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Preface

Cannabis sativa L. (Linnaeus) is an annual herbaceous plant that produces 570 phytochemicals,
with 125 of these being characterised as cannabinoids. Cannabinoids have demonstrated
medicinal potential in the treatment of multiple conditions including glaucoma, sleeplessness,
depression, Alzheimer’s disease, neuralgia and multiple sclerosis. Cannabis sativa plants that
have adapted to the environment of a specific geographic region are referred to as a “landrace”;
these landraces differ in their cannabinoid profiles and production levels compared to
commercial cultivars. Here we have sequenced and assembled the genome of C. sativa landrace
Swazi Gold (SG), which originates in the Kingdom of Eswatini and represents the first genome
of an African landrace. Subsequently we undertook genome annotation and comparative
genomic analyses to gain a better understanding of the genetics underlying cannabinoid
biosynthesis in an African landrace, which could in turn be exploited in various therapeutic and

medicinal applications.

In Chapter, 1 the relevant literature available regarding the taxonomy, history and morphology
of C. sativa is provided in a comprehensive review. This is followed by an overview on its
medicinal applications, cannabinoid biosynthesis and the therapeutic applications of the major
cannabinoids. Additionally, current knowledge on plant genome assembly, focusing on

C. sativa genome research and its gaps is discussed.

In Chapter 2, the genome of C. sativa SG was sequenced using short-read and long-read
approaches. Multiple de novo assembly strategies were evaluated to produce a high-quality
draft genome assembly coupled with reference-based refinement and polishing. Subsequently,

the refined draft genome underwent structural and functional annotation.

In Chapter 3, a comparative genomic analysis of the draft genome of C. sativa SG and 13
publicly available C. sativa genomes of C. sativa (and one additional C. sativa genome
assembled in house) was performed, with specific focus on their cannabinoid biosynthetic and

secondary metabolite loci.

Finally, a summary highlights key findings of this research and provides recommendations on
future work that should be undertaken to further understand the evolutionary lineage and
biosynthetic pathways of C. sativa to ultimately explore the therapeutic applications of this

plant.
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1.1. Introduction

Cannabis sativa L. is an annual herbaceous plant belonging to the family Cannabaceae and
order Rosales (Radwan et al., 2021). It is widely accepted that the genus Cannabis comprises
of a single (monotypic) species, C. sativa, with polymorphic subspecies namely indica, sativa
and ruderalis (McPartland, 2018; Sawler et al.,, 2015; Small & Cronquist, 1976). However,
some scientists argue that the genus is polytypic (Hillig, 2005; Steel et al., 2023), incorporating
three distinct species, namely C. sativa, C. indica Lam (Lamarck) and  C. ruderalis, with

each displaying significant phenotypic differences (Sawler et al., 2015).

Cannabis sativa thrives in a wide variety of environments, ranging from sea level and
temperate zones to alpine foothills (Radwan et al., 2021). Its growth outside of the agricultural
setting predominantly includes habitats created by or associated with humans, such as disturbed
land, landfills, farmland, roadsides, vacant lots, railways, trails and exposed riverbanks (Clarke
& Watson, 2007). This plant has the potential to grow up to five metres in height under optimal
conditions (Braich et al., 2020).

Cannabis sativa is dioecious, having both male and female plants (Braich et al., 2020;
Hurgobin et al, 2020). It is a diploid, comprising nine autosomes and one pair of sex
chromosomes (X and Y) (Braich et al., 2020). The estimated diploid genome size of the female
and male plants has been determined using flow cytometry to be 1,636 £ 7.2 and 1,683 +
13.9 Mbp, respectively (Braich, 2020; Hurgobin et al., 2020).

1.2. Environmental origins and global distribution

Cannabis originated in Central Asia, approximately 12,000 years ago, making it one of the
oldest cultivated crops (Bradshaw et al, 1981; Long et al., 2017). As knowledge of the
advantages associated with this plant increased, Cannabis cultivation spread from Asia across
the globe (Fidan et al., 2023). By the early nineteenth century, it was introduced into western
medicine and is currently cultivated legally and illegally on every continent except for
Antarctica (Figure 1.1) (Lynch et al., 2016; van Bakel et al., 2011; Zuardi, 2006). Due to the
extensive geographical and ecological range of C. sativa, outdoor populations can be found in
a variety of habitats including the Arctic circle, with tropical populations being very rare
(Clarke & Merlin, 2013). When a Cannabis plant is indigenous to a specific geographic region

and has adapted to the environmental conditions in that region it is referred to as a “landrace”
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(Sawler et al., 2015). Each landrace has unique characteristics including cannabinoid profile,
growth patterns and morphology (Braich et al., 2020). The diverse phytochemical composition,
morphological and evolutionary characteristics of C. sativa have led to multiple debates on its
taxonomic status and origin of domestication. Currently, there is no consensus regarding the

exact location of its origin (Hillig & Mahlberg, 2005; Hillig, 2005).
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Figure 1.1: Geographical distribution of legal Cannabis sativa cultivation based on its application as

of January 2019 (Image from Chouvy, 2019).
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1.2. Plant morphology and life cycle

Cannabis is propagated from seed and considered an annual herb, completing one life cycle
within one year (Radwan et al., 2021; Ranalli, 1999). The life cycle is comprised of four
defined stages: germination, a seedling stage, vegetative stage and a flowering stage
(Cervantes, 2007). These stages differ in environmental, nutritional and sunlight requirements

(Radwan et al., 2021).

The first stage, germination, begins when ripe seeds (that have fallen to the ground or have
been planted) are provided with ideal growth conditions (Ranalli, 1999). These conditions
include sufficient water, nutrients and sunlight. During germination the seedling, consisting of
cotyledons (seed leaves), sprouts from the seed coat (Cervantes, 2007). The vegetative stage
consists of substantial increase in plant biomass when the daylight hours per day increase
(Ranalli, 1999). This phase also includes plant hormone changes, the formation of leaves and
trichomes, root growth for increased nutrient and water uptake and the upregulation of genes
important to this phase-transition (Spitzer-Rimon et al., 2022). To complete its life cycle
Cannabis must flower and produce seeds (Cervantes, 2007). After four weeks of vegetative
growth male and female pre-flowers are produced, leading to the flowering stage (Spitzer-
Rimon et al., 2022). Flowering occurs when the plant is exposed to day lengths of less than
12-14 hours and long nights of 10-12 hours (Clarke & Watson, 2007). The flowering stage is
characterised by a change in plant biomass to floral induction, including male and female
flowers, and increased resin production. Pollen grains from male flowers are transported via
air currents, which facilitates contact with female flowers. Pollination and pollen shedding
from the male plants usually lasts between two to four weeks (Cervantes, 2007; Ranalli, 1999).
Following fertilisation, the single seeds in the female flowers ripen in three to eight weeks.
Ripe seeds are either harvested or fall to the ground where they will germinate and the plants

life cycle repeats (Cervantes, 2007).

Cannabis sativa plant produces palmate leaves made up of five to seven leaflets which taper at
both ends and have serrated margins (Farag & Kayser, 2017; Happyana et al, 2013;
Huchelmann et al., 2017). It is rich in glandular trichomes which cover the stems, bracts and
leaves of the plant. In female plants these glandular trichomes are mostly found at the aerial
centre of the plant and enclose and synthesize secondary metabolites including terpenoids and
phytocannabinoids (Andre ef al., 2016). This cannabinoid production is impacted by sunlight,
changing with increased sunlight exposure (Hesami ef al., 2023). The distinction between male

and female plants can be made during plant growth and flowering (Fidan et al, 2023). During
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plant growth the male plant has thick, large stalks and the buds are replaced by small flat round
nodes located where the stem meets the branches (Fidan et al/, 2023; Sawler et al., 2015).
Female plant growth produces buds with a higher leaf count, located predominantly on the
branches and form fruit during the flowering stage (Figure 1.2). The flowers produced by a
male plant do not present with petals or panicles and have five anthers and five tepals that are
yellowish in colour (Bonini ef al., 2018). Female flowers sprout in the axils and terminally,

from which a single fruit is produced per flower.

Anatomy of Trichomes
Cannabis: Male &

and Female plant

Figure 1.2: Morphological structure of male and female Cannabis plants (Image from Fidan et al.,
2023).

1.3. History of the use of Cannabis

Historically the Cannabis plant was used for food, fibre, hemp seeds and medicinal applications
(Zuardi, 2006). The first known record of Cannabis used for these purposes dates back 5,000
years in China (Bonini et al., 2018). Cannabis has also been recorded in ancient books written

about plant medicine as a therapeutic herb, where it was mostly used as a component of a tea

(Hazenkamp et al., 2010).

