted Article

domesticated Cannabis. B) Bayesian admixture plot indicting ancestry of accessions given k=3
idealized donor populations. Accessions are ordered left to right according to their position along the
first principal component with estimated ancestry proportional to the color of the vertical segment.
Skunk#1 genome ancestry was estimated to be 78% marijuana and 22% naturalized. Carmen genome
ancestry was estimated to be 94% hemp and 6% marijuana. CBDRx ancestry was estimated to be
89% marijuana and 11% hemp.
Figure 2. The location of cannabinoid synthase gene sequences on chromosome 7 in CBDRx
Cannabis sativa is associated with evidence of recent selection for hemp ancestry introgressed into a
marijuana background and maps to a quantitative trait locus (QTL) for the ratio of THC to CBD.
Vertical lines transecting the panels indicate the locations of three cannabinoid synthase gene arrays.
A) Gene content (pink lines) and percent repeat content (grey bars) of a 1Mb sliding window across
chromosome 7. B) Manhattan plot of the population branch statistic (PBS), an FST-based, threepopulation test with extreme values suggesting lineage-specific evolutionary processes. Values for the
marijuana branch are displayed in grey dots with a histogram of the genome-wide distribution at right.
A dashed red line marks the 99.995th percentile of the distribution. Points within 100 kbp of
cannabinoid synthase array are also colored red. C) Physical map of chromosome 7. D) Ancestry
estimates for genomic segments derived from marijuana (blue) and hemp (yellow). E) Genetic map
anchored to the physical map using 22,280 segregating markers (211,106 for all chromosomes
genome-wide) from 1175 Illumina-based whole genome sequencing (WGS) marker bins of an F2
mapping population of Skunk #1 x Carmen. Lines connecting the maps indicate the positions of
markers in physical and genetic space. Shaded in grey are consecutive physical markers associated
with genomic regions of low recombination. The red arrow marks the position of the only QTL
associated with the THC:CBD ratio.
Figure 3. CBDRx Cannabis sativa cannabinoid synthase genes located among long terminal repeats
(LTR-RT). Shown are LTR-RT ends, LTR-RT bodies, unclassified LTR-RTs, LTR-RT remnants, and
an unclassified LTR-RT fragment. Synthase copies and LTR-RTs occurred in tandemly repeated
cassettes at 26 Mb and 29 Mb. A) Each of seven cassettes in the 26 Mb array consisted of a synthase
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paralog flanked by a pair of LTR01. B) The array at 29 Mb was flanked by a pair of LTR01 and
included five cassettes, each consisting of a synthase sequence with a downstream LRT08. C) The
solitary synthase sequence at 31 Mb was similarly associated with a downstream LTR08. D) CBDRx
cannabinoid synthase gene tree rooted with closely related berberine bridge enzyme (BBE-like)
sequences from CBDRx and rose (Rosa). Sequences >97% similar are collapsed at the tips of the tree.
Dotted nodes indicate Bayesian posterior probabilities >0.90. The classification of paralogs is based
on a broader phylogenetic analysis of published cannabinoid synthase sequences (Weiblen et al.,
2015). Tandem synthase copies located at 26 Mb comprised a clade including a partial THCAS-like
sequence, a partial CBCAS-like sequence, and five sequences matching CBCAS (Laverty et al., 2019).
Four of the five CBCAS sequences in this array were truncated but otherwise identical to the complete
gene. Synthase copies at 29 Mb were more closely similar to CBDAS than to THCAS or CBDAS.

E) Functionally annotated maps of the cannabinoid synthase arrays in CBDRx. Synthase arrays are
depicted in blue, terminal-repeat retrotransposons in miniature (TRIM) in pink, gypsy-like
transposable elements in green, copia-like transposons in dark orange, unclassified long terminal
repeats light orange, and large retrotransposon derivative elements (LARD) in yellow. Color bands
are randomly offset above and below the center to facilitate the visual location of synthase arrays
within regions of highly repetitive DNA. Four of the five CBCAS sequences at 26 Mb were
incomplete and no expression of the single full-length CBCAS sequence was detected. At 29 Mb, only
one of the CBDAS-like copies was full-length and again no expression was detected. The solitary
CBDAS sequence at 31 Mb was highly expressed in CBDRx.
Figure 4: Haplotype diagram of cannabinoid synthase arrays on chromosome 7 in the CBDRx and
First Light Cannabis sativa genomes. High-CBD cultivars (CBDRx, FL18, FL49) lacked a functional
THCAS at 26 Mb and carried a single functional CBDAS per homologous chromosome at 31Mb. The
intermediate cultivar FL48, producing both THC and CBD, and carried both functional CBDAS and
THCAS that are respectively identical to those carried by the high-CBD cultivars and Skunk #1, a
high-THC cultivar (Weiblen et al., 2015). FL48 is heterozygous at the THCAS locus based on
coverage analysis whereas the CBDAS-like array at 29 Mb assembled on the same contig and is
homozygous.
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Figure 5. Composite genetic linkage and quantitative trait locus (QTL) map derived from a high-THC
(Skunk#1) x hemp (Carmen) Cannabis sativa experimental cross. The map consists of ten linkage
groups based on 1,175 segregating marker bins drawn from Illumina-based whole genome sequencing
(WGS), 48 amplified fragment length polymorphisms (AFLP), 11 microsatellite markers and one
Sanger-sequenced marker. Ninety-six F2 female plants were scored for each of 1,175 WGS marker
bins while a subset of 62 plants was scored for the other 60 markers (Weiblen et al., 2015). Horizontal
lines represent segregating markers along the length of each linkage group. Quantitative trait loci
(QTL) for ten phenotypes detected by composite interval mapping (P < 0.05; 1000 permutations) are
indicated by vertical bar and whisker plots (1-LOD and 2-LOD intervals, respectively) to the right of
corresponding linkage groups. Partial r2 for additive and dominance effects are indicated above QTL
plots. The scale bar at left is genetic distance in centimorgans (cM).
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