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QUANTITATIVE TRAIT LOCI ASSOCIATED WITH PURPLE COLOR IN CANNABIS

BACKGROUND OF THE INVENTION

The present invention describes methods of identifying a Cannabis sativa plant comprising

quantitative trait loci (QTLs) associated with purple color, and to Cannabis sativa plants
comprising the QTLs. The invention also relates to plants with increased levels of purple color
identified by the methods. The invention further relates to marker assisted selection and marker
assisted breeding methods for obtaining plants having purple color, as well as to methods of
producing Cannabis sativa plants with the absence of purple color and/or varying degrees of
purple color and plants produced by these methods.

Modern Cannabis is derived from the cross hybridization of three biotypes; Cannabis
sativa L. ssp. indica, Cannabis sativa L. ssp. sativa, and Cannabis sativa L. ssp. ruderalis.
Cannabis was divergently bred into two distinct, albeit tentative types, called Hemp and HRT
(high-resin-type) Cannabis, respectively, which are typically used for different purposes. Hemp is
primarily used for industrial purposes, for example in feed, food, seed, fiber, and oil production.
Conversely, HRT cannabis is largely cultivated and bred for high concentrations of the
pharmacological constituents, cannabinoids, derived from resin in the trichomes. Biomass,
including the leaf and stem, of cannabis can also be an important source of cannabinoids.

Cannabis is the only species in the plant kingdom to produce phytocannabinoids.
Phytocannabinoids are a class of terpenoid acting as antagonists and agonists of mammalian
endocannabinoid receptors. The pharmacological action is derived from this ability of
phytocannabinoids to disrupt and mimic endocannabinoids. Due to its psychoactive properties,
one cannabinoid, delta-9-tetrahydrocannabinol (THC), the decarboxylation product of the plant-
produced delta-9-tetrahydrocannabinolic acid (THCA), has received much attention in illegal or
unregulated breeding programs, with modern HRT varieties having THC concentrations of 0.5%
to 30%.

Cannabis can display a multitude of colors in its leaves, stem and inflorescence. Purple
color displayed by some cannabis strains is an important characteristic for visual appeal in
markets for HRT Cannabis. Purple Haze, for example, is named and marketed, in part, for the
purple color of its inflorescence. Purple color of flowers is also an undesirable trait in some cases,
some consumers prefer HRT Cannabis flowers that are light or dark green that show no purple.
This makes flower color an important trait for HRT cannabis breeders, producers, and consumers.
Selection of cannabis with or without purple color can be challenging as breeders may have to
wait for the emergence of the purple color, especially in flowers, toward the end of a plant’s life
cycle. The purple color in cannabis plants is most likely the product of anthocyanin accumulation.

Anthocyanins are water-soluble flavonoids. This class of small molecules absorb specific

wavelengths of the electromagnetic spectrum depending on their chemical structure. The
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absorbance of blue-green wavelengths of light by anthocyanins in plants can result in the
appearance of purple color. Anthocyanin accumulates in the vacuole of epidermal cells conferring
a range of colors, dark blue, purple, and reds, to plants. These colors can serve to attract
pollinators and animal herbivores for seed dispersal. Anthocyanins may play important roles in
plant stress mitigation to cold and drought, for example, by dampening the effect of reactive
oxygen species. This suggests that purple color in cannabis plants may be an important trait for
stress tolerance in HRT and Hemp cannabis.

The biosynthesis of anthocyanins has been well characterized in several plant species,
though not in Cannabis. Anthocyanins are formed, like other flavonoids, from the coupling of three
molecules of malonyl-CoA with 4-coumaryl CoA by Chalcone synthase to form naringenin
chalcone. The isomerization of naringen chalcone is then catalyzed by chalcone isomerase (CHI)
to naringenin. Naringenin is then oxidized by successive enzymes flavanone hydroxylase,
flavonoid 3'-hydroxylase, and flavonoid 3',5'-hydroxylase. The products of these oxidations are
then converted to colorless leucoanthocyanidins by dihydroflavonol 4-reductase (DFR) and
subsequently to colored anthocyanidins by anthocyanidin synthase (ANS). Sugar molecules are
then coupled to the unstable anthocyanidins by various members of the glycosyltransferase
enzyme family, resulting in stable anthocyanins.

Anthocyanin biosynthesis can be induced by developmental cues in response to abiotic
and biotic stress. MYB transcription factors, R2ZR3-MYBs and R3-MYBs, have been demonstrated
to play roles in the regulation of anthocyanin biosynthesis, and in secondary metabolism in
general, in many agronomically important plant species. MYB transcription factors can act as
positive regulators of anthocyanin production, such as MYB10 that can regulate skin color of apple
varieties by activating the expression of genes that encode proteins for anthocyanin biosynthesis.
MYB transcription factors also act as negative regulators of anthocyanin biosynthesis. For
example, the R2R2-Myb of Brassica rapa, BrMYB4 inhibits anthocyanin accumulation by
repressing the expression of cinnamate 4-hydroxylase, required for the biosynthesis of 4-
coumaryl CoA.

The genetic basis for the accumulation or absence of purple color in cannabis is not
known. While anthocyanin accumulation is a likely cause of the presence of purple color, the
mechanisms underlying its regulation are unclear. Though MYB transcription factors have been
shown to play a role in the regulation of anthocyanin accumulation in other plants species, the
size of this family of transcription factors and the diversity of the activities of its members make it
impossible to infer the role of MYB transcription factors in Cannabis. In many plant species, fruit
or flower color can be affected by unwanted excessive browning in tissue rich in anthocyanins,
caused by polyphenol oxidase catalysing the degradation of anthocyanins to brown break down
products. Understanding the genetic basis of purple color in cannabis can benefit the cannabis
industry through elimination or inclusion of this trait to meet consumer preference. Regulation of

this trait may also be important for developing climate resistant HRT and Hemp type cannabis
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varieties. The identification of molecular markers for this trait can facilitate acceleration of
breeding times for varieties selecting for multiple traits. The present invention relates to markers

and the identity of putative genes for the control of purple color accumulation in cannabis.

SUMMARY OF THE INVENTION

The present invention relates to a method for identifying a Cannabis sativa plant

comprising in its genome a purple color QTL, the alleles of which are either associated with the
absence or the presence of a purple color trait in the plant. The invention further relates to
methods of producing a Cannabis sativa plant comprising in its genome the purple color QTL. In
addition, the present invention relates to Cannabis sativa plants identified or produced according
to the methods disclosed and to Cannabis sativa plants containing a QTL associated with the
presence or absence of purple color. Also provided are quantitative trait loci that control a purple
color trait in Cannabis sativa, wherein the quantitative trait locus is defined by single nucleotide
polymorphisms defined herein or genetic markers linked to the QTL, as well as putative genes
that control a purple color trait in a Cannabis sativa plant.

According to a first aspect of the present invention there is provided for a method for
identifying a Cannabis sativa plant comprising in its genome a genomic region including a purple
color QTL, the method comprising the steps of: (i) genotyping at least one plant with respect to
the purple color QTL by detecting one or more polymorphisms associated with purple color as
defined in any one of Tables 1 to 4; and (ii) identifying one or more plants containing the purple
color QTL. In particular, the polymorphism may be selected from the group consisting of
‘common_4519”, “common_4525”, and “common_45007, as defined in Table 4.

In a first embodiment of the method for identifying a Cannabis sativa plant comprising a
purple color QTL, the genotyping may performed by PCR-based detection, including using
molecular markers, sequencing of PCR products containing the one or more polymorphisms,
targeted resequencing, whole genome sequencing, or restriction-based methods, for detecting
the one or more polymorphisms. While many suitable genotyping methods are known to those of
skill in the art, in one embodiment, the genotyping may be performed using sequencing primers
or similar molecular markers, wherein the molecular markers may be selected from the primer
pairs as defined in Table 5 herein, which have been developed by the inventors of the present
invention for detecting the polymorphisms provided in Tables 1 to 4 herein.

According to a second embodiment of the method for identifying a Cannabis sativa plant
comprising a purple color QTL, the molecular markers may be designed for detecting
polymorphisms at regular intervals within the purple color QTL such that recombination can be
excluded.

In a third embodiment of the method for identifying a Cannabis sativa plant comprising a
purple color QTL, the molecular markers may be designed for detecting polymorphisms at regular

intervals within the purple color QTL such that recombination can be quantified to estimate linkage
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disequilibrium between a particular polymorphism and a purple color phenotype, or the absence
thereof. For example, molecular markers may be for detecting polymorphisms such that
recombination events can be detected to a resolution of 10°000 or 100°000 or 500’000 base pairs
within the QTL.

According to a second aspect of the present invention, there is provided for a method of
producing a Cannabis sativa plant having a genomic region including a purple color QTL in its
genome, the method comprising the steps of: (i) providing a donor parent plant having in its
genome a purple color QTL characterized by one or more polymorphisms associated with purple
color as defined in any one of Tables 1 to 4; (ii) crossing the donor parent plant having the purple
color QTL with at least one recipient parent plant that does not have the purple color QTL to obtain
a progeny population of cannabis plants; (iii) screening the progeny population of cannabis plants
for the presence of the purple color QTL; and (iv) selecting one or more progeny plants having
the purple color QTL, wherein the plant displays the purple color trait. In particular, the
polymorphism characterizing the purple QTL may be selected from the group consisting of
‘common_4519”, “common_4525”, and “common_45007, as defined in Table 4.

In a first embodiment of the method of producing a Cannabis sativa plant having a purple
color QTL, the method may further comprise the step of: (v) crossing the one or more progeny
plants with the donor recipient plant; or (vi) selfing the one or more progeny plants.

According to a second embodiment of the method of producing a Cannabis sativa plant
having a purple color QTL, the screening step may comprise genotyping at least one plant from
the progeny population with respect to the purple color QTL by detecting one or more
polymorphisms associated with purple color as defined in any one of Tables 1 to 4.

In a third embodiment of the method of producing a Cannabis sativa plant having a purple
color QTL, the method may comprise a step of genotyping the donor parent plant with respect to
the purple color QTL prior to providing said donor plant, by detecting one or more polymorphisms
associated with purple color as defined in any one of Tables 1 to 4.