Following its introduction into Western medicine, Cannabis was used to treat a variety of
conditions, including asthma, epilepsy, fatigue, glaucoma, sleeplessness, labour pains,

menstrual cramps, migraine pain and nausea (Batchelder, 2004; Zuardi, 2006). However, as a
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results of the lack of quality control of Cannabis and its products, preparing a standard medical
dose was difficult, and often resulted in patients receiving doses that were either too low and
ineffective, or too high, leading to serious side effects (Russo, 2007). These drawbacks reduced
the use of medicinal Cannabis, leading to its removal in most Western countries in the

beginning of the twentieth century (Hazenkamp et al., 2010; Zuardi, 2006).

1.4. Cannabinoids

Cannabis research has experienced an uptick following the identification of the endogenous
cannabinoid system, a neuromodulatory system responsible for partially regulating cognitive
and emotional processes in the human central nervous system (CNS) (Grotenhermen, 2005).
Cannabinoids are compounds that interact and associate with mammalian cannabinoid
receptors and evoke biological effects through this interaction (Duggan, 2021). There are three
groups of cannabinoids: phytocannabinoids (found in plants), endocannabinoids
(endogenously produced in humans and animals) and synthetic cannabinomimetics (synthetic
compounds that produce antagonistic effects towards cannabinoid receptors) (Shevyrin &

Morzherin, 2015).

Cannabis sativa produces 570 phytochemicals with 125 of these being characterised as
phytocannabinoids, and the remaining chemicals being characterised as either flavonoids,
alkaloids or terpenes (Pellati er al, 2018). Cannabinoids produced by C. sativa are
predominantly alkyl type cannabinoids, carrying a monoterpene moiety (Cio) with a pentyl side
chain (Cs) (Figure 1.3) (Hanu$ et al, 2016). The most abundant cannabinoids present in
C. sativa includes the psychotropic A’-tetrahydrocannabinol (A’-THC), and the non-
psychotropics cannabidiol (CBD), cannabichromene (CBC), and cannabigerol (CBG) (EISohly
et al., 2017; Happyana & Kayser, 2016). Psychotropic refers to a substance that affects mental
and psychological functions leading to changes in mood, feelings, behaviour, awareness and

thoughts (EISohly et al., 2017).

Based on their cannabinoid profile, C. sativa plants are divided into five chemotypes
(Appendino et al., 2011; Hartsel et al., 2016; Tomas & ElSohly, 2015). Chemotype I consist
of drug-type plants predominantly producing A’~THC-type cannabinoids. Chemotypes III and
IV comprises fibre-type plants with high non-psychoactive cannabinoid levels and low
psychoactive cannabinoid levels (Appendino ef al., 2011). By contrast, Chemotype II plants
have intermediate characteristics of both fibre-type and drug-type plants. And lastly,
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chemotype V includes fibre-type plants which produce almost no cannabinoids (Appendino et
al., 2011; Tomas & ElSohly, 2015). Drug-type plants are used for recreational and medicinal
applications, while fibre-type plants are used for food or textile applications (Taura et al.,
2007). The A°-THC levels of Cannabis plants classified as industrial hemp with fibre-type
chemotypes are limited, typically ranging between 0.2-1% (Salentijn et al., 2015).

Monoterpene moiety

»
it OH

Pentyl side

Figure 1.3: Alkyl type cannabinoid with monoterpene moiety and pentyl side chain (Image from

Kanabus et al., 2021).

HO CHs

1.5. Cannabinoid biosynthesis in C. sativa

Cannabinoids are synthesized in the glandular trichomes of C. sativa from fatty acids and
isoprenoid precursors (Figure 1.4) (Andre ef al., 2016; Gagne et al., 2012). Biosynthesis begins
with a polyketide synthetic pathway in the cytosol, which produces olivetolic acid (OLA) and
divarinic acid (Dewick, 2009; Stout ef al., 2012). In this pathway, tetraketide synthase (TKS)
catalyses the condensation of one hexanoyl-CoA (to produce OLA) or one butanoyl-CoA (to
produce divarinic acid) with three malonyl-CoA molecules, producing a linear tetraketide
intermediate (3,5,7-trioxododecanoyl-CoA) (Gagne et al., 2012). This intermediate will
undergo a C2 — C7 aldol condensation performed by olivetolic acid cyclase (OAC) to form
Olivetolic acid and divarinic acid as the major products (Taura et al.,, 2007). These products
then serve as the precursors from which all major and minor cannabinoids are derived through

the methylerythritol-4-phosphate (MEP) pathway (Kim et al., 2022).
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Figure 1.4: Cannabinoid biosynthetic pathway in Cannabis sativa resulting in the production of
major cannabinoids. Hexanoyl-CoA and butyl-CoA derived from fatty acid metabolism are used for
the biosynthesis of olivetolic and divarinic acid (Image from Kim et al., 2022). Through the action of
cannabigerolic acid synthase (CBGAS) olivetolic and divarinic acids are converted to cannabinoid acids
Cannabigerolic acid (CBGA), Cannabigerovarinic acid (CBGVA), cannabichromenic acid (CBCA),
cannabidiolic acid (CBDA), cannabidivarinic acid (CBDVA), A’-tetrahydrocannabinolic acid (A°-
THCA) and A’-tetrahydrocannabivarinic acid (A° -THCVA). After heat exposure these acids are
decarboxylated and converted to Cannabigerol (CBG), cannabichromene (CBC), cannabidiol (CBD),
CBDV, A’-tetrahydrocannabinol (A°-THC) and A’-tetrahydrocannabivarinol A’~-THCV). This study

focused on the identification of these major cannabinoid biosynthetic genes in C. sativa Swazi Gold.
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The MEP pathway generates isopentenyl diphosphate and dimethyl allyl diphosphate (Xie et
al., 2023). These compounds are combined to form geranyl pyrophosphate (GPP), providing
the monoterpene fraction needed for the synthesis of cannabinoids (Gulck & Moller, 2020). In
the presence of GPP, OLA and divarinic acid are prenylated (the addition of a hydrophobic
molecule to a biomolecule or protein) to form cannabigerolic acid (CBGA) through the action
of an aromatic prenyltransferase (Cannabigerolic acid synthase - CBGAS) (Luo et al, 2019).
CBGA undergoes oxidative cyclization for the synthesis of cannabichromenic acid (CBCA),
cannabidiolic acid (CBDA), cannabidivarinic acid (CBDVA), A’-tetrahydrocannabinolic acid
(A’>-THCA), and A’-tetrahydrocannabivarinic acid (A>-THCVA) (Marks et al., 2009; Taura et
al., 1996). The resultant cannabinoids are stored in the resin cavities of the plant in their
carboxylic acid forms. These forms are unstable and readily decarboxylated when exposed to
heat or light, resulting in their conversion to CBG, CBC, CBD, cannabidivarin (CBDV),
A°-THC and A’-tetrahydrocannabivarin (A°~THCV), respectively (Tan et al., 2018).

1.6. Medical applications of C. sativa cannabinoids

The endocannabinoid system partially regulates emotional and cognitive processes in the CNS
and has been linked to neurological, mood and behavioural disorders (Capodice & Kaplan,
2021). This system is also present throughout the peripheral nervous system (PNS) and has
multiple modulators, which include synthetic antagonists, agonists of the cannabinoid (CB)
receptors and inhibitors of endocannabinoid degradation (Grotenhermen, 2005). Cannabinoid
receptors are distributed in the CNS and various peripheral tissues including the immune
system, gastrointestinal tract (GIT), arteries, reproductive tract, heart and lungs
(Grotenhermen, 2005). Cannabinoid receptor agonists have been identified to have therapeutic
properties including muscle relaxation, mood improvement, analgesia, anti-inflammation,
immunosuppression, appetite stimulation, neuroprotection and antineoplastic effects
(Grotenhermen, 2003; Grotenhermen, 2005; Lowe et al., 2021). Current clinical research on
these CB receptors is focused on their application for the treatment of neurological disorders,
chronic pain, obesity and nicotine addiction (Akbas et al., 2008; Consroe, 1998; Manzanares

et al., 2006; Tucci et al., 2006).

The interaction of C. sativa cannabinoids with this endocannabinoid system highlights their
potential for the treatment of a vast number of illnesses, these include Alzheimer’s disease

(AD), depression, glaucoma, multiple sclerosis, neuralgia, sleeplessness, as well as the
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alleviation of symptoms of diseases such as cancer, human immunodeficiency virus (HIV) and
acquired immunodeficiency syndrome (AIDS) (Abrams et al., 2007; ElSohly et al., 2017,
Liang et al., 2004).

1.6.1. Medical relevance of CBD

Cannabidiol (CBD), a non-psychrotropic cannabinoid, has potential in treating a range of
inflammatory conditions including cancer tumour development and progression, arthritis,
colitis and inflammation in the gastrointestinal tract (Freeman et al., 2019; Grivennikov, 2010;
Khalsa et al,, 2022). Most cancers originate through inflammation, infection or chronic
irritation, with the microenvironment of the tumour being largely regulated by inflammatory
cells. This microenvironment plays important roles in the neoplastic process, proliferation,
survival and migration of tumour cells. CBD has demonstrated proapoptotic and
antiproliferative properties, modulating tumorigenesis in different cancer types such as breast,

colon and lung cancers (Namdar & Koltai, 2018).

Infection caused by Clostridioides difficile is one of the leading-causes of hospital-acquired
colitis and diarrhoea (Lofgren et al., 2014). Clostridioides difficile toxin A damages the colonic
mucus and causes apoptosis by affecting enterocyte permeability (Esposito ef al., 2011). CBD
improved this damage by inhibiting the apoptotic process and rehabilitating the intestinal
barrier integrity via the CB1 receptors (Alhamoruni ef al., 2010). Furthermore, CBD may play
a role in preventing gut microbiota imbalances, which has potential application for the

treatment of GIT disorders and colorectal cancer (Aviello ef al., 2012; De Filippis et al., 2011).

1.6.2. Medical relevance of A° -THC

Numerous studies have reported the therapeutic value of A° -THC for treating a vast range of
ailments which include anorexia, sleep apnoea, nausea, AD, appetite stimulation, Parkinsons
disease (PD), dystonia and post-traumatic-stress-disorder (PTSD) (Carley et al., 2018; Khalsa
et al., 2022; Todaro, 2012). Saft and colleagues (2018) revealed improved motor scores on the
Unified Huntington's Disease Rating Scale (UHDRS) for both chorea (involuntary muscle
movements) and dystonia (intermittent muscle contractions which cause twisting or repetitive

movements) when patients were treated with A’ -THC. This research also revealed
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psychological improvements such as decreased irritability, hypersalivation and apathy (Janavs

& Aminoff, 1998; Saft ef al., 2018).

Kalaydina and colleagues (2017) showed that A°>-THC has the potential to improve gut
microbiota stability by preventing the development of a Firmicutes: Bacteroidetes ratio
imbalance associated with obesity. This indicates the potential of A>~THC in the treatment or

prevention of weight gain and colorectal cancer (Todaro, 2012).

1.6.3. Medical relevance of CBC

Prior to the 1970’s Cannabichromene (CBC) was often misidentified as CBD, as both CBD
and CBC result in similar retention times in gas chromatography (McPartland & Russo, 2001).
CBC has anti-inflammatory properties (Davis & Hatoum, 1983; Turner & ElSohly, 1981) and
has demonstrated in mice studies to selectively decreased inflammation associated with
gastrointestinal motility by providing analgesic effects (Izzo et al., 2012). This effect is
attributed to its interaction with various proteins involved in the control of nociceptive pain
(pain caused by body tissue damage). CBC has also been shown to affect CB1 and transient
potential-ankyrin type 1 receptors which play roles in pain sensation and hence shows potential

as therapeutic agent for the treatment of pain (Maione et al., 2011).

El-Alfy and colleagues (2010) have also reported antidepressant-like actions exerted by CBC,
contributing to the characteristic mood elevation from Cannabis. Additionally, an antifibrotic
property of CBC on human skin sebocytes was reported by Olah and colleagues (2016)
suggesting the aplicability of CBC for the treatment of acne.

1.6.4. Medical relevance of CBG

CBG has been shown to have beneficial effects on neuroinflammatory and neurodegenerative
processes through gene expression and modulation (Granja et al., 2012). This cannabinoid
influences cell membrane cannabinoid receptor-dependent mechanisms and the expression of
genes involved in multiple sclerosis pathophysiology (Borelli ef al., 2014). In vivo studies have
indicated antioxidant and anti-inflammatory activities for CBG, providing potential treatment
options for conditions such as colitis, acne, inflammatory bowel disease and psoriasis (Olah et
al., 2016; Wilkinson & Williamson, 2007). Baek and colleagues (1998) investigated the

inhibitory effects of CBG and reported its potential for the treatment and prevention of cancers
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including colorectal and breast cancer. Furthermore, the antimicrobial properties of CBG have
been shown to be superior to those of A’ -THC, CBD and CBC, being active against Gram-

positive bacteria and a range of fungi (Nachnani et al., 2021).

1.7. Applications of olivetol and olivetolic acid

OLA and olivetol, a derivative of OLA involved in the biosynthesis of cannabinoids, have a
wide range of potential applications across various fields (Kearsey et al., 2019). A study by
Lee and colleagues (2023) revealed that OLA has antibacterial activity against Bacilllus
subtilis at a low minimum inhibitory concentration (MIC). Furthermore, Anderson and
colleagues (2022) demonstrated that OLA has modest anticonvulsant activity against

hyperthermia-induced seizures in mice models that have Dravet syndrome.

Olivetol has the potential to treat various inflammatory conditions (Gagne ef al., 2012; Kearsey
et al., 2019). Its anti-inflammatory activity is attributable to its ability to inhibit the production
of pro-inflammatory mediators, including cytokines and chemokines (Formukong et al., 1988).
Olivetol also modulates the activity of important enzymes involved in inflammation, such as
cyclooxygenase (COX) and lipoxygenase (LOX) (Formukong ef al., 1988; Htadyszowski et
al., 1998). Olivetol further reduces the production of inflammatory enzymes and proteins by

suppressing transcription factor nuclear factor-kappa B (NF-kB).

Olivetol and OLA are also rich sources of polyphenols, allowing it to act as an antioxidant
(Formukong et al, 1988). The chemical structure of olivetol indicates potent free radical
scavenging properties, which offer potential for olivetol to combat oxidative stress by
neutralizing reactive oxygen species (ROS) (Garrido et al., 2022). Olivetol enhances the
activity of endogenous antioxidant enzymes, which eliminate ROS from the body reducing
oxidative stress (Garrido et al., 2022; Htadyszowski et al., 1998). Additionally, this antioxidant
activity has also been shown to inhibit lipid peroxidation, thus maintaining the integrity of cell

membranes and preserving cellular function (Garrido et al., 2022).

The anti-inflammatory and antioxidant properties of olivetol and OLA indicate their potential
applications within a variety of fields, including cosmetic and medicinal fields. (Garrido et al.,
2022). Both olivetol and OLA can be used in the cosmetic industry in body creams, lotions and
masks as ingredients in nutritional supplements, and as natural preservatives and anti-aging

agents (Htadyszowski et al., 1998). In the medical field both have applications for the treatment
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of inflammatory conditions, viral and bacterial infections and oxidative stress related ailments

(Formukong et al., 1988; Garrido et al., 2022; Htadyszowski et al., 1998).

1.8. Plant genome assembly

Plant genomes provide key insights into their evolution, genetic potential and physiology and
can furthermore accelerate the selective breeding capacity of the plant for more desirable
phenotypes (Yuan et al, 2017). This has led to a veritable explosion in the sequencing,
assembly and analysis of plant genomes, primarily through large-scale projects such as the
Earth BioGenome Project (EBP) and the 1000 Plant genome (1K) project (Blaxtera et al., 2022
Coddington et al., 2019; Leebens-Mack et al, 2019; Lewin et al, 2018). Plant genome
sequencing escalated during the early 2000s, with an estimated 183 plant reference sequences
published by 2016. This number has continued to increase, reaching a total of 7,347 genomes

available in the NCBI database for Viridiplantae, including model and non-model species.

The development of Next Generation Sequencing (NGS) in the early 2000s made plant genome
sequencing highly accurate and economical (Michael & VanBuren, 2015). The development
of NGS platforms including 454, Illumina, and SOLiD, and Ion Torrent between 2005 and
2011 led to a rapid increase in plant genome sequencing (Bentley et al., 2008; Margulies et al.,
2005; McKernan et al., 2009; ABI SOLiD launch 2007). These NGS platforms function using
different chemistries to reconstruct nucleotide sequences, with most replying on cycle

sequencing reactions and imaging (such as Illumina) (Changsheng et al., 2018).

A major shortcoming associated with plant genome assembly using NGS-generated short read
data (read lengths of 50-300bp) is the limited ability to cover the full range of the repetitive
regions in plant genomes, resulting in fragmented assemblies and collapsed contigs
(Changsheng et al, 2018). This leads to assemblies containing significant gaps in the
nucleotide sequences and unordered contigs. This shortcoming has recently been addressed
through the development of bioinformatic tools that are capable of handling more complex
sequence data, together with the advent of Third generation sequencing (TGS). TGS comprises
a group of real-time sequencing technologies that directly read single DNA molecules without
the need for amplification, generating longer reads and faster sequencing turnaround times
compared to NGS (Xiao & Zhou, 2020). Major TGS technologies include Pacific Biosciences
(PacBio) (Eid ef al., 2009) and Oxford Nanopore Technologies (ONT) (Clarke et al., 2009)

sequencing (Changsheng ef al., 2018). ONT sequencing allows for real-time analysis of long-

29|Page


https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=33090

read DNA and RNA through the detection of changes in ionic current as nucleic acids pass
through nanopores (Clarke et al, 2009). PacBio Single Molecule Real-Time (SMRT)
sequencing is performed on cells using zero-mode waveguides (ZMWs) to observe the
incorporation of nucleotides in real time, with read length reaching up to 100kb or more (Eid
et al., 2009; Xiao & Zhou, 2020). Long-read sequencing technology can span entire repeat
regions, resolve repetitive sequences and decrease errors in plant genome assembly
(Changsheng et al., 2018). Due to the complexity and size of plant genomes, long-read TGS is
better suited to produce complete complex plant genomes compared to NGS, specifically due
to its great potential for application in de novo assembly, scaffolding and gap-filling (Xiao &
Zhou, 2020). However, currently TGS technologies are costly, precluding their general use for
the sequencing of complex plant genomes (Jaio and Schneeberger, 2017). This has resulted in
the use of hybrid approaches, where, where both short-read and long-read sequencing is
undertaken. The short-reads are used for initial assembly, with lower amounts of long-reads

used for gap closure and scaffolding (Bombarely et al., 2016; Yang et al., 2016).