According to an alternative aspect of the present invention there is provided for a method
of producing a Cannabis sativa plant that does not include a purple color QTL in its genome, the
method comprising the steps of: (i) providing a donor parent plant having in its genome a QTL
associated with an absence of purple color characterized by one or more polymorphisms
associated with the absence of purple color as defined in any one of Tables 1 to 4, (ii) crossing
the donor parent plant having the QTL associated with the absence of purple color with at least
one recipient parent plant that has a purple color QTL to obtain a progeny population of cannabis
plants; (iii) screening the progeny population of cannabis plants for the presence of the QTL
associated with the absence of purple color; and (iv) selecting one or more progeny plants having
the QTL associated with the absence of purple color, wherein the plant does not display the purple

color trait.
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In a first embodiment of the method of producing a Cannabis sativa plant that does not
include a purple color QTL in its genome, the method may further comprise: (v) crossing the one
or more progeny plants with the donor recipient plant; or (vi) selfing the one or more progeny
plants.

According to a second embodiment of the method of producing a Cannabis sativa plant
that does not include a purple color QTL in its genome, the step of screening may comprise
genotyping at least one plant from the progeny population with respect to the QTL associated
with the absence of purple color by detecting one or more polymorphisms associated with the
absence of purple color as defined in any one of Tables 1 to 4.

In a further embodiment of the method of producing a Cannabis sativa plant that does not
include a purple color QTL in its genome, the method may further comprise a step of genotyping
the donor parent plant with respect to the purple color QTL by detecting one or more
polymorphisms associated with the presence or absence of purple color as defined in any one of
Tables 1 to 4. In particular, the plant may be screened for a polymorphism selected from the group
consisting of “common_4519”, “common_4525”, and “common_4500”, as defined in Table 4.

In another embodiment of both the method of producing a Cannabis sativa plant having a
purple color QTL and the method of producing a Cannabis sativa plant that does not include a
purple color QTL in its genome, the genotyping may be performed by PCR-based detection using
molecular markers, sequencing of PCR products containing the one or more polymorphisms,
targeted resequencing, whole genome sequencing, or restriction-based methods, for detecting
the one or more polymorphisms.

In some embodiments, the molecular markers may be for detecting polymorphisms at
regular intervals within the QTL such that recombination can be excluded or such that
recombination can be quantified to estimate linkage disequilibrium between a particular
polymorphism and a purple color phenotype or absence of purple color phenotype. For example,
molecular markers may be for detecting polymorphisms such that recombination events can be
detected to a resolution of 10°000 or 100’000 or 500’000 base pairs within the QTL. In an
alternative embodiment, genome sequencing, or marker-based PCR and resequencing of the
QTL may be used for detecting a plurality of polymorphisms defined in any one of Tables 1 to 4.
In some embodiments, the molecular markers may be selected from the primer pairs provided in
Table 5. Further, in some embodiments, the progeny population of cannabis plants contains a
minimum of 100, or 500, or 1000, or 10000 plants.

In a further aspect of the present invention, there is provided for a method of producing a
Cannabis sativa plant comprising a purple color trait, the method comprising introducing a purple
color QTL characterized by one or more polymorphisms associated with purple color as defined
in any one of Tables 1 to 4 into a Cannabis sativa plant, wherein said purple flower QTL is

associated with the purple color trait.
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In one embodiment of the method of producing a Cannabis sativa plant comprising a
purple color trait, introducing the purple color QTL may comprise crossing a donor parent plant in
which the purple color QTL is present, with a recipient parent plant in which the purple color QTL
is not present.

In an alternative embodiment of the method of producing a Cannabis sativa plant
comprising a purple color trait, introducing the purple color QTL may comprise genetically
modifying the Cannabis sativa plant. Several methods of genetic modification are known to those
of skill in the art, including targeted mutagenesis, genome editing, and gene transfer. For
example, one or more of the polymorphisms as defined in any one of Tables 1 to 4 herein may
be introduced into a plant by mutagenesis and/or gene editing, in particular the methods of
genetically modifying a plant may be selected from the group consisting of CRISPR-Cas9 targeted
gene editing, heterologous gene expression using various expression cassettes; TILLING, and
non-targeted chemical mutagenesis using e.g. EMS. Alternatively, a cannabis sativa plant may
be transformed with the purple color QTL or a part thereof, via any of the transformation methods
known in the art.

In an alternative aspect of the invention there is provided for a method of producing a
Cannabis sativa plant that does not display a purple color trait, the method comprising introducing
a QTL characterized by one or more polymorphisms associated with the absence of purple color
as defined in any one of Tables 1 to 4 into a Cannabis sativa plant, wherein said QTL is associated
with the absence of purple color in the plant.

In one embodiment of the method of producing a Cannabis sativa plant that does not
display a purple color trait, introducing the QTL may comprise crossing a donor parent plant in
which the QTL associated with the absence of purple color is present, with a recipient parent plant
in which the QTL is not present.

In an alternative embodiment of the method of producing a Cannabis sativa plant that
does not display a purple color trait, introducing the QTL associated with the absence of purple
color may comprise genetically modifying the Cannabis sativa plant. Several methods of genetic
modification are known to those of skill in the art, including targeted mutagenesis, genome editing,
and gene transfer. For example, one or more of the polymorphisms associated with the absence
of purple color as defined in any one of Tables 1 to 4 herein may be introduced into a plant by
mutagenesis and/or gene editing, in particular the methods of genetically modifying a plant may
be selected from the group consisting of CRISPR-Cas9 targeted gene editing, heterologous gene
expression using various expression cassettes; TILLING, and non-targeted chemical
mutagenesis using e.g. EMS. Alternatively, a cannabis sativa plant may be transformed with the
QTL associated with the absence of purple color or a part thereof, via any of the transformation
methods known in the art.

According to a further aspect of the present invention there is provided for a Cannabis

sativa plant identified according to any method of identifying a Cannabis plant described herein,
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or produced according to any method of producing a Cannabis plant described herein, provided
that the plant is not exclusively obtained by means of an essentially biological process.

In yet a further aspect of the present invention there is provided for a Cannabis sativa
plant comprising a purple color QTL characterized by one or more polymorphisms associated
with purple color as defined in any one of Tables 1 to 4, provided that the plant is not exclusively
obtained by means of an essentially biological process.

In an alternative aspect of the invention there is provided for a Cannabis sativa plant
comprising a QTL associated with the absence of purple color characterized by one or more
polymorphisms associated with the absence of purple color as defined in any one of Tables 1 to
4, provided that the plant is not exclusively obtained by means of an essentially biological process.

According to another aspect of the present invention there is provided for a quantitative
trait locus that controls a purple color trait in Cannabis sativa, wherein the quantitative trait locus
is defined by a single nucleotide polymorphism at position 80922439 of NC_044373.1 or a genetic
marker linked to the QTL; or wherein the quantitative trait locus is defined by a single nucleotide
polymorphism at position 6600328 of NC_044374 or a genetic marker linked to the QTL; or
wherein the quantitative trait locus has a sequence that corresponds to nucleotides 68717484 to
77040783 of NC_044377.1 and is defined by one or more polymorphisms associated with purple
color as defined in any one of Tables 1 to 4 or a genetic marker linked to the QTL. The invention
further include a genomic region defined by markers linked to the QTLs defined herein.

In yet a further aspect of the present invention there is provided for an isolated gene that
controls a purple color trait in a Cannabis sativa plant, wherein the gene is selected from the
group consisting of the genes as defined in Table 6 with reference to the CS10 genome.

In one embodiment, the isolated gene has the gene identity number LOC115695758 and
encodes a putative MYB Transcription factor, as defined in Table 6.

In another embodiment, the isolated gene has the gene identity number LOC115695872
or LOC115695871 and encodes an anthocyanidin 3-O-glucosyltransferase 2, as defined in Table
6.

BRIEF DESCRIPTION OF THE FIGURES
Non-limiting embodiments of the invention will now be described by way of example only

and with reference to the following figures:

Figure 1: GWA of Purple Color in Cannabis in a F2 Population.
Figure 2: GWA for Validation of Purple Color in Cannabis in a F2 Population.

SEQUENCES
The nucleic acid and amino acid sequences listed herein and in any accompanying

sequence listing are shown using standard letter abbreviations for nucleotide bases, and the
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standard one or three letter abbreviations for amino acids. It will be understood by those of skill
in the art that only one strand of each nucleic acid sequence is shown, but that the complementary

strand is included by any reference to the displayed strand.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will now be described more fully hereinafter with reference to the

accompanying drawings, in which some, but not all embodiments of the invention are shown.
The invention as described should not be limited to the specific embodiments disclosed
and modifications and other embodiments are intended to be included within the scope of the
invention. Although specific terms are employed herein, they are used in a generic and descriptive
sense only and not for purposes of limitation.
As used throughout this specification and in the claims, which follow, the singular forms

»ou

“a”, “an” and “the” include the plural form, unless the context clearly indicates otherwise.

The terminology and phraseology used herein is for the purpose of description and should
not be regarded as limiting. The use of the terms “comprising”, “containing”, “having” and
“including” and variations thereof used herein, are meant to encompass the items listed thereafter
and equivalents thereof as well as additional items.

Methods are provided herein for identifying and obtaining plants having a purple color trait
prior to the plant displaying the color phenotypically, using a molecular marker detection
technique. The inventors of the present invention have further produced purple colored cannabis
plants by crossing plants displaying purple color to cannabis plants lacking purple color. Also
demonstrated herein, the inventors were able to use genome wide association (GWA) to identify
multiple QTLs linked to purple color. This finding provides for the improvement of methods for
producing plants displaying differing degrees of purple color and plants that do not display purple
color.

A total of three QTLs for purple color were identified in the mixed populations tested and
the two F2 populations tested.

Tables 1 to 4 herein provides several single nucleotide polymorphisms (SNPs) which
define the QTLs associated with the purple color. In some embodiments one or more of the
identified SNPs can be used to incorporate the purple color trait from a donor plant, containing
one or more of the QTLs associated with the trait, into a recipient plant. For example, the
incorporation of the purple color phenotype may be performed by crossing a donor parent plant
to a recipient parent plant to produce plants containing a haploid genome from both parents.
Recombination of these genomes provides F1 progeny where each haploid complement of
chromosomes, of the diploid genome, is comprised of genetic material from both parents.

In some embodiments, methods of identifying one or more QTLs that are characterized
by a haplotype comprising of a series of polymorphisms in linkage disequilibrium are provided.

The QTLs each display limited frequency of recombination within the QTLs. Preferably the
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polymorphisms are selected from any one of Tables 1 to 4 herein, representing the purple color
QTLs. Molecular markers may be designed for use in detecting the presence of the
polymorphisms and thus the QTLs. Further, the identified QTL polymorphisms and the associated
molecular markers may be used in a cannabis breeding program to predict the purple color trait
of plants in a breeding population and can be used to produce cannabis plants that either display
the purple color trait, or do not display the purple color trait, compared to a control population.