1.9. Genomic studies of C. sativa

Genomic resources for Cannabis are primarily transcriptome-based, with multiple cultivars
having neither a physical nor a genetic map of their genome (Rosenthal, 2007). A genetic map
is generated based on recombination frequencies showing the occurrence of two markers being
inherited together without indicating the physical distance between these markers. A physical
map, however, reflects the actual DNA sequence, including location and physical distance
between markers, with distance measured in base pairs (bp) (National Human Genome
Research Institute, 2026). Currently, a total of twenty-five genomes for C. sativa are available
on the National Centre for Biotechnology Information (NCBI) database covering a variety of
cultivars and hybrids (Gao et al., 2020; Grassa et al., 2018; Laverty et al, 2019). A large
portion of these genome assemblies have significant gaps and inconsistent chromosome

nomenclature.

Van Bakel and colleagues (2011) produced the first draft genome assembly and transcriptome
for C. sativa (Purple Kush cultivar) using Illumina short-read genomic and transcriptomic
sequences which were assembled using the SOAPdenovo tool. The draft genome indicated that
70% of the C. sativa genome is comprised of repetitive sequence (Pisupati et al., 2018). This

study further compared the transcriptomes of Purple Kush and the hemp cultivar Finola using
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RNA-sequence transcriptome data (van Bakel ef al., 2011). This showed that the cannabinoid
biosynthetic pathway genes were more highly expressed in Purple Kush (van Bakel et al.,
2011). This was due to the presence and upregulation of A>~THCAS and the artificial selection
for THCAS over CBDAS, which led to increased THC levels in drug-type Purple Kush (de
Meijer et al., 2009; van Bakel et al., 2011). In contrast, the Finola cultivar have been selected
for CBDAS activity for domestication of hemp cultivars for crop production (Morimoto et al.,
1998; van Bakel et al., 2011). This study identified a need for C. sativa genome assemblies and
comparative analysis of C. sativa cultivars with altered cannabinoid profiles, for therapeutic

applications.

Recently Gao and colleagues (2020) generated a high-quality draft genome for wild-type
C. sativa varieties using PacBio SMRT sequencing. Analysis of this genome indicated high
levels of heterozygosity because of long-term growth in a wild environment, indicating a new
resource for genetic information regarding the cannabinoid pathways of C. sativa (Gao et al.,

2020).

ONT sequencing was used to produce a high-quality chromosome-resolved genome for
C. sativa CBDRx, a CBD-type cultivar (Grassa et al., 2021). Genomic analysis in this study
revealed that CBDAS was expressed as a result of the introgression of this gene (CBDAS gene)
from hemp. This gene transfer resulted in a shift in the predominant cannabinoid produced
from THC to CBD, changing the plant’s chemotype from THC-dominant (chemotype I) to
CBD-dominant (chemotype III). However, its overall genetic background remained

characteristic of drug-type Cannabis (Grassa et al., 2021).

1.9.1. Genome repetitiveness and ploidy in Cannabis

Notable challenges with plant genome assembly includes the high repetitiveness in the genome
due to transposable elements, the polyploid nature of plants and the large size of their genomes,
with some reaching up to 22 Gb in size (Neale et al., 2014; Nystedt et al., 2013, Salman-
Minkov et al., 2016). Throughout evolutionary history, plant genomes undergo restructuring
driven by active transposon amplification (Yuan et al., 2017), with long terminal repeat (LTR)
transposons being the most abundant. These elements replicate through reverse transcription
followed by reintegration into the genome, typically spanning over 10 kb, and frequently
contribute to incomplete and fragmented plant genome assemblies (Changsheng ef al., 2018).

This repetitiveness and polyploid nature often results in the presence of large gaps in genome
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assemblies Research has indicated that ~ 70% of C. sativa is composed of repetitive sequences

(Pisupati et al., 2018), and as a result Cannabis genome assemblies often has large gaps.

Polyploidy refers to the condition of having two or more complete sets of chromosomes. This
phenomenon is widespread in plants (Crawford et al., 2021; Parsons et al., 2019) and plays a
key role in shaping plant evolution, driving biodiversity, improving crops and helping facilitate
domestication (Bagheri & Mansouri, 2015; Mansouri & Bagheri, 2017; Kurtz et al., 2020;
Parsons et al., 2019). Polyploidization events occur through two major mechanisms
autopolyploidy (a plant with multiple sets of chromosomes derived from genome duplication
within a single species) or allopolyploidy (a plant with multiple sets of chromosomes derived
from hybridization between two or more different species) (Bagheri & Mansouri, 2015;
Mansouri & Bagheri, 2017; Falistocco et al., 2024). Natural ploidy, which refers to the number
of complete sets of homologous chromosomes present in a cell or organism, occurs in a plant
through whole genome polyploidization events, resulting in plants that display unique
phenotypes (Falistocco et al., 2024). Unique phenotypes resulting from polyploidization events
often provide the plant with advantages compared to its diploid counterparts, including a
morphological or physiological fitness edge, or enhanced adaptability to environmental
conditions or stresses (Bajaj ef al., 1980; Mansouri & Bagheri, 2017). Beneficial phenotypic
traits that have been observed in diploid or triploid plants include larger buds, flowers or leaves
and increases in active metabolite concentrations have also been recorded in polyploid plants
of medicinal importance including Artemisia annua, Datura stramonium, Echinacea purpurea,
Papaver somniferum, Thymus persicus (Bajaj et al., 1980; Crawford et al., 2021; Kurtz et al.,
2020; Parsons et al., 2019; Sattler et al., 2016).

Cannabis sativa i1s a diploid species with both male (heterogametic (XY)) and female
(homogametic (XX)) plants, with each parent passing down ten chromosomes to their offspring
plant (Malabadi et al., 2024; McPartland, 2018; Punja & Holmes, 2020). Diploidy is considered
a survival advantage as two sets of chromosomes provides a ‘“genetic” backup if one
chromosome is damaged (such as a mutation) (Crawford et al, 2021). However, selective
breeding has created varieties that contain three (triploid) or four (tetraploid) sets of
chromosomes (Clarke, 1981; Crawford et al., 2021; Kurtz et al., 2020; Parsons et al., 2019).
These polyploid Cannabis plants have been found to differ in various ways including cell wall
composition, biomass production and reduced fertility (Bajaj et al., 1980; Philbrook et al.,
2023). Cannabis breeders have started utilising various approaches to introduce polyploidy and

produce ideal plant varieties including cultivars with higher levels of THC, bigger buds, higher
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yields and more flavour (Crawford et al., 2021; Bagheri & Mansouri, 2015; Parsons et al.,
2019). These approaches include chemical intervention (colchicine, oryzalin, caffeine,
trifuralin, or phosphoric amides) and gaseous intervention (nitrous oxide) (Crawford et al.,
2021; Kurtz et al., 2020; Parsons et al., 2019). Thus far, triploid Cannabis plants have been
found occur naturally in cultivated and wild populations (Philbrook et al., 2023). Triploid
plants produce a seedless crop, with bigger yields, larger buds and increased production of
phytocannabinoids (Crawford et al., 2021; Bagheri & Mansouri, 2015; Kurtz et al., 2020;
Malabadi et al., 2024; Parsons et al., 2019; Sattler et al., 2016). Tetraploid Cannabis plants
also have unique characteristics which make them desirable in agriculture, including larger
leaves, greater trichome density (results in the production of significantly larger volumes of
cannabinoids and terpenes) and larger biomass yields overall (Crawford et al., 2021; Kurtz et
al., 2020; Malabadi ef al., 2024; Sattler et al., 2016). Additionally, tetraploid plants have been
recorded to have elevated CBD content (Parsons ef al., 2019), however, no tetraploids have

been identified outside of a laboratory.

Understanding ploidy and its phenotypic effects in a plant species is key to understanding and
exploiting the full potential of this species. However, genome assembly of ploidy plants is

extremely challenging, and often results in misassembles (Kyriakidou ef al., 2018).