As used herein, reference to a “purple color” plant or a variety with a “purple color” trait
refers to a plant or a variety that has the appearance of purple color at the time of harvest. In
particular, a plant of purple color may accumulate a higher level of anthocyanin or anthocyanin-
related compounds compared to a plant that does not have purple color at the time of harvest.

The time of harvest is defined with respect to the maturity of the flower, where
approximately greater than 50% of the pistils have turned brown in appearance. The time of
harvest can also be determined by initiation of flowering for hemp-type cannabis or by other
agronomic criteria common in the art.

As used herein a “quantitative trait locus” or “QTL” is a polymorphic genetic locus with at
least two alleles that differentially affect the expression of a continuously varying phenotypic trait
when present in a plant or organism which is characterised by a series of polymorphisms in
linkage disequilibrium with each other.

As used herein, the term “purple color QTL” or “purple color quantitative trait locus” refers
to a quantitative trait locus comprising part, or all, of the QTLs characterized by the polymorphisms
described in any one of Tables 1 to 4.

As used herein, “haplotypes” refer to patterns or clusters of alleles or single nucleotide
polymorphisms that are in linkage disequilibrium and therefore inherited together from a single
parent. The term “linkage disequilibrium” refers to a non-random segregation of genetic loci or
markers. Markers or genetic loci that show linkage disequilibrium are considered linked.

As used herein, the term “purple color haplotype” refers to the subset of the
polymorphisms contained within the purple color QTLs which exist on a single haploid genome
complement of the diploid genome, and which are in linkage disequilibrium with the purple color
trait.

As used herein, the term “donor parent plant” refers to a plant that is either homozygous
or heterozygous for the purple color haplotype or which contains one or more of the purple color
QTLs. Alternatively, the donor parent plant may be one that is not heterozygous homozygous for
the purple color QTL, or the purple color haplotype, where the absence of the purple color trait is
desirable.

As used herein, the term “recipient parent plant” refers to a plant that is not heterozygous
or homozygous for the purple color QTL, or the purple color haplotype. Alternatively, the recipient

parent plant may be one that is either homozygous or heterozygous for the purple color haplotype
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or which contains one or more of the purple color QTLs, where the absence of the purple color
trait is desirable.

The term “crossed” or “cross” means the fusion of gametes via pollination to produce
progeny (e.g., cells, seeds or plants). The term encompasses both sexual crosses (the pollination
of one plant by another) and selfing (self-pollination, e.g., when the pollen and ovule are from the
same, or genetically identical plant). The term “crossing” refers to the act of fusing gametes via
pollination to produce progeny.

The term “purple color allele” refers to the haplotype allele within a particular QTL that
confers, or contributes to, the purple color phenotype, or alternatively, is an allele that allows the
identification of plants with the purple color phenotype that can be included in a breeding program
(“marker assisted breeding” or “marker assisted selection”).

The term “GWAS” or “Genome wide association study” or “GWA” or “Genome wide
association” as used herein refers to an observational study of a genome-wide set of genetic
variants or polymorphisms in different individual plants to determine if any variant or
polymorphism is associated with a trait, specifically the purple color trait.

As used herein a “polymorphism” is a particular type of variance that includes both natural
and/or induced multiple or single nucleotide changes, short insertions, or deletions in a target
nucleic acid sequence at a particular locus as compared to a related nucleic acid sequence.
These variations include, but are not limited to, single nucleotide polymorphisms (SNPs), indel/s,
genomic rearrangements, gene duplications, as well as genome insertions and deletions.

As used herein, the term “LOD score” or “logarithm (base 10) of odds” refers to a statistical
estimate used in linkage analysis, wherein the score compares the likelihood of obtaining the test
data if the two loci are indeed linked, to the likelihood of observing the same data purely by
chance. The LOD score is a statistical estimate of whether two genetic loci are physically near
enough to each other (or “linked”) on a particular chromosome that they are likely to be inherited
together. A LOD score of 3 or higher is generally understood to mean that two genes are located
close to each other on the chromosome. In terms of significance, a LOD score of 3 means the
odds are 1,000:1 that the two genes are linked and therefore inherited together.

As used herein, the term “quantile-quantile” or “Q-Q” refers to a graphical method for
comparing two probability distributions by plotting their quantiles against each other. If the two
distributions being compared are similar, the points in the Q—Q plot will approximately lie on the
line y = x. If the distributions are linearly related, the points in the Q—Q plot will approximately lie
on a line, but not necessarily on the line y = x. Q—Q plots can also be used as a graphical means
of estimating parameters in a location-scale family of distributions.

As used herein, a “causal gene” is the specific gene having a genetic variant (the “causal
variant”) which is responsible for the association signal at a locus and has a direct biological effect
on the purple color phenotype. In the context of association studies, the genetic variants which

are responsible for the association signal at a locus are referred to as the “causal variants”. Causal
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variants may comprise one or more “causal polymorphisms” that have a biological effect on the
phenotype.

The term “nucleic acid® encompasses both ribonucleotides (RNA) and
deoxyribonucleotides (DNA), including cDNA, genomic DNA, isolated DNA and synthetic DNA.
The nucleic acid may be double-stranded or single-stranded. Where the nucleic acid is single-
stranded, the nucleic acid may be the sense strand or the antisense strand. A “nucleic acid
molecule” or “polynucleotide” refers to any chain of two or more covalently bonded nucleotides,
including naturally occurring or non-naturally occurring nucleotides, or nucleotide analogs or
derivatives. By “RNA” is meant a sequence of two or more covalently bonded, naturally occurring
or modified ribonucleotides. The term “DNA” refers to a sequence of two or more covalently
bonded, naturally occurring or modified deoxyribonucleotides. By “cDNA” is meant a
complementary or copy DNA produced from an RNA template by the action of RNA-dependent
DNA polymerase (reverse transcriptase).

The term “isolated”, as used herein means having been removed from its natural
environment. Specifically, the nucleic acid or gene(s) identified herein may be isolated nucleic
acids or gene(s), which have been removed from plant material where they naturally occur.

The term “purified”, relates to the isolation of a molecule or compound in a form that is
substantially free of contamination or contaminants. Contaminants are normally associated with
the molecule or compound in a natural environment, purified thus means having an increase in
purity as a result of being separated from the other components of an original composition. The
term "purified nucleic acid" describes a nucleic acid sequence that has been separated from other
compounds including, but not limited to polypeptides, lipids and carbohydrates which it is
ordinarily associated with in its natural state.

The term “complementary” refers to two nucleic acid molecules, e.g., DNA or RNA, which
are capable of forming Watson-Crick base pairs to produce a region of double-strandedness
between the two nucleic acid molecules. It will be appreciated by those of skill in the art that each
nucleotide in a nucleic acid molecule need not form a matched Watson-Crick base pair with a
nucleotide in an opposing complementary strand to form a duplex. One nucleic acid molecule is
thus “complementary” to a second nucleic acid molecule if it hybridizes, under conditions of high
stringency, with the second nucleic acid molecule. A nucleic acid molecule according to the
invention includes both complementary molecules.

As used herein a “substantially identical” or “substantially homologous” sequence is a
nucleotide sequence that differs from a reference sequence only by one or more conservative
substitutions, or by one or more non-conservative substitutions, deletions, or insertions located
at positions of the sequence that do not destroy or substantially reduce the antigenicity of the
expressed fusion protein or of the polypeptide encoded by the nucleic acid molecule. Alignment
for purposes of determining percent sequence identity can be achieved in various ways that are

within the knowledge of those with skill in the art. These include using, for instance, computer
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software such as ALIGN, Megalign (DNASTAR), CLUSTALW or BLAST software. Those skilled
in the art can readily determine appropriate parameters for measuring alignment, including any
algorithms needed to achieve maximal alignment over the full length of the sequences being
compared. In one embodiment of the invention there is provided for a polynucleotide sequence
that has at least about 80% sequence identity, at least about 90% sequence identity, or even
greater sequence identity, such as about 95%, about 96%, about 97%, about 98% or about 99%
sequence identity to the sequences described herein.

Alternatively, or additionally, two nucleic acid sequences may be “substantially identical”’
or “substantially homologous” if they hybridize under high stringency conditions. The “stringency"
of a hybridisation reaction is readily determinable by one of ordinary skill in the art, and generally
is an empirical calculation which depends upon probe length, washing temperature, and salt
concentration. In general, longer probes required higher temperatures for proper annealing, while
shorter probes require lower temperatures. Hybridisation generally depends on the ability of
denatured DNA to re-anneal when complementary strands are present in an environment below
their melting temperature. A typical example of such “stringent” hybridisation conditions would be
hybridisation carried out for 18 hours at 65 °C with gentle shaking, a first wash for 12 min at 65
°C in Wash Buffer A (0.5% SDS; 2XSSC), and a second wash for 10 min at 65 °C in Wash Buffer
B (0.1% SDS; 0.5% SSC).

Methods of identifying a QTL or haplotype responsible for the purple color phenotype and
molecular markers therefor

In some embodiments, methods are provided for identifying a QTL or haplotype
responsible for purple color and for selecting plants with the purple color trait. In some

embodiments, the methods may comprise the steps of:

a. Identifying a plant that displays the purple color phenotype within a breeding
program.
b. Establishing a population by crossing the identified plant to itself (selfing) or a

recipient parent plant.

C. Genotyping the resultant F1, or subsequent populations, for example by
sequencing methods.

d. Performing association studies, including phenotyping and linkage analysis, to
discover QTLs and/or polymorphisms contained within the QTL.

e. Optionally, identifying cannabis paralogs of previously characterized genes that
may be involved in the purple color phenotype.

f. Developing molecular markers that detect one or more polymorphisms linked to
QTLs, alleles within these QTLs, or existing or induced polymorphisms.

g. Validating the molecular markers by determining the linkage disequilibrium

between the marker and the purple flower trait.
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Trait development and introgression

In some embodiments, methods are provided for marker assisted breeding (MAB) or
marker assisted selection (MAS) of plants having a purple color QTL or trait. The methods may
comprise the steps of:

a. Identifying a plant that displays the purple color trait or phenotype or contain a
purple color QTL as defined herein.

b. Establishing a population by crossing the identified plant to itself (selfing) or
another recipient parent plant.

C. Genotyping and phenotyping the resultant F1, or subsequent, populations, for
example by sequencing methods.

d. Performing association studies, inputting phenotype and genotype information to
identify genomic regions enriched with polymorphisms associated with the purple color trait, to
discover QTLs and/or polymorphisms contained within the QTL.

e. Optionally, identifying cannabis paralogs of previously characterized genes that
may be involved in the purple color phenotype.

f. Developing molecular markers that detect one or more polymorphisms linked to
QTLs, alleles within these QTLs, or existing or induced polymorphisms.

g. Using the molecular markers when introgressing the QTLs or polymorphisms into
new or existing cannabis varieties to select plants containing the purple color haplotype or the

purple color trait, or plants where the purple color haplotype or the purple color trait is absent.

QTLs and Marker Assisted Breeding

In some embodiments, during the breeding process, selection of plants displaying the
purple color trait may be based on molecular markers designed to detect polymorphisms linked
to genomic regions that control the trait of interest by either an identified or an unidentified
mechanism. Previously identified genetic mechanisms may, for example, have a direct or
pleiotropic effect on purple color in a plant. Examples include genes selected from: MYB
transcription factors, such as R2ZR3-MYBs, R3-MYBs, MYB10, R2R2-MYBs, including BrMYB4.
In some embodiments, QTLs containing such elements are identified using association studies.
Knowledge of the mode-of-action is not required for the functional use of these genomic regions
in a breeding program. Identification of regions controlling unidentified mechanisms may be useful
in obtaining plants with the purple color phenotype, based on identification of polymorphisms that
are either linked to, or found within QTLs that are associated with the purple color phenotype

using AS.

Construction of breeding populations
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Breeding populations are the offspring of sexual reproduction events between two or more
parents. The parent plants (FO) are crossed to create an F1 population each containing a
chromosomal complement of each parent. In a subsequent cross (F2), recombination has
occurred and allows for mostly independent segregation of traits in the offspring and importantly
the reconstitution of recessive phenotypes that existed in only one of the parental lines.

According to some embodiments, QTLs that lead to the purple color phenotype are
identified within synthetic populations of plants capable of revealing dominant, recessive, or
complex traits. In one embodiment of the invention, a genetically diverse population of cannabis
varieties, that are used to produce the synthetic population are integrate them into a breeding
program by unnatural processes. In some embodiments, these processes result in changes in
the genomes of the plants. The changes may include, but are not limited to, mutations and
rearrangements in the genomic sequences, duplication of the entire genome (polyploidy), or
activation of movement of transposable elements which may inactivate, activate or attenuate the
activity of genes or genomic elements. According to one embodiment of the invention, the
following methods are employed to integrate the plants into a breeding program include some or

all of the following:

a. Growing plants in rich media or soils under artificial lighting;
b. Cloning of plants, often through a multitude of sub-cloning cycles;
C. Introduction of plants into in vitro, sterile growth environments, and subsequent

removal to standard growth conditions;

d. Exposure to mutagens such as EMS, colchicine, silver nitrate, ethidium bromide,
dinitroanalines, high concentrations mono or poly-chromatic light sources;

e. Growing plants under highly stressful conditions which include restricted space,

drought, pathogen, atypical temperatures, and nutrient stresses.

Purple color trait association studies and QTL identification

In some embodiments, the synthetic populations created are either the offspring of the
sexual reproduction or clones of plants in the breeding program such that genetic material of
individuals in the synthetic populations is derived from one, or two, or more plants from the
breeding program.

In one embodiment, plants identified within the synthetic population as having a trait of
interest, such as the purple color trait, may be used to create a structured population for the
identification of the genetic locus responsible for the trait. The structured population may be
created by crossing one (selfing) or more plants and recovering the seeds from those plants.

Plants in the structured population may be fully genotyped using genome sequencing to
identify genetic markers for use in the association study (AS) database. Association mapping is
a powerful technique used to detect quantitative trait loci (QTLs) specifically based on the

statistical correlation between the phenotype and the genotype. In this case the trait is the purple
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color phenotype. In a population generated by crossing, the amount of linkage disequilibrium (LD)
is reduced between genetic marker and the QTL as a function of genetic distance in cannabis
varieties with similar genome structures. Simple association mapping is performed by biparental
crosses of two closely related lines where one line has a phenotype of interest and the other does
not. In some embodiments, advanced population structures may be used, including nested
association mapping (NAM) populations or multi-parent advanced generation inter-cross
(MAGIC) populations, however it will be appreciated that other population structures can also be
effectively used. Biparental, NAM, or MAGIC structured populations can be generated and
offspring, at F1 or later generations, may be maintained by clonal propagation for a desired length
of time. In some embodiments, QTLs may be identified using the high-density genetic marker
database created by genotyping the founder lines and structured population lines. This marker
database may be coupled with an extensive phenotypic trait characterization dataset, including,
for example, the purple color phenotype of the plants. Using the association studies described
herein, together with accurate phenotyping, this method is able to identify genomic regions, QTLs
and even specific genes or polymorphisms responsible for the purple color phenotype that are
directly introduced into recipient lines. Polygenic phenotypes may also be identified using the
methods described herein.

In one embodiment, the structured population is grown to the flowering stage. To
characterize the phenotypes of the lines they are clonally reproduced so the phenotypic data can

be collected in feasible replicates.

Molecular Markers to detect polymorphisms

As used herein, the term “marker” or “genetic marker” refers to any sequence comprising
a particular polymorphism or haplotype described herein that is capable of detection. For
example, a marker may be a binding site for a primer or set of primers that is designed for use in
a PCR-based method to amplify and thus detect a polymorphism or haplotype. Alternatively, the
marker may introduce a restriction enzyme recognition site, or result in the removal of a restriction
enzyme recognition site. Plants can be screened for a particular trait based on the detection of
one or more markers confirming the presence of the polymorphism. Marker detection systems
that may be used in accordance with the present invention include, but are not limited to
polymerase chain reaction (PCR) followed by sequencing, Kompetitive allele specific PCR
(KASP), restriction fragment length polymorphisms (RFLPs) analysis, amplified fragment length
polymorphisms (AFLPs), cleaved amplified polymorphic sequences (CAPS), or any other markers
known in the art.

In some embodiments “molecular markers” refers to any marker detection system and
may be PCR primers, such as those described in the examples below. Forexample, PCR primers
may be designed that consist of a reverse primer and two forward primers that are homologous

to the part of the genome that contains a polymorphism but differ in the 3’ nucleotide such that
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the one primer will preferentially bind to sequences containing the polymorphism and the other
will bind to sequences lacking it. The three primers are used in single PCR reactions where each
reaction contains DNA from a cannabis plant as a template. Fluorophores linked to the forward
primers provide, after thermocycling, a different relative fluorescent signal for homozygous and
heterozygous alleles containing the polymorphism and for those lacking the polymorphism,
respectively.

In some embodiments, allele-specific primers may each harbor a unique tail sequence
that corresponds with a universal FRET (fluorescence resonant energy transfer) cassette. For
example, the primer specific to the SNP may be labelled with a FAM and the other specific primer
with a HEX dye. During the PCR thermal cycling performed with these primers, the allele-specific
primer binds to the genomic DNA template and elongates, so attaching the tail sequence to the
newly synthesized strand. The complement of the allele-specific tail sequence is then generated
during subsequent rounds of PCR, enabling the FRET cassette to bind to the DNA. Alleles are
discriminated through the competitive binding of the two allele-specific forward primers. At the
end of the PCR reaction a fluorescent plate is read using standard tools which may include RT-
PCR devices with the capacity to detect florescent signals and is evaluated with commercial
software.

If the genotype at a given polymorphism site is homozygous, one of the two possible
fluorescent signals will be generated. If the genotype is heterozygous, a mixed fluorescent signal
will be generated. By way of example, genomic DNA extracted from cannabis leaf tissue at
seedling stage can be used as a template for PCR amplifications with reaction mixtures containing
the three primers. Final fluorescent signals can be detected by a thermocycler and analyzed using
standard software for this purpose, which discriminates between individuals that are
heterozygotes or homozygotes for either allele.

In some embodiments, molecular markers to one, two or more of the SNPs in the
haplotype can be used to identify the presence of the QTL and by association, the purple color
phenotype.

Further, the QTL may include a number of individual polymorphisms in linkage
disequilibrium, which constitute a haplotype and which, with high frequency, can be inherited from
a donor parent plant as a unit. Therefore, in some embodiments, molecular markers can be
utilized which have been designed to identify numerous polymorphisms which are in linkage
disequilibrium with other polymorphisms, any of which can be used to effectively predict the purple
color phenotype of the offspring.

According to some embodiments, any polymorphism in linkage disequilibrium with one or
more of the purple color QTLs can be used to determine the presence or absence of the haplotype
in a breeding population of plants, as long as the polymorphism is unique to the purple color trait

in the donor parent plant when compared to the recipient parent plant.
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In some embodiments of the invention, the donor parent plant is a plant that has been
genetically modified to include a purple color QTL defined by a polymorphism, for example any
or all of the polymorphisms of any one of Tables 1 to 4. In an alternative embodiment, where the
desired trait is the absence of the purple color trait, the donor parent plant may be a plant that
has been genetically modified to exclude a purple color QTL defined by a polymorphism, for
example any or all of the polymorphisms of any one of Tables 1 to 4.

In some embodiments, donor parent plants, as described above, are used as one of two
parents to create breeding populations (F1) through sexual reproduction. Methods for
reproduction that are known in the art may be used. The donor parent plant provides the trait of
interest to the breeding population. The trait is made to segregate through the population (F2)
through at least one additional crossing event of the offspring of the initial cross. This additional
crossing event can be either a selfing of one of the offspring or a cross between two individuals,
provided that each plant used in the F1 cross contains at least one copy of a purple color QTL
allele or purple color haplotype, where the presence of the purple color trait is desirable.

In some embodiments, the presence or absence of the purple color allele or purple color
haplotype in plants to be used in the F1 cross is determined using the described molecular
markers. In some embodiments, the resulting F2 progeny is/are screened for any of the purple
color polymorphisms described herein.

The plants at any generation can be produced by asexual means like cutting and cloning,

or any method that yields a genetically identical offspring.

Production of purple color Cannabis sativa plants or Cannabis sativa plants lacking the
purple color trait

In some embodiments, a Cannabis sativa plant that does not have the purple color trait
may be converted into a purple color plant according to the methods of the present invention by
providing a breeding population where the donor parent plant contains a purple color QTL
associated with the purple color trait and recipient parent plant does not display the purple color
phenotype.

In alternative embodiments, a Cannabis sativa plant that has the purple color QTL
associated with the purple color trait may be converted into a plant lacking the purple color
phenotype according to the methods of the present invention by providing a breeding population
where the donor parent plant does not contain a purple color QTL associated with the purple color
trait and recipient parent plant has a QTL associated with the purple color trait.