1.10. Single nucleotide variants in C. sativa

A single nucleotide variant (SNV) refers to a variation in a DNA sequence that occurs when a
single nucleotide in the sequence is altered (Liu et al.,, 2019). If the SNV is present in at least

1% of the population it is referred to as a single nucleotide polymorphism (SNP).

Single nucleotide variant research on C. sativa has indicated that heterozygosity rates range
from 0.18-0.26% with drug-type and fibre-type strains being clearly separated by SNVs (van
Bakel ef al.,, 2011). The rate of the occurrence of these SNVs between types reaches up to
0.64%. Multiple SNPs in Cannabis have been identified in the major cannabinoid genes and
used as markers for genetic variation studies in Cannabis (Hillig, 2005; Kojoma et al., 2006;
Thichak et al., 2011). These SNPs include a set of markers that have been developed for
differentiating between THCA and CBDA synthase genes which successfully separate
chemotypes I, II and III (Pacifico et al., 2006). Kojoma and colleagues (2006) identified two
distinct variations of the THCAS gene, differing by 37 amino acid substitutions, which
differentiate drug- and fibre-type Cannabis.
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1.11. Purpose of this study

Here we have sequenced, assembled and annotated the genome of the Swazi Gold (SG)
landrace of C. sativa, which originates from the Kingdom of Eswatini (Casano et al., 2010;
Crampton, 2015). Swazi Gold has been consistently cultivated over the years with little
hybridization from exogenous Cannabis cultivars; and as a result, this landrace represents an
ancestral, non-hybridized genetic lineage (Casano et al., 2010; Crampton, 2015). It is
considered a drug-type plant as it is primarily known and cultivated for its potent psychoactive
effects and A°>-THC levels (16-18%) (Hartsel et al., 2016). However, little is known about the
cannabinoids produced by this landrace, and their potential therapeutic applications. Despite
the increasing number of C. sativa genome assemblies, very few high-quality genome
assemblies are publicly available, and none represent African landraces. As such, this study
aimed to sequence, assemble, annotate and compare the genome of this African landrace. The
genome of C. sativa SG provides a valuable genetic resource to increase our understanding of
cannabinoid biosynthetic pathways and explore the evolutionary and functional diversity of
C. sativa plants with altered chemical profiles. Through the assembly, annotation and
comparative analysis this study begins to address this gap and explore the potential the various

applications of plants with altered cannabinoid profiles.

1.12. Aim and objectives

This study aimed to assemble and annotate the genome of Cannabis sativa landrace Swazi

Gold (SG) and perform comparative genome analysis.

The specific objectives of this study included the following:

» Sequencing and assembly of the genome of C. sativa SG

» Annotation of the C. sativa SG genome to identify key structural and functional genes

» Conducting comparative genomic analyses with C. sativa genomes currently available on

NCBI
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2.1. Abstract

Cannabis sativa produces 125 distinct cannabinoids, the most abundant being delta-9-
tetrahydrocannabinol (A~ THC), cannabidiol (CBD), cannabichromene (CBC) and
cannabigerol (CBG). These cannabinoids have demonstrated therapeutic potential in the
treatment of various medical and psychological conditions; however, cannabinoid biosynthesis
is not well understood. Here we report the draft annotated genome of the African landrace
C. sativa Swazi Gold (SG). The genome was sequenced using both long-read (Pacific
Bioscience) and short-read (Illumina) sequencing data. The genome was assembled using a
range of short-read and hybrid assemblers. The performance of both short-read and hybrid
assemblers was evaluated to obtain an optimal genome assembly. The optimal de novo genome
assembly was produced using MEGAHIT with both short and long reads. Subsequent
reference-guided assembly was undertaken using Rebaler and RaGOO. The final assembled
genome comprised of 18 scaffolds, with a total size of 764.62 Megabases and a G+C content
of 34.04% and a BUSCO completeness score of 97.0%. Structural and functional annotation
of the assembled genome identified a total of 45,142 protein coding genes, 648 tRNAs and 907
rRNAs, while repetitive elements encompassed a predicted 77.19% of the genome. The draft
genome of C. sativa SG represents the first genome of an African landrace, allowing for a better
understanding of the genetics underlying cannabinoid biosynthesis in an African landrace,
which could in turn be applied for biotechnological exploitation and comparative genomic

analyses.

2.2. Introduction

Plant genome sequencing began with the publication of the first complete nuclear genome of
Arabidopsis thaliana (Arabidopsis Genome Initiative, 2000). Since then, plant genome
research has escalated rapidly, primarily driven through major projects including the Earth
Biogenome project (EBG; https://www.earthbiogenome.org/); (Lewin et al., 2022) and the
1000 Plant genome (1K) project (Leebens-Mack et al., 2019). The genomes of >3,000 plant
species from >1,000 families have been sequenced through these projects (Lewin et al., 2022;
Schwacke at al., 2025). However, this still only represents 0.1-0.2% of known plant species
(Marks et al., 2021).

A plant of significant research interest is Cannabis sativa, which produces a wide array of

cannabinoids with therapeutic potential for treating inflammatory, neurological and
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psychological disorders (Abrams et al., 2007; EISohly et al., 2017; Liang et al., 2004). A well-
assembled genome could provide key information to further our understanding of the
cannabinoid biosynthetic pathways and uncover the multifunctional applications of the plant
(Gao et al., 2020). Currently, twenty-five C. sativa genome assemblies are publicly available
on the National Centre for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/). However, only a few of the available genomes are of
chromosome-level quality, with most assemblies containing significant gaps. This limits their

utility for downstream genetic and metabolic studies.

Poor C. sativa genome assemblies can primarily be attributed to a combination of the high
genome repeat content associated with this species, as well as limitations imposed by the
various technologies used for genome sequencing (Pisupati et al.,, 2018). Additional notable
challenges of plant genome assembly include the polyploid nature of plants and the large

genome size (Neale ef al., 2014; Nystedt et al., 2013, Salman-Minkov ef al., 2016).

The introduction of next generation sequencing (NGS) technologies provided a major step
forward in the field of plant genome assembly (Michael & VanBuren, 2015). NGS platforms
including 454, Illumina, SOLiD and Ion Torrent have all found application in the sequencing
and construction of plant genomes (Bentley et al., 2008; Changsheng et al., 2018; Margulies
et al., 2005; McKernan et al.,, 2009). However, approaches that rely solely on these NGS
technologies still have shortcomings due to their inherently short reads, limiting their ability to
cover the full range of the repetitive regions in plant genomes, resulting in fragmented

assemblies, collapsed and unordered contigs (Changsheng et al., 2018).

Third generation sequencing (TGS) technologies were developed to bridge many of these
shortcomings, including Pacific Biosciences (PacBio) sequencing (Changsheng et al., 2018;
Xiao & Zhou, 2020). PacBio allows for the production of complete complex plant genome
assemblies at the chromosome level (Changsheng et al., 2018). However, the cost of long-read
methods is still considerably high and continue to have notable pitfalls including lower
throughput, the demand for very high-quality DNA and higher error rates (~10%) (Li & Schatz,
2025; Zhao et al., 2023).

Hybrid genome assembly is often used to produce good quality plant genome assemblies
(Bombarely et al., 2016; Yang et al., 2016). This approach utilises short-reads for initial
assembly, followed by the use of long-reads for gap closure and scaffolding (Bombarely et al.,

2016; Yang et al, 2016). Multiple hybrid genome assembly tools such as MaSuRCA,
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HybridSPades and DBG2OLC, have been developed that can co-assemble short and long-read
data (Chen et al., 2020; Ye et al., 2016; Zimin et al., 2013). This hybrid approach allows for
the production of plant genome assemblies with higher contiguity and accurate structural

resolution (Cuperus and Questech, 2020).

In this study, we have produced a draft genome for the African landrace C. sativa Swazi Gold
(SG) using both long- and short-read technologies. This landrace is classified as a drug-type
chemotype and is primarily cultivated for its potent psychoactive effects and A>-THC content
(16-18%) (Hartsel et al., 2016). The draft genome was achieved using an array of short-read
and hybrid assemblers paired with reference-guided assembly. The draft genome for SG was
subsequently structurally and functionally annotated for genomic analysis. The availability of
this genome aids in improving our understanding of Cannabis chemotypes, cannabinoid

biosynthesis and the diverse applications of this plant.

2.3. Methods and Materials

2.3.1. Plant material

All C. sativa SG plant material, in the form of fresh leaves and trichomes, was provided by The

Root (Pty) Ltd, Pretoria, South Africa.

2.3.2. DNA Extraction

2.3.2.1. DNA extraction for Illumina sequencing

Total genomic DNA (gDNA) was extracted from C. sativa SG using the Zymo Quick-DNA
Plant/Seed Kit (Zymo Research, USA) according to the protocol of the manufacturer. This kit
produces clean, inhibitor free, high-quality, double-stranded gDNA that is suitable for Illumina
sequencing (Illumina, 2024). In brief, freeze dried plant material was ground at room
temperature using a sterile pestle and mortar and 150 mg was added to a ZR BashingBead™
lysis tube. BashingBead™ Buffer (750 pl) was added, and the sample was processed at
maximum speed for 40 min using a Disruptor Genie (Scientific Industries Inc, USA) bead
beater. The sample underwent centrifugation at 10,000 x g for 2 min, after which the
supernatant was transferred to a Zymo-Spin™ III-F Filter in a collection tube. This was

followed by a second round of centrifugation (8,000 x g for 1 min). The filter was discarded
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and 1,200 pl Genomic Lysis Buffer was added to the filtrate and mixed. The mixture (800 ul)
was transferred to a Zymo-Spin™ [ICR Column in a collection tube and centrifuged
(10,000 x g for 1 min). The flowthrough was discarded and the centrifugation step repeated.
Next, 200 pl of Pre-Wash Buffer was added to the column and centrifuged (10,000 x g for
I min). A total of 500 ul gDNA Wash Buffer was then added, followed by centrifugation
(10,000 x g for 1 min). Finally, the column was transferred to a clean microcentrifuge tube and
100 ul DNA Elution Buffer was added and centrifuged (10,000 x g for 30 s) to elute the gDNA.
The gDNA was stored at —20 °C prior to sequencing.

The integrity of the extracted gDNA was assessed using a 0.6% (w/v) agarose gel supplemented
with SafeView™ Classic (Applied Biological Materials Inc., Canada). The concentration of
the extracted gDNA was determined using the Nanodrop® ND-1000 Spectrophotometer
(Thermo Fisher Scientific, USA). The gDNA was submitted to Molecular Research LP (MR
DNA, USA) for [llumina short-read sequencing.

2.3.2.2. DNA extraction for PacBio sequencing

Total gDNA for PacBio sequencing was extracted using a phenol/chloroform extraction
protocol (Cullings, 1992; Doyle & Doyle, 1987). This protocol was selected over conventional
bead bashing kits as PacBio sequencing requires high-quality, high-molecular-weight gDNA
with minimal shearing to generate the characteristic long reads (Pacific Biosciences of
California Inc. 2021). Freeze dried plant material was ground at room temperature using a
sterile pestle and mortar, and ~ 100 mg was suspended in 500 pl of CTAB buffer (2% (w/v)
cetyl trimethylammonium bromide, 1% (v/v) polyvinylpyrrolidone, 100 mM Tris-HCI, 1.4 M
NaCl, 20 mM EDTA), and incubated at 60 °C for 30 min. Samples then underwent
centrifugation at 14,000 x g for 10 min, after which the supernatant was removed and treated
with 5 pl RNase A solution (10 mg/mL) (Thermo Fisher Scientific, USA) at 37 °C for 20 min
to remove unwanted RNA (Doyle & Doyle, 1987). Nucleic acids were organically extracted
using phenol-chloroform-isoamyl alcohol (25:24:1), which also promotes the removal of
proteins and other contaminants from the nucleic acid solution through phase separation
(Sambrook & Russell, 2001). Centrifugation (14,000 x g for 2 min) was performed to separate
the phases with the DNA in the aqueous phase and cellular debris and lipids in the organic
phase (Cullings, 1992; Doyle & Doyle, 1987). The DNA was precipitated using 0.7 volume
100% isopropanol and incubated at -20 °C for 15 min. The precipitated DNA was pelleted via
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centrifugation (14,000 x g for 10 min). The DNA pellet was washed with 70% (v/v) ice-cold
ethanol to remove any excess salts, followed by the evaporation of residual ethanol using a
heating block. The DNA was resuspended in 20 pl of TE buffer (10 mM Tris, | mM EDTA,
pH 8) and stored at —20 °C for sequencing.

The integrity and concentration of the extracted gDNA were assessed as described previously
(section 2.3.1.1). The gDNA was submitted to Ingaba Biotech (Pty) Ltd (South Africa) for

PacBio sequencing.

2.3.3. Library preparation and sequencing

2.3.3.1. Illumina library preparation and sequencing

Libraries were prepared using the Nextera DNA Library Prep Kit (Illumina, USA). Briefly, the
manufacturers library preparation protocol entailed a five step workflow: 1) ~50 ng of the high-
quality gDNA was enzymatically fragmented and simultaneously tagged with partial Nextera
adapter sequences through Tn5-mediated tagmentation (Illumina Adapter Sequences, 2021);
2) full-length adapters containing dual indices and flow cell binding sites were added using
limited-cycle PCR; 3) the gDNA library was purified using AMPure XP beads; 4) the gDNA
library underwent quality analysis using Bioanalyzer and Qubit fluorometer and 5) the gDNA
library was spiked with 1-2% PhiX Control v3, which served as a positive control for
sequencing (Illumina, 2021). Sequencing of the prepared gDNA library was then performed
using the Illumina NovaSeq 6000 platform with the 2 x 250 bp paired-end (PE)sequencing

configuration for an expected yield of 70 million reads

2.3.3.2. PacBio library preparation and sequencing

The SMRTbell Express Template Prep kit 2.0 (Pacific Biosciences, USA) was used for library
preparation. The workflow for library preparation involved eight steps: 1) the quality of the
gDNA was determined; 2) the gDNA was fragmented using a Covaris g-TUBE; 3) the
concentration of the fragmented gDNA was adjusted using AMPure magnetic beads; 4) gDNA
repair was performed to fix damaged nucleotide bases and remove single-strand overhangs (to
generate clean fragmented gDNA), followed by A-tailing to prepare for adapter ligation;
5) blunt-end hairpin SMRTbell adapters were ligated to both ends of the double-stranded
gDNA fragments; 6) the adapter-tagged gDNA was purified using exonuclease; 7) primers
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were annealed to the gDNA and 8) the resultant gDNA libraries were subjected to a final
purification step to ensure they were contaminant free and ready for submission to the

sequencer (Kong et al., 2017; Pacific Biosciences of California Inc. 2021).

2.3.4. Genomic sequence quality control and trimming

The quality of the raw sequence data (Illumina short-read and PacBio long-read) was assessed
using FastQC v. 0.11.9 (Andrews, 2010) and MultiQC v. 1.12 (Ewels et al., 2016). Based on
the FastQC and MultiQC outputs, the sequence reads were trimmed of low-quality bases and
adapter sequences using TrimGalore v. 0.6.7 (Krueger, 2015) with Cutadapt v. 3.5 (Martin,
2011). Low quality bases were removed using two different Phred (Q-score) values: 20 and 25.
Phred score provide a value of confidence that a DNA base has been correctly identified, with
a higher value indicating a decreased chance of error (Shrestha ef al., 2014). A cutoff of Q20
reflects an error rate of 1 in 100 (1%) bases, while a cutoff of Q25 has an error rate of 1 in 316
(0.316%) bases (MacManes, 2014). Subsequent de novo assembly with MEGAHIT v. 1.2.9 (Li
et al., 2015) showed that better assembly was achieved when trimming with a Q-score of 20.
Consequently, only the Q20 trimmed dataset was used for subsequent genome assembly

(Bradnam et al., 2013).

2.3.4. Short-read de novo genome assembly

The trimmed Illumina short-read dataset was assembled using three different algorithms,
namely Assembly by Short Sequences (AbySS) v. 4.4.1 (Van Bakel et al., 2011), MEGAHIT
v. 1.2.9 (Li et al., 2015) and String Graph Assembler (SGA) v. 0.10.15 (Simpson & Durbin,
2012).

AbySS is a De Bruijn graph-based (DBG) assembler that uses a distributed-memory parallel
system, making it ideal for large and complex short-read datasets (Van Bakel et al., 2011). This
parallel memory maintains computer efficiency; however, it often requires follow up
refinement and polishing tools for repeat-rich sections and complex genomes (Jackman et al.,
2017). AbySS commences by performing K-mer counting and graph construction, followed by
graph simplification with the removal of low-abundance K-mers, tips, bubbles and erroneous
branches (Van Bakel et al., 2011). The simplified graph is then traversed to construct contigs,
followed by gap filling and scaffolding to join contigs into longer scaffolds (Simpson ef al.,
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2009). For this study, AbySS was evaluated with various K-mer lengths (range 31-191) and

two distinct K-mer coverage (KC = 2-3) values.

MEGAHIT is a fast and memory-efficient succinct De Bruijn Graph (sDBG)-based assembler
which was developed for assembling large and complex metagenomic or single-genome
datasets, to produce high coverage and high-quality genomes (Li et al, 2015). The sDBG
algorithm allows it to efficiently manage large volumes of sequencing data, while having
reduced computational requirements to produce high quality assemblies. This makes it well
suited for the assembly of genomes with highly repetitive regions such as plant genomes (Li et
al., 2016). The assembly pipeline incorporates four steps: 1) an error correction and K-mer
filtering step where high quality K-mers are selected for graph construction; 2) construction of
an sdBG using the selected K-mers; 3) generation of an integrative graph assembly using
multiple K-mer sizes to fill complex regions and extend contigs; 4) resolution of gaps and
bubbles in the graph and contig generation (Chikhi & Rizk, 2013; Li et al., 2015; Peng et al.,
2012; Zerbino & Birney, 2008). For this study, MEGAHIT v. 1.2.9 was evaluated with K-mer
lengths using default (21,29,39,59,79,99,119,141) parameters, followed by the evaluation of

narrower K-mer ranges.