In some embodiments the purple color phenotype may be introduced into a recipient
parent plant by crossing it with a donor parent plant comprising the purple color phenotype. In
some embodiments the donor parent plant comprises a purple color phenotype and a contiguous
genomic sequence characterized by one or more of the polymorphisms of any one of Tables 1 to
4.
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In an alternative embodiment the purple color phenotype may be removed from a recipient
parent plant by crossing it with a donor parent plant lacking the purple color phenotype. In some
embodiments the donor parent plant lacks a purple color phenotype and a contiguous genomic
sequence characterized by one or more of the polymorphisms of any one of Tables 1 to 4.

In some embodiments, the donor parent plant is any cannabis variety that is cross fertile
with the recipient parent plant.

In some embodiments, MAS or MAB may be used in a method of backcrossing plants
carrying or lacking the purple color trait to a recipient parent plant. For example, an F1 plant from
a breeding population can be crossed again to the recipient parent plant. In some embodiments,
this method is repeated.

In some embodiments, the resulting plant population is then screened for the purple color
trait using MAS with molecular markers to identify progeny plants that contain or lack one or more
purple color polymorphisms, such as those described in any one of Tables 1 to 4, indicating the
presence or absence of an allele of a QTL associated with the purple color phenotype. In another
embodiment, the population of cannabis plants may be screened by any analytical methods

known in the art to identify plants with desired characteristics.

Methods to genetically engineer plants to achieve the presence or absence of purple color
using mutagenesis or gene editing techniques

Identifying QTLs, and individual polymorphisms, that correlate with a trait when measured
in an F1, F2, or similar, breeding population indicates the presence of one or more causative
polymorphisms in close proximity the polymorphism detected by the molecular marker. In some
embodiments, the polymorphisms associated with the purple color trait is introduced into, or
removed from, a plant by other means so that a trait, such as the purple color trait, can be
introduced into plants that would not otherwise contain associated causative polymorphisms or
removed from plants that would otherwise contain associated causative polymorphisms.

The entire QTLs or parts thereof which confer the purple color trait described herein may
be introduced into, or removed from, the genome of a cannabis plant to obtain plants with or
without a purple color phenotype through a process of genetic modification known in the art, for
example, but not limited to, heterologous gene expression using various expression cassettes.

The trait described herein may be introduced into, or removed from, the genome of a
cannabis plant to obtain plants that include or exclude the causative polymorphisms and the
potential to display a purple color phenotype through processes of genetic modification known in
the art, for example, but not limited to, CRISPR-Cas9 targeted gene editing, TILLING, non-
targeted chemical mutagenesis using e.g. EMS.

Plants may be screened with molecular markers as described herein to identify transgenic
individuals with or without a purple color QTL or polymorphism(s), following the genetic

modification.
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In some embodiments, cannabis plants comprising or lacking one or more of the
polymorphisms of any one of Tables 1 to 4 associated with the purple color QTLs are provided.
In some embodiments the purple color QTL, or one or more polymorphisms associated therewith
are introduced into, or removed from, the plants. For example, by genetic engineering. In some
embodiments the one or more polymorphisms are introduced into, or removed from, the plants
by breeding, such as by MAS or MAB, for example as described herein.

Accordingly, in a further embodiment, Cannabis sativa plants comprising or lacking a
purple color QTL described herein, or one or more polymorphisms associated therewith, are
provided, with the proviso that the plant is not exclusively obtained by means of an essentially

biological process.

The following examples are offered by way of illustration and not by way of limitation.

EXAMPLE 1

Genome-wide association studies (GWAS) of purple flower color in Cannabis

During outdoor field trials in 2020 it was observed that several populations of cannabis
plants were comprised of individuals with varying degrees of purple-colored flowers. To identify
molecular markers for the appearance of purple color in Cannabis the study was initially focused
on the apical inflorescence in a diverse population comprising 3220 individuals.

Trimmed and dried apical inflorescence of Cannabis sativa genotypes were photographed
and visually assessed for the presence of purple areas.

Individual plants whose apical inflorescence showed at least some purple areas were
coded as 1, those only showing green areas were coded as 0.

DNA was extracted from about 70 mg of leaf discs from all the plants evaluated using an
adapted kit with “sbeadex” magnetic beads by LGC Genomics, which was automated on a
KingFisher Flex with 96 Deep-Well Head by Thermo Fisher Scientific.

The extracted DNA served as a template for the subsequent library preparation for
sequencing. The library pools were prepared according to the manufacturer’'s instructions
(AgriSeq™ HTS Library Kit—96 sample procedure from Thermo Fisher Scientific). Targeted
sequencing of a custom SNP marker panel based on the Cannabis Sativa CS10 reference
genome was carried out on the lon Torrent system by Thermo Fisher Scientific. The primers for
the SNPs identified are provided in Table 5. The library pool was loaded onto lon 550 chips with
lon Chef and sequenced with lon GeneStudio S5 Plus according to the manufacturer’s
instructions (lon 550™ Kit from Thermo Fisher Scientific).

From a population of 3220 individuals, a genome-wide association study (GWAS) was
performed to detect significant associations between genotypic information derived from targeted

resequencing of the custom SNP marker panel described above and the appearance of purple
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color in the apical inflorescence. Flowers were coded as 1 for those showing at least some purple
and 0 for those only showing green areas.

The genotypic matrix was filtered for SNPs having more than 30% missing values within
the population and a minor allele frequency lower than 5%. This resulted in 2699 SNP markers
after filtering. The GWAS was performed using GAPIT version 3 (J. Wang & Zhang, 2021) with
five statistical models: General Linear Model (GLM), Mixed Linear Model (MLM), FarmCPU and
Blink (model=c("GLM", "MLM", "FarmCPU", "Blink"). A quantile-quantile plot (QQ plot) was used
to evaluate the statistical models. The Blink model performed the best by our evaluation and was
used for the analysis. SNPs surpassing a LOD (-logio(p-value)) value of 5 were considered to
have a significant association with trait variation.

SNPs showing a significant association with purple color in flower, with an LOD value
greater than 5, were found on chromosome NC_044371.1, NC_044373.1, NC_044377.1 with
reference to the Cannabis Sativa CS10 genome and are listed in Table 1. The homozygous allele
of the SNPs in Table 1 that can distinguish the presence of purple flower are listed along with
their position and reference sequence. Interestingly the heterozygous state is also indicative of
purple flower color, however less so than the homozygous state of the allele for purple flower

color, indicating this is a dominant trait.

Table 1: SNPs associated with the purple color trait in flower field trial. The presence of the purple
color trait is predicted by the occurrence of the indicative allele (marked with *). The positions of
the SNPs are provided with reference to the CS10 reference genome as described herein.
“‘Homo_1” denotes the average phenotypic value associated with homozygous allele 1 based on
scoring for purple color from 0 to 1, where 1 indicated a purple plant and 0 indicated a green
plant, “Homo_2" denotes the average phenotypic value associated with homozygous allele 2
based on scoring for purple color from 0 to 1, where 1 indicated a purple plant and O indicated a
green plant and “Hetero” denotes the average phenotypic value associated with heterozygous
based on scoring for purple color from 0 to 1, where 1 indicated a purple plant and O indicated a

green plant. BP refers to the nucleotide position of the SNP.
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EXAMPLE 2

Genome-wide association studies (GWAS) of whole plant purple color in Cannabis

It was observed that the purple color in cannabis is not restricted to the flowers alone. It
can be found in leaves, stem, and other components of the shoot system of cannabis. The
inventors thus sought to identify additional SNP markers associated with whole plant purpleness
and to understand if the markers found associated with purple color in flowers were also relevant
to the presence of purple color in the whole plant. They assessed purple color visually of the
whole plant from a mixed population, that is a subset of the population used in Example 1,
consisting of 2274 individuals.

At the time of harvest, plants were photographed, and genotypes were visually assessed
for the presence of purple in the whole plant, the areas on leaf, stem, and flower. Plants showing
at least some purple areas were coded as 1, those only showing green areas were coded as 0.

DNA was extracted from about 70 mg of leaf discs from all the plants evaluated using an
adapted kit with “sbeadex” magnetic beads by LGC Genomics, which was automated on a
KingFisher Flex with 96 Deep-Well Head by Thermo Fisher Scientific.

The extracted DNA served as a template for the subsequent library preparation for
sequencing. The library pools were prepared according to the manufacturer’'s instructions
(AgriSeq™ HTS Library Kit—96 sample procedure from Thermo Fisher Scientific). Targeted
sequencing of a custom SNP marker panel based on the Cannabis Sativa CS10 reference
genome was carried out on the lon Torrent system by Thermo Fisher Scientific. The primers for
the SNPs identified are provided in Table 5. The library pool was loaded onto lon 550 chips with
lon Chef and sequenced with lon GeneStudio S5 Plus according to the manufacturer’s
instructions (lon 550™ Kit from Thermo Fisher Scientific).

From a population of 2274 individuals, a genome-wide association study (GWAS) was
performed to detect significant associations between genotypic information derived from targeted
resequencing of the custom SNP marker panel described above and the appearance of purple
color in the whole plant. Plants were coded as 1 for those showing at least some purple and O for
those only showing green areas.

The genotypic matrix was filtered for SNPs having more than 30% missing values within
the population and a minor allele frequency lower than 5 %. This resulted in 2350 SNP markers
after filtering. The GWAS was performed using GAPIT version 3 (J. Wang & Zhang, 2021) with
five statistical models: General Linear Model (GLM), Mixed Linear Model (MLM), FarmCPU and
Blink (model=c("GLM", "MLM", "FarmCPU", "Blink"). A quantile-quantile plot (QQ plot) was used
to evaluate the statistical models. The Blink model performed the best by our evaluation and was
used for the analysis. SNPs surpassing a LOD (-logio(p-value)) value of 5 were considered to

have a significant association with trait variation.
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The inventors identified SNPs significantly associate with purple color in the whole plant
on chromosome NC_044372.1, NC_044377.1, NC_044378.1, listed in Table 2. They identified
two SNP markers that were found in both experiments “common_4485” and “common_4448”, as
well as 10 additional SNP markers. The new insight indicated that the same QTL on chromosome

NC_044377.1 was associated with purple color in both the flower and the whole plant.