SGA is an overlap-based string graph model assembler, differing from most de novo
assemblers, which utilise a DBG-based algorithm (Simpson & Durbin, 2012). It was designed
to require low memory and have a reduced runtime (Schatz et al., 2010). This reduced runtime
is achieved through parallelization where overlaps between sequence reads are computed
simultaneously across central processing unit (CPU) cores. Briefly, its workflow comprises
five steps: 1) initial preprocessing of the raw sequence data to trim low-quality bases and filter
short or low-complexity reads; 2) the construction of an Ferragina—Manzini index (FM-index)
with the read data for fast, memory efficient overlap detection; 3) building of a string graph of
the read overlaps to capture the genome structure; 4) simplification of the resultant string graph
to remove bubbles and errors and 5) traversal of the simplified string graph to generate contigs
(Schatz et al., 2010). For this study, SGA was run for de novo assembly using its default

parameters.

2.3.5. Evaluation of de novo genome assemblies

All de novo short-read genome assemblies were assessed using QUAST-LG v. 5.2.0 (Gurevich

etal., 2013), to determine which genome assembler gave the optimal assembly. The parameters
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used to define this optimal assembly included the N50 value, the number and length of contigs,

the length of the largest contig, overall genome size and the genome fraction.

The contig N50 value is a measure of the extent of fragmentation of an assembled genome
(Bradnam et al., 2013). This value is calculated by ordering the fragment lengths by size and,
starting with the largest, adding the next smallest fragment until the sum of the fragments is
greater than 50% of the total length of the assembly (Juahal & Newcomb, 2021). A genome
with fewer contigs indicates a more contiguous and complete assembly. This suggests that the
genome assembly is of a high quality as more sequences have been combined into longer
continuous pieces by the assembler. In contrast, a high number of contigs suggests a more
fragmented assembly which could be a result of sequencing errors, insufficient coverage or

highly repetitive nucleotide sequences (Yandell & Ence, 2012).

Based on available C. sativa genomes, an expected size of ~ 700-900 Mb is predicted for this
species. Thus, we evaluated the sizes of the different SG assemblies this expected C. sativa

genome size.

Lastly, the genome fraction value indicates the percentage of the nucleotide bases in the draft
assembly that align with the reference genome (Gurevich et al., 2013). A higher genome
fraction indicates a more complete and more comprehensive genome assembly, with a genome
fraction value over 90% indicating a high-quality genome (Abbas et al., 2024). The draft SG
assemblies were aligned against the reference genome of C. sativa (GCF_029168945.1,
Cultivar: Pink Pepper) using Minimap2 (Li, 2018) and ambiguous and redundant alignments
were filtered out by QUAST-LG (Gurevich et al., 2013).

2.3.6. Hybrid assembly (Illumina short-read and PacBio long-read)

The PacBio long-read data and Illumina short-read datasets were assembled using three hybrid
genome assemblers, namely De Bruijn Graph to Overlap-Layout-Consensus (DBG2OLC) v. 1
(Ye et al., 2016), MaSurCa v. 4.1.0 (Zimin ef al., 2013) and MEGAHIT v. 1.2.9. (Li et al.,
2015).

The DBG2OLC hybrid assembly tool produces an assembly by combining the PacBio long-
reads for a backbone and subsequently using the Illumina short-reads for error correction, an
approach that is particularly useful for highly repetitive genomes (Nystedt ez al., 2013). The

major advantages of DBG2OLC include its compact representation of the long-reads (which
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allows for efficient alignments); its ability to skip errors at a base level and detect structural
errors which is followed by subsequent polishing of structurally correct reads (Ye et al., 2016).
This tool produces hybrid assemblies in five major steps: 1) DBG is built using the short read
datasets, and contigs are constructed (Ye et al., 2016; Zerbino & Birney, 2008); 2) the contigs
are then mapped to long reads so that each long read is represented by a sequence of contig
identifiers (Ye et al., 2016); 3) the compressed long reads are then cleaned and reads with
structural errors are removed using multiple sequence alignment (Ye et al., 2016; Bertrant et
al., 2019); 4) an overlap graph is then constructed with the cleaned compressed reads; 5) finally,
the long reads are uncompressed, chained together and converted to contigs (Ye ef al., 2016).
In this study, DBG2OLC was run using the default parameter settings, which included a K-mer
length of 17 for DBG construction, K-mer coverage threshold of 2, minimum overlap of 20

and an adaptive threshold of 0.005.

MaSurCa is a software tool designed to produce high quality assemblies or improve assemblies
through gap closing, specifically for large and complex genomes using NGS data (Zimin ef al.,
2013). It is capable of utilising both Illumina short-read and PacBio long-read data to produce
a hybrid de novo assembly. Uniquely, this tool has a built-in error-correction feature allowing
the direct use of raw untrimmed data (Zimin et al., 2013). Its workflow includes five steps:
1) initial preprocessing, which includes pre-assembly correction of raw reads (short- and long-
reads); 2) merging of corrected short-read data with long-read data to produce “super-reads”
with high-quality Phred scores; 3) combining of “super-reads” to construct contigs using the
overlap-layout-consensus approach; 4) scaffolding of the contigs into longer sequences using
paired-end read information and 5) post-assembly polishing to fix errors and fill gaps (Zimin
et al., 2013). MaSurCa was run using the default parameter settings to produce a hybrid de

novo assembly.

While MEGAHIT v. 1.2.9 is designed for assembly of short-read genomic data, long-reads can
be added as single-end reads (option -r) alongside the paired-end short-read data (Li et al,,
2015). As such, assembly was first undertaken using the default K-mer lengths
(21,29,39,59,79,99,119,141), followed by individual K-mer lengths (21, 41, 61, 81, 101, 121,
141, 161, 181, 201, 221) covering the full range of allowable K-mers lengths for MEGAHIT.
An optimal K-mer range of 121-161 was identified and narrower K-mer length analysis was
conducted (131, 151, 155 and 165). The final assembly was generated with a K-mer range
141-181 with K-mer steps of 4.
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The quality (N50 value, number of contigs, genome assembly size and fraction) of the hybrid
SG assemblies were determined using QUAST-LG v. 5.2.0 (Gurevich ef al., 2013) as outlined
previously (section 2.3.5.), and the optimal de novo assembly was selected for subsequent

reference-guided assembly and refinement approaches.

2.3.7. Reference-guided assembly

Reference-guided assembly was conducted due to the large size of the SG MEGAHIT hybrid
genome assembly (3.77Gb) and large number of contigs produced. Two reference-guided
assembly pipelines namely, RaGOO v. 1.1 (Alonge ef al., 2019) and Rebaler v. 0.2.0 (Wick et
al., 2019), were evaluated to improve genome contiguity. In both cases, the genome of

C. sativa (GCF_029168945.1, Cultivar: Pink Pepper) was used as the reference.

RaGOO aligns draft genome contigs to the reference genome to improve the accuracy and
contiguity of an assembly on the chromosome level (Alonge ef al., 2019). Initially the draft
contigs are aligned to the reference genome using Minimap2 (Li, 2018), followed by the
clustering of contigs, before ordering and orienting of the contigs linearly to produce the best
alignment. The remaining chimeric contigs (misassembled contigs) are split at breakpoint
locations and finally, an improved, structurally accurate reference-guided scaffolded assembly
is produced (Alonge et al., 2019). Unaligned draft assembly contigs are retained. To ensure
that unaligned draft assembly contigs were not SG-specific elements, seqtk v. 1.3-r106 (Li,
2018) was used to filter out contigs < 1000 bp in size. The remaining contigs were annotated

using Modular Open-Source Genome Annotator (MOSGA) v. 2.1.5 (Martin ef al., 2020).

Rebaler v. 0.2.0 (Wick et al., 2019) allows for long-read genome reconstruction by first
aligning the assembly to the reference genome using Minimap2. This is followed by refinement
of the assembled draft genome with multiple rounds of Racon (Vaser et al., 2017) for polishing.
A key issue with Rebaler is that it inserts reference sequence in assembly gaps in the draft
genome (Wick et al., 2019). To counteract this, the Illumina short-read and PacBio long-read
data were mapped against the Rebaler-guided C. sativa SG assembly using the BWA-MEM
algorithm (part of the alignment via Burrows-Wheeler transformation (BWA) v. 0.7.17-r1188
package) (Li & Durbin, 2009) and Minimap2 (Li, 2018), respectively. The resultant .sam files
were combined, converted to .bam format, sorted and indexed using samtools v. 1.13 (Danecek
et al., 2021). The coverage depth was determined from the .bam alignment file using the depth

command of samtools v. 1.13. Zero-coverage regions were masked (replaced by Ns) in the
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Rebaler-guided C. sativa SG draft assembly using bedtools v. 2.30.0 (Quinlan & Hall, 2010)
with the maskfasta command. As polishing of the genome was done using Racon (Vaser et al.,
2017) the remaining gaps corresponded to regions with no read coverage and thus, no further
gap closing was possible. Therefore, the Rebaler-guided assembly was directly subjected to

annotation.