Table 2: SNPs associated with the purple color trait in a whole plant field trial. The presence of
the purple color trait is predicted by the occurrence of the indicative allele (marked with *). The
positions of the SNPs are provided with reference to the CS10 reference genome as described
herein. Homo_1” denotes the average phenotypic value associated with homozygous allele 1
based on scoring for purple color from 0 to 1, where 1 indicated a purple plant and O indicated a
green plant, “Homo_2” denotes the average phenotypic value associated with homozygous allele
2 based on scoring for purple color from 0 to 1, where 1 indicated a purple plant and 0 indicated
a green plant and “Hetero” denotes the average phenotypic value associated with heterozygous
based on scoring for purple color from 0 to 1, where 1 indicated a purple plant and O indicated a

green plant. BP refers to the nucleotide position of the SNP.
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EXAMPLE 3

Genome-wide association studies (GWA) of purple color in an F; Population in
Cannabis

To confirm the ability to monitor the transmissibility of the purple color through monitoring
SNP markers associated with this trait in the next generations, to identify additional SNP markers
associated with purple color in cannabis, and to identify candidate genes that may be involved in
the presence or absence of purple color, the inventors generated an F> population designated
GID: 21 002 035 0000 from the selfing of a progeny from parents GID:20 000 104 0000 known to
be stable for the appearance of purple color in the whole plant and GID:20 000 072 0000 known
to rarely display purple color in the whole plant.

They assessed purple color visually of the whole plant from F» population GID: 21 002
035 0000 consisting of 137 individuals. At the time of harvest, genotypes were visually assessed
for the presence of purple in the whole plant, the areas on leaf, stem, and flower.

Plants were assessed for purple color in the whole plant with a score from 1 to 9, where 1
indicates a completely green plant and 9 a completely purple plant. A total of 41 (28,87 % of total
population) plants were scored less than 5 (predominantly green), while 101 (71,12 % of total
population) plants were scored greater than or equal to 5 (more purple). This indicates a dominant
allele controlling purple color in the whole plant and the flower and that the trait is transmissible.

DNA was extracted from about 70 mg of leaf discs from all the plants evaluated using an
adapted “sbeadex kit” with magnetic beads by LGC Genomics, automated on a KingFisher Flex
with 96 Deep-Well Head by Thermo Fisher Scientific.

The extracted DNA served as a template for the subsequent library preparation for
sequencing. The library pools were prepared according to the manufacturer’'s instructions
(AgriSeq™ HTS Library Kit—96 sample procedure from Thermo Fisher Scientific). Targeted
sequencing of a custom SNP marker panel based on the Cannabis Sativa CS10 reference
genome was carried out on the lon Torrent system by Thermo Fisher Scientific. The primers for
the SNPs identified are provided in Table 5. The library pool was loaded onto lon 550 chips with
lon Chef and sequenced with lon GeneStudio S5 Plus according to the manufacturer’s
instructions (lon 550™ Kit from Thermo Fisher Scientific).

From a population of 137 individuals, a genome-wide association analysis (GWAS) was
performed to detect significant associations between genotypic information derived from targeted
resequencing of the custom SNP marker panel described above and the appearance of purple
color in the whole plant. Plants were assigned a score from 1 to 9, where 1 indicates a completely
green plant and 9 a completely purple plant.

The genotypic matrix was filtered for SNPs having more than 30% missing values within
the population and a minor allele frequency lower than 5 %. This resulted in 4212 SNP markers
after filtering. The GWAS was performed using GAPIT version 3 (J. Wang & Zhang, 2021) with
five statistical models: General Linear Model (GLM), Mixed Linear Model (MLM), FarmCPU and
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Blink (model=c("GLM", "MLM", "FarmCPU", "Blink"). A quantile-quantile plot (QQ plot) was used
to evaluate the statistical models. The Blink model performed the best by our evaluation and was
used for the analysis. SNPs surpassing a LOD (-logio(p-value)) value of 5 were considered to
have a significant association with trait variation.

Here, SNPs significantly associated with purple color in the whole plant were found
exclusively on chromosome NC_044377.1, listed in Table 3. The inventors show that the
presence of the indicative homozygous allele is strongly associated with purple color in this
segregating population. The SNPs identified in Table 3 are useful in predicting the presence or
absence of purple color in the whole plant. The inventors show that the heterozygous state of the
allele associates with purple color, though less so than the homozygous state. The homozygous
state of the reference allele is clearly associated with plants that are not purple.

From SNP marker “common_4519” (Table 3), showing the highest association purple
color in the F» population, a constant decrease in LOD values can be observed for neighboring
increasingly distant markers, showing an erosion of linkage disequilibrium caused by
recombination. This observation shows the marker panel used in this study can be used to monitor

linkage decay across the genome and for determining the QTL with high confidence.

Table 3: SNPs associated with the purple color trait in a whole plant, F2 population 21 002 035
0000 on Chromosome NC_044377,1. The presence of the purple color trait is predicted by the
occurrence of the indicative allele (marked with *). The positions of the SNPs are provided with
reference to the CS10 reference genome as described herein. Homo_1” denotes the average
phenotypic value associated with homozygous allele 1 based on a score from 1-9, as described
in the text, where 1 indicates a green plant and 9 indicates a purple plant, “Homo_2” denotes the
average phenotypic value associated with homozygous allele based on a score from 1-9, as
described in the text, where 1 indicates a green plant and 9 indicates a purple plant and “Hetero”
denotes the average phenotypic value associated with heterozygous based on a score from 1-9,
as described in the text, where 1 indicates a green plant and 9 indicates a purple plant. BP refers

to the nucleotide position of the SNP.
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EXAMPLE 4

Validation of purple color markers in Cannabis

The inventors identified SNP markers that are associated with purple color in whole
cannabis plants. To validate the usefulness of the SNP markers identified they evaluated their
effectiveness in predicting the presence of purple color in cannabis plants in a different F2
population of cannabis plants. This F, population designated GID: 21 002 046 0000 was made
from the selfing of a progeny of parents GID: 20 000 006 0000 known to not display the
appearance of purple color in the whole plant and GID: 20 000 083 0000 known to display purple
color in the whole plant.

Purple color was visually assessed of the whole plant from F2 population GID: 21 002 046
0000 consisting of 113 individuals. At the time of harvest, plants were visually assessed for the
presence of purple in the whole plant, the areas on leaf, stem, and flower. Plants were assessed
for purple color in the whole plant with a score from 1 to 9, where 1 indicates a completely green
plant and 9 a completely purple plant. A total of 30 (26.54% of total population) plants were
scored less than 5 (more green), while 83 (73.45 % of total population) plants were scored greater
than or equal to 5 (more purple). This indicates a dominant allele controlling purple color in the
whole plant and the flower and that the trait is transmissible.

DNA was extracted from about 70 mg of leaf discs from all the plants evaluated using an
adapted “sbeadex kit” with magnetic beads by LGC Genomics, automated on a KingFisher Flex
with 96 Deep-Well Head by Thermo Fisher Scientific.

The extracted DNA served as a template for the subsequent library preparation for
sequencing. The library pools were prepared according to the manufacturer’'s instructions
(AgriSeq™ HTS Library Kit—96 sample procedure from Thermo Fisher Scientific). Targeted
sequencing of a custom SNP marker panel based on the Cannabis Sativa CS10 reference
genome was carried out on the lon Torrent system by Thermo Fisher Scientific. The primers for
the SNPs identified are provided in Table 5. The library pool was loaded onto lon 550 chips with
lon Chef and sequenced with lon GeneStudio S5 Plus according to the manufacturer’s
instructions (lon 550™ Kit from Thermo Fisher Scientific).

From a population of 113 individuals, a genome-wide association analysis (GWAS) was
performed to detect significant associations between genotypic information derived from targeted
resequencing of the custom SNP marker panel described above and the appearance of purple
color in the whole plant. Plants were assigned a score from 1 to 9, where 1 indicates a completely
green plant and 9 a completely purple plant.

The genotypic matrix was filtered for SNPs having more than 30% missing values within
the population and a minor allele frequency lower than 5 %. This resulted in 4015 SNP markers
after filtering. The GWAS was performed using GAPIT version 3 (J. Wang & Zhang, 2021) with
five statistical models: General Linear Model (GLM), Mixed Linear Model (MLM), FarmCPU and
Blink (model=c("GLM", "MLM", "FarmCPU", "Blink"). A quantile-quantile plot (QQ plot) was used



-39-

to evaluate the statistical models. The Blink model performed the best by our evaluation and was
used for the analysis. SNPs surpassing a LOD (-logio(p-value)) value of 5 were considered to
have a significant association with trait variation.

Here the inventors identified additional SNPs significantly associate with purple color in
the whole plant on chromosome NC_044377.1 and NC_044374.1 listed in Table 4 (Figure 2).

The inventors then looked specifically at the three SNPs on chromosome
NC_044377.1 identified in Example 3 from population GID: 21 002 035 0000 with the highest
LOD scores — “common_4519”, “common_4525” and “common_4500” (Table 3). They found that
in the F2 population designated GID: 21 002 046 0000 these SNP markers were strongly linked
to the gene and/or causative SNP underlying the appearance of purple color in cannabis, based
on their LOD scores. These SNP markers can be used to predict of the presence or absence of
purple color in the whole plant, including the flower. In the case of SNP “common_4519”,
“‘common_4525”, and “common_4500” when homozygous for the indicative allele, in these cases
at Allele 2, on average plants were found to have a score above 7, indicating a highly purple plant.
For these three SNPs when heterozygous for the indicative allele, on average plants were found
to have a score under 7, indicating that these were slightly less purple than the homozygous case.
When, alternatively, the plants were homozygous for allele 1, on average the purple score was
below 3.65, indicating a plant that is not purple. This shows that it is possible to produce a plant
with purple color from a cross between a non-purple plant and a plant that is homozygous or
heterozygous for the alleles associated with purple color without relying on the appearance of
purple color to determine selection. Through the use of the provided markers it is possible to
determine the allele state of the SNPs for the purple trait in order to identify the presence of the
trait in the absence of the appearance of purple color to aid selection and identification of plants
with with SNPs associated with the purple trait.

When considering the SNPs associated with purple color found in the GWAS from the two
F> populations, a well-defined QTL on chromosome NC_044377.1 can be defined (Table 4,
Figure 2). This QTL is well defined by the SNPs“‘GBScompat_common_864"
and “GBScompat_common_879” at reference positions 68717484 to 77040783 on chromosome
NC_044377.1. The SNP markers as well as the entire region that make up the QTL are linked to
the gene and/or causative SNP underlying the appearance of purple color in cannabis as
demonstrated by the linkage decay observed to a level under the LOD threshold of 5.

A second QTL associated with purple color can also be defined based on this experiment
on NC_044374.1 based on the SNP markers “common_2448”, “GBScompat_common_473”, and
“GBScompat_rare_86". This QTL is defined by the genomic region linked to these SNP markers
and can be considered to be centered at position 6600328 on NC_044374.1 with reference to the
CS10 genome of Cannabis Sativa.
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Table 4: Validation of Purple Color in Whole Plant, F2 population 21 002 046 0000 showing the
SNPs associated with the purple color trait. The presence of the purple color trait is predicted by
the occurrence of the indicative allele (marked with *). The positions of the SNPs are provided
with reference to the CS10 reference genome as described herein. Homo_1” denotes the average
phenotypic value associated with homozygous allele 1 based on a score from 1-9, as described
in the text, where 1 indicates a green plant and 9 indicates a purple plant, “Homo_2" denotes the
average phenotypic value associated with homozygous allele based on a score from 1-9, as
described in the text, where 1 indicates a green plant and 9 indicates a purple plant and “Hetero”
denotes the average phenotypic value associated with heterozygous based on a score from 1-9,
as described in the text, where 1 indicates a green plant and 9 indicates a purple plant. BP refers

to the nucleotide position of the SNP.
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Table 5: Targeted sequencing primers for the SNPs identified in Tables 1 to 4, as described in

Examples 1 to 4.

SEQID SEQID
SNP Forward Primer NO Reverse Primer NO
SEQID SEQ ID
common_1535 | GCAAATGAGTTGGTGAGCCA NO:48 GCCAATGCAGCATCCAACTC NO:49
SEQID SEQ ID
common_2032 | GGGGTGATGTGAATGAGTGC NO:50 CCTGGGATGCTGTGTGTTCT NO:51
SEQ ID SEQ ID
common_2262 | AAATTAAGAGCAGTTTCACGTGT | NO:52 TGCTCGAATCTGCTACATTGC NO:53
SEQID SEQ ID
common_2448 | AAGACTCTTGGGGGCCTTTG NO:54 CCATCATATACCCTGCAACAACC NO:55
SEQ ID SEQ ID
common_4054 | TTACCCATCGTGGCTGACTG NO:56 CGCAACTAACGGCAACCAAA NO:57
SEQID SEQ ID
common_4414 | TTCACAAACCGCAGCTACCT NO:58 TGGACTCTTGTGGCTGCAAT NO:59
SEQID SEQ ID
common_4432 | AGCAACGGTGAATTGACAACA NO:60 AATGGCTCAGGTTIGGTGGTT NO:61
SEQID SEQ ID
common_4446 | TTGGAAGAATGGCGGGTCAG NO:62 TATCCCCCTGCTCACTGTGA NO:63
SEQID SEQ ID
common 4451 | ACACCGTCTTGCTTCATCCC NO:64 TGGGCTACAACTACGCAGTC NO:65
SEQID SEQ ID
common 4452 | TGTTGGTGCTAGCCACACTC NO:66 AGGACCAATTTCACCACCCA NO:67
SEQID SEQ ID
common 4459 | AAGCATGTCAAGACTGGGGC NO:68 ACCGATGCATTGAAGCTTGT NO:69
SEQID SEQ ID
common 4462 | GAAGGAGGCTGTATGAGGGC NO:70 GGTTGACACTGAGTTTGGAGC NO:71
SEQID SEQ ID
common 4465 | AAGGGTAAGGGAGAGTGGCA NO:72 AGCTCGACTAATGGGGATGA NO:73
SEQID SEQ ID
common 4472 | GCATTCTCTGCCTAACAAATTGT | NO:74 CCTAAAGGCTTTTTGGCGGT NO:75
SEQ ID SEQ ID
common 4474 | GTGATGCCTCAGTTTTAGCAGC NO:76 GGAACATGAACAAGAGCGGC NO:77
SEQID SEQ ID
common 4475 | TCCACATATCACACCTTCCCC NO:78 TCTCCAACATACACCGCGAG NO:79
SEQID SEQ ID
common 4483 | TTATGGCGACTCAGAGGCCT NO:80 ACCAAATTGCCATTGTGTGCA NO:81
SEQID SEQ ID
common 4485 | TATTTTCCGGCGTTCCTCCG NO:82 GGAGAGACTCAAGGCGGTTC NO:83
SEQID SEQ ID
common 4486 | CAATTCTGCAGCGTCTCTACA NO:84 CACGCACAAAGTCTCCCTCT NO:85
SEQID SEQ ID
common 4487 | TGTTTCGTGGGTCGTTTTCC NO:86 ACCTTGTCATCGCAGGAACT NO:87
SEQID SEQ ID
common_4499 | CAGATAGGACACTCTGAACAAGC | NO:88 TCAGGCTCGAATGCAAGAGA NO:89
SEQID SEQ ID
common_4500 | GAGAAATCTCAACCCCTGTGGT NO:90 AACTAGCCCATGCGAATGGT NO:91
SEQID SEQ ID
common_4502 | TCAGTGGAGTCTCTGGTGACA NO:92 GGCTAGCCCGCTTTATCACA NO:93
SEQ ID SEQ ID
common_4504 | TGCTGGGGATGAGAATGGTG NO:94 ATGGGTGTGGATGCAGTCAG NO:95
SEQ ID SEQ ID
common_4513 | AGAGAAGGCCATCTCCGAGT NO:96 GAATCTTACGAGGCAACGAGC NO:97
SEQID SEQ ID
common_4514 | ACCTCGGAGACCATGTCATTG NO:98 GGTTTGGTTGGGGAAACAGG NO:99
SEQID SEQ ID
common_4517 | GCATGAGCATACCCACTTGC NO:100 | CGGCCAATGCATCGAAAAGT NO:101
SEQID SEQ ID
common_4518 | TTAATGGGAGCGGTTGCCTT NO:102 | GCATCTCACCACATGATGACC NO:103
SEQID SEQ ID
common_4519 | GATGCATCCTCCCACAAGGT NO:104 | CGGGCCAGTTCTAAGTACCC NO:105
SEQID SEQ ID
common_4522 | GGACGGGTTGCCTATGTTCT NO:106 | ACTCATCTGAGCCAACTCGC NO:107
SEQID SEQ ID
common_4525 | CAAGTGCTTGCTGAGGATGG NO:108 | GCGCTACAGGCTCTCAGAAT NO:109
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SEQID SEQID
common_4526 | CAACAGCATATCGGGGGCTT NO:110 | CTCTTCGGGCCAGATCTGTG NO:111

SEQID SEQID
common_4528 | ACAAATCCCACTCCAATTCCCA NO:112 | GTCATTCCAACAAGCTTGGCA NO:113

SEQID SEQID
common_4599 [ ACGAAAAAGAGGCGCTTCTTG NO:114 | AGGTCCAGTTAAGCTGTTGTAAGT NO:115

SEQID SEQID
common_5220 | ATTGATGGTGGTGATGGGCA NO:116 | TCCGAGGACGACTTTCTAGGT NO:117

SEQID SEQID
common_816 | CCTGATCATGGGCAGCATCA NO:118 | TTAGAAACAGCCTGGTGGGG NO:119
GBScompat_ SEQ ID SEQ ID
common_473 | GCATCACAGGTGCTCCAGAT NO:120 | AGTGATGAATACCGGAGCAGC NO:121
GBScompat_ SEQ ID SEQ ID
common_864 | GTGGGTTAGGAACTGGGAGC NO:122 | AAACACTTCGGAACTGGGCT NO:123
GBScompat_ SEQ ID SEQ ID
common_869 [ ACATCGCCCGTGTAAAACCA NO:124 | TCATGGCTACGGGTTGACAG NO:125
GBScompat_ SEQ ID SEQ ID
common_879 | ACCAAACACATGGCTGCTCT NO:126 | ATCGCGGTTTCATGCTTCTC NO:127
GBScompat_ SEQ ID SEQ ID
rare_164 GGGAAGCAACACCAGTATGC NO:128 | AACAGAAGTTGGGGAGGCAC NO:129
GBScompat_ SEQ ID SEQ ID
rare_165 CAGCCCAAACCTTTTGAGCA NO:130 | CAGGCGTACTGTTGTGAGCA NO:131
GBScompat_ SEQ ID SEQ ID
rare_2 ACAAACTGCTGCCTCTGTATCT NO:132 | GTGCCAGCCATTCTCAAAGC NO:133
GBScompat_ SEQ ID SEQ ID
rare_86 TGCTCCACTGTCTTTCCAGA NO:134 | GCCAAGCTCAAGGAAAACTGA NO:135

SEQID SEQID
rare_547 TCGATGGTGGGCTGGTAATG NO:136 | TGGCTTCTTAGAGCATTGGGG NO:137

SEQID SEQID
common_4448 | TGATCAGCGAAGAAAGGCCA NO:138 | AGCATCACGGCTATGACACC NO:139

SEQID SEQID
common_4463 | TCACTTGCACATCCAGGCAA NO:140 | AGTCTCCATAATCATTGTTGAGAACA | NO:141

EXAMPLE 5

Gene ldentification

There are presently no known genes identified in Cannabis that have been shown to regulate
color in flowers or throughout the whole plant. Genes that regulate flower color through the
biosynthesis of anthocyanins or through their transcriptional regulation have been described and
characterized in several plant species. The inventors considered genes that regulate anthocyanin
levels as being the best candidate genes for controlling the appearance of purple in cannabis color
observed. They next sought to identify putative genes that could encode proteins that may be
responsible for the accumulation of anthocyanins in the total plant and in the flower. Using the findings
of the association studies they identified candidate genes at the QTLs identified.

At the QTL found on chromosome NC_044373.1 based on the SNP “common_2262" at
position 80922439, the inventors looked at a 2mB region centering on this SNP for putative candidate
genes. Genes and annotation of the reference genome CS10 (GCF_900626175.1) were retrieved
from NCBI.
(v3.1, htip://hmmer.janelia.org/, with the option -E 1e-5) with the Pfam database (v33, Finn et al).

Scans for known amino acid domains were performed using hmmer

Gene description, related KEGG pathways and GO terms were identified using Pannzer (v2, Toronen
et al.) using default settings and manually inspected. The inventors identified two genes with gene ID
LOC115712034 and LOC115712567 listed in Table 6. Both are annotated as acyl-transferase family
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proteins. A BLAST search of the amino acid sequences encoded by these genes of all Arabidopsis
thaliana proteins returned an HXXXD-type acyl-transferase family protein as the closest homolog.
Acyl-transferases, like the two identified, may be involved in transferring acyl-groups to the sugar
moieties of anthocyanins affecting the purple color of plant tissue through the stability of the
anthocyanin, causing them to either accumulate or dissipate.

Based on the results of the association study for purple color from the F2 population 21 002
046 0000 the inventors identified a QTL on NC_044374.1 marked by the three SNPs -
“‘common_2448”, “GBScompat_common_473”, and “GBScompat_rare_86". They looked for putative
candidates in the region of this QTL by manual inspection of an annotated gene list for chromosome
NC_044374.1 from the Cannabis sativa CS10 genome. The inventors identified a candidate gene
within 0.1Mb that is annotated to encode an acyl transferase family protein, with gene ID
LOC115716241 listed in Table 6. A BLAST search of the amino acid sequences encoded by these
genes of all Arabidopsis thaliana proteins returned an HXXXD-type acyl-transferase family protein as
the closest homolog. Acyltransferases like the two identified may be involved in transferring acyl-
groups to the sugar moieties of anthocyanins affecting the purple color of plant tissue through the
stability of the anthocyanin, causing them to either accumulate or dissipate.

From the QTL found on NC_044377.1 between position 64950520 — 77040783 the inventors
searched for genes that may encode proteins involved in the biosynthesis or transcriptional regulation
of anthocyanins from an annotated gene list for this region of NC_044377.1 from the Cannabis sativa
CS10 genome. Upon inspection of this genomic region and BLAST analysis of putative candidates
they identified five candidate genes LOC115695758, LOC115725215, LOC115695887,
LOC115695872, LOC115695872 listed in Table 6. The gene IDs LOC115695758, LOC115725215,
LOC115695887 encode putative MYB Transcription factors. MYB Transcription factors in other plant
species act as regulators of secondary metabolism, including positively and negatively regulating
anthocyanin biosynthesis.

The inventors also identify two genes LOC115725215 and LOC115695887 that are
annotated as encoding putative anthocyanidin 3-O-glucosyltransferase. Glucosyltransferase proteins
transfer the sugar moiety to anthocyanidin. Anthocyadins are stabilized by the addition of a sugar
moiety. This suggests a mechanism for the regulation of purple color in cannabis whereby the loss or

gain of function of this protein would affect the accumulation of anthocyanins in plant tissue.
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Table 6: Gene list of candidate genes identified. The gene ID is provided with reference to the publicly

available CS10 genome.

Chromosome | Start End Gene ID Protein ID Description
Position Position

NC_044373.1 | 79836159 | 79837767 | LOC115712034 | XP_030496100.1 | HXXXD-type acyl-
transferase family protein

NC_044373.1 | 79968804 | 79970536 | LOC115712567 | XP_030496724.1 | HXXXD-type acyl-
transferase family protein

NC_044374.1 | 6676610 6680038 LOC115716241 | XP_030500856.1 | HXXXD-type acyl-
transferase family protein

NC_044377.1 | 75409856 | 75419127 | LOC115695758 | XP_030478701.1 | MYB domain TF, 2 SANT
Domains

NC_044377.1 | 75894244 | 75898321 | LOC115725215 | XP_030510513.1 | MYB domain TF

NC_044377.1 | 76275921 | 76280609 | LOC115695887 | XP_030478846.1 | MYB domain TF

NC_044377.1 | 76403822 | 76405684 | LOC115695872 | XP_030478824.1 | anthocyanidin 3-O-
glucosyltransferase 2

NC_044377.1 | 76416328 | 76418041 | LOC115695871 | XP_030478823.1 | anthocyanidin 3-O-
glucosyltransferase 2
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CLAIMS:

1. A method for identifying a Cannabis sativa plant comprising in its genome a purple
color QTL, the method comprising the steps of.
0] genotyping at least one plant with respect to the purple color QTL by detecting one

or more polymorphisms associated with purple color as defined in any one of Tables 1 to

4: and
(i) identifying one or more plants containing the purple color QTL.
2. The method of claim 1, wherein the polymorphism is selected from the group

consisting of “common_4519", “common_4525", and “common_4500”, as defined in Table 4.

3. The method of claim 1 or 2, wherein the genotyping is performed by PCR-based
detection using molecular markers, sequencing of PCR products containing the one or more
polymorphisms, targeted resequencing, whole genome sequencing, or restriction-based

methods, for detecting the one or more polymorphisms.

4. The method of claim 3, wherein the molecular markers are for detecting
polymorphisms at regular intervals within the purple color QTL such that recombination can be

excluded.

5. The method of claim 3, wherein the molecular markers are for detecting
polymorphisms at regular intervals within the purple color QTL such that recombination can be
quantified to estimate linkage disequilibrium between a particular polymorphism and a purple

color phenotype.

6. The method of any one of claims 3 to 5, wherein the molecular markers are

selected from the primer pairs as defined in Table 5.

7. A method of producing a Cannabis sativa plant having a purple color QTL in its
genome, the method comprising the steps of:

0] providing a donor parent plant having in its genome a purple color QTL

characterized by one or more polymorphisms associated with purple color as defined in

any one of Tables 1 to 4,

(i) crossing the donor parent plant having the purple color QTL with at least one

recipient parent plant that does not have the purple color QTL to obtain a progeny

population of cannabis plants;
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(i) screening the progeny population of cannabis plants for the presence of the purple
color QTL; and
(iv) selecting one or more progeny plants having the purple color QTL, wherein the

plant displays the purple color trait.

8. The method of claim 7, further comprising:
V) crossing the one or more progeny plants with the donor recipient plant; or

(vi) selfing the one or more progeny plants.

9. The method of claim 7 or 8, wherein the screening comprises genotyping at least
one plant from the progeny population with respect to the purple color QTL by detecting one or

more polymorphisms associated with purple color as defined in any one of Tables 1 to 4.

10. The method of any one of claims 7 to 9, wherein the method comprises a step of
genotyping the donor parent plant with respect to the purple color QTL by detecting one or more

polymorphisms associated with purple color as defined in any one of Tables 1 to 4.

11. The method of any one of claims 7 to 10, wherein the polymorphism is selected
from the group consisting of “common_4519”, “common_4525”, and “common_4500”, as defined
in Table 4.

12. A method of producing a Cannabis sativa plant that does not include a purple color
QTL in its genome, the method comprising the steps of:

0] providing a donor parent plant having in its genome a QTL associated with an

absence of purple color characterized by one or more polymorphisms associated with the

absence of purple color as defined in any one of Tables 1 to 4;

(i) crossing the donor parent plant having the QTL associated with the absence of

purple color with at least one recipient parent plant that has a purple color QTL to obtain

a progeny population of cannabis plants;

(iii) screening the progeny population of cannabis plants for the presence of the QTL

associated with the absence of purple color; and

(iv) selecting one or more progeny plants having the QTL associated with the absence

of purple color, wherein the plant does not display the purple color trait.

13. The method of claim 12, further comprising:
(v) crossing the one or more progeny plants with the donor recipient plant; or

(vi) selfing the one or more progeny plants.
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14. The method of claim 12 or 13, wherein the screening comprises genotyping at
least one plant from the progeny population with respect to the QTL associated with the absence
of purple color by detecting one or more polymorphisms associated with the absence of purple

color as defined in any one of Tables 1 to 4.

15. The method of any one of claims 12 to 14, wherein the method comprises a step
of genotyping the donor parent plant with respect to the purple color QTL by detecting one or

more polymorphisms associated with purple color as defined in any one of Tables 1 to 4.

16. The method of any one of claims 12 to 15, wherein the polymorphism is selected
from the group consisting of “common_4519”, “common_4525”, and “common_4500”, as defined
in Table 4.

17. The method of any one of claims 9, 10, 14 and 15, wherein the genotyping is
performed by PCR-based detection using molecular markers, sequencing of PCR products
containing the one or more polymorphisms, targeted resequencing, whole genome sequencing,

or restriction-based methods, for detecting the one or more polymorphisms.

18. The method of claim 17, wherein the molecular markers are for detecting
polymorphisms at regular intervals within the QTL such that recombination can be excluded or
such that recombination can be quantified to estimate linkage disequilibrium between a particular

polymorphism and a purple color phenotype or absence of purple color phenotype.

19. A method of producing a Cannabis sativa plant comprising a purple color trait, the
method comprising introducing a purple color QTL characterized by one or more polymorphisms
associated with purple color as defined in any one of Tables 1 to 4 into a Cannabis sativa plant,

wherein said purple flower QTL is associated with the purple color trait.

20. The method of claim 19, wherein introducing the purple color QTL comprises
crossing a donor parent plant in which the purple color QTL is present, with a recipient parent

plant in which the purple color QTL is not present.

21. The method of claim 19, wherein introducing the purple color QTL comprises

genetically modifying the Cannabis sativa plant.

22. A method of producing a Cannabis sativa plant that does not display a purple color

trait, the method comprising introducing a QTL characterized by one or more polymorphisms
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associated with the absence of purple color as defined in any one of Tables 1 to 4 into a Cannabis

sativa plant, wherein said QTL is associated with the absence of purple color in the plant.

23. The method of claim 22, wherein introducing the QTL comprises crossing a donor
parent plant in which the QTL associated with the absence of purple color is present, with a

recipient parent plant in which the QTL is not present.

24. The method of claim 22, wherein introducing the QTL associated with the absence

of purple color comprises genetically modifying the Cannabis sativa plant.

25. A Cannabis sativa plant identified according to the method of any one of claims 1
to 6, or produced according to the method of any one of claims 7 to 24, provided that the plant is

not exclusively obtained by means of an essentially biological process.

26. A Cannabis sativa plant comprising a purple color QTL characterized by one or
more polymorphisms associated with purple color as defined in any one of Tables 1 to 4, provided

that the plant is not exclusively obtained by means of an essentially biological process.

27. A Cannabis sativa plant comprising a QTL associated with the absence of purple
color characterized by one or more polymorphisms associated with the absence of purple color
as defined in any one of Tables 1 to 4, provided that the plant is not exclusively obtained by means

of an essentially biological process.

28. A quantitative trait locus that controls a purple color trait in Cannabis sativa,
wherein the quantitative trait locus is defined by a single nucleotide polymorphism at position
80922439 of NC_044373.1 or a genetic marker linked to the QTL.

29. A quantitative trait locus that controls a purple color trait in Cannabis sativa,
wherein the quantitative trait locus is defined by a single nucleotide polymorphism at position
6600328 of NC_044374 or a genetic marker linked to the QTL.

30. A quantitative trait locus that controls a purple color trait in Cannabis sativa,
wherein the quantitative trait locus has a sequence that corresponds to nucleotides 68717484 to
77040783 of NC_044377.1 and is defined by one or more polymorphisms associated with purple

color as defined in any one of Tables 1 to 4 or a genetic marker linked to the QTL.
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31. An isolated gene that controls a purple color trait in a Cannabis sativa plant,
wherein the gene is selected from the group consisting of the genes as defined in Table 6 with
reference to the CS10 genome.

32. The isolated gene of claim 31, wherein the gene has the gene identity number
LOC115695758 and encodes a putative MYB Transcription factor.

33. The isolated gene of claim 31, wherein the gene has the gene identity number
LOC115695872 or LOC115695871 and encodes an anthocyanidin 3-O-glucosyltransferase 2.
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