2.3.8. Refinement of the C. sativa SG RaGOQO-guided genome assembly

2.3.8.1. Long-read gap closing

Gaps in the RaGOO-guided SG genome assembly were closed using several long-read gap
closing tools. Long-read gap closure was undertaken sequentially using LR Gapcloser (Xu et
al., 2018), MaSurCav. 4.1.0 (Zimin et al., 2013) and TGS-GapCloser v. 1.2.1 (Xu et al., 2020).
LR Gapcloser converts the long-read data into tags of 300 bp and aligns them to the draft
assembly using BWA-MEM, followed by tag classification, gap bridging and iterative
refinement (Xu et al.,2020). MaSurCa uses the SAMBA (Zimin & Salzberg, 2022) tool to
accurately improve genome contiguity through scaffolding and gap filling. SAMBA can fill in
gaps within the genome sequence scaffolds using additional long-read data (Zimin & Salzberg,
2022). TGS-GapCloser v. 1.2.1 was developed to use low-coverage raw long-read data to
improve genome completeness and contiguity with accuracy (Xu et al.,2020). It was used to
align the long reads to the RaGOO-guided assembly using Minimap2, followed by polishing

and gap closing.

2.3.8.2. Illumina short-read gap closing

The resulting long-read gap closed RaGOO-guided assembly was further subjected to short-
read gap closing with the short-read Illumina data. Short-read gap closing was conducted
sequentially using short-read gap closers AbySS sealer (Paulino et al., 2015) and GapCloser
v. 1.12 (Luo et al., 2012).

AbySS sealer uses a bloom filter SABG approach and works efficiently on very large genomes
(Jackman et al., 2017). The bloom filter improves memory efficiency by storing parts of the
constructed K-mers, checking if each K-mer exists whilst efficiently finding the paths within

the DBG to fill gaps. GapCloser v. 1.12 (Luo et al., 2012) identifies gaps as series of Ns in the
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assembly and maps the short reads using a K-mer-based approach, and bridges gaps using

abundant pair relationships (Luo et al., 2012).

The efficacy of both long- and short-read gap closing was evaluated using QUAST-LG v. 5.2.0

as outlined previously (section 2.3.5.).

2.3.8.3. Polishing

To correct any single-base substitution, deletion and insertion errors in the genome (Vaser et
al., 2017; Walker et al., 2014), the gap-closed RaGOO-guided assembly (long- and short-read
gap closed) underwent a round of polishing using Pilon v. 1.23 (Walker et al., 2014). The draft
assembly was split into 18 individual scaffolds, and the Illumina short-read data was aligned
against the scaffolds using BWA-MEM (José et al., 2015). The aligned data was used to
identify and correct errors present in the draft assembly, generating more accurate and
continuous sequences (Vaser et al., 2017; Walker et al., 2014). The final polished RaGOO-
guided assembly and Rebaler-guided assemblies (section 2.3.7.) were subjected to QUAST-
LG v. 5.2.0 to assess assembly quality (section 2.3.3.1).

2.3.9. Genome annotation

The Rebaler and RaGOO reference-guided C. sativa SG genome assemblies (section 2.3.4.)
were evaluated for completeness using BUSCO v. 3.0 (Waterhouse et al., 2018) with the
default settings. BUSCO is a bioinformatics tool that assesses genome assembly completeness
using conserved, single-copy orthologous genes (SCOs) (Simao et al., 2015). BUSCO uses
lineage-specific datasets for comparisons between a wide range of species, these datasets are
comprised of orthologous genes that are highly conserved across the different evolutionary
lineages (Waterhouse et al., 2018). These datasets allow for the identification of complete,
fragmented, duplicated and missing genes in the assembled genome and like-for-like
comparisons of genomes. The assemblies underwent comparison against the eudicots odb10
lineage dataset (n = 2326 species) using BUSCO v. 3.0 (Waterhouse et al., 2018) to assess
genome completeness. This eudicots odbl0 lineage dataset is specifically tailored for
flowering plant genomes (Waterhouse ef al., 2018). A BUSCO completeness score of above
90% is the general benchmark used in literature for a high-quality reference-level assembly,

including the EBP (EBG; https://www.earthbiogenome.org/) and Darwin Tree of Life Project
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(Darwin Tree of Life Project Consortium, 2022; https://www.darwintreeoflife.org/) (Lewin et
al., 2022). BUSCO completeness scores ranging from 70-90% have been recorded for draft
genome level assemblies (BMC Genomics, 2024; Michael & VanBuren, 2020).

The Rebaler and RaGOO reference-guided C. sativa SG genome assemblies (section 2.3.4.)
were structurally and functionally annotated using MOSGA v. 2.1.5 pipeline (Martin et al.,
2020). MOSGA utilises various prediction tools, producing results in formats suitable for
NCBI submission and genome browser analysis (Martin et al., 2020). First, repeat content was
determined using REpeat Detector (RED), which allows for de novo, reference-free repeat
identification (Girgis, 2015). RED results were used to soft-mask the genome sequence for
subsequent annotation. The advantages of this tool include the detection of unknown repeats
without relying on available pre-existing libraries; however, the output is limited to generic
repeat content without classification into families (e.g. DNA transposons, LTRs) (Girgis,
2015). As such, a repeat library was generated using the reference genome of C. sativa
(GCF_029168945.1) using RepeatModeler v. 2.0.7 (Flynn et al., 2020). RepeatModeler utilises
multiple tools for the de novo identification of repeat families namely, RECON (Bao & Eddy,
2002) and RepeatScout (Price et al., 2005). Additionally, RepeatModeler uses Tandem Repeats
Finder (TRF) (Benson, 1999) for detecting tandem repeats within the assembly and
RepeatClassifier (Flynn ef al., 2020) for repeat library sequence annotation and refinement.
The resultant library was used to predict and identify repetitive elements in the C. sativa SG

assemblies using RepeatMasker v. 4.2.0 (Smit et al., 2013).

Transfer RNA elements (tRNAs) were predicted using tRNAscan-SE2 v. 2.0 (Lowe & Chan,
2016), which uses a covariant model for tRNA gene and function prediction. This model allows
for sensitive tRNA searches with a broad diversity of tRNA genes and detects mitochondrial
tRNAs (Lowe & Chan, 2016). Ribosomal RNA elements (rRNAs) were predicted using BAsic
rapid Ribosomal RNA Prediction (Barrnap) v. 0.9 (Seemann, 2018). Barrnap predicts rRNA
genes by scanning the sequences using Hidden Markov Models (HMMs) which have been
trained with known rRNA sequences. Through this process, conserved motifs and structural
features are identified resulting in rRNA prediction files for downstream annotation analyses

(Seemann, 2018).

Protein prediction was performed in MOSGA using AUGUSTUS (Stanke et al, 2004).
AUGUSTUS allows for ab initio gene prediction, and it identifies protein coding genes as well
as their exon-intron structure in assembly sequences (Brina ef al., 2023). The gene models for

Vitis vinifera (NCBI RefSeq assembly GCF _030704535.1, Cultivar: Pinot Noir 40024) served
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as the gene model to predict genes, as this is the least distant reference genome with available

gene models as predicted by MOSGA.

EggNOG-mapper (Huerta-Cepas et al., 2017) and SWISS-PROT (Bairoch & Apweiler, 2000)
were used for functional annotation and classification of the proteins predicted by
AUGUSTUS. SWISS-PROT is a protein sequence database that provides annotation at a high
level with minimal redundancy (Bairoch & Apweiler, 2000). Uniquely, this curated database
is integrated through partnerships with additional databases including the European Molecular
Biology Laboratory's European Bioinformatics Institute (EMBL-EBI) (Cook et al., 2017) and
the Swiss Institute of Bioinformatics (SIB) (D’ Auria, 2017), providing an integrated annotation
approach. The eggNOG-mapper tool can annotate large proteins datasets by performing fast
orthologue assignments against the eggNOG v. 5.0 database (Huerta-Cepas et al., 2017).

2.4. Results and Discussion

2.4.4. DNA extraction

Total genomic DNA (gDNA) was extracted from C. sativa SG using the Zymo Quick-DNA
Plant/Seed Kit. The gDNA had a concentration of 80.08 ng/ul and an A260/280 ratio of 1.92.
An A260/280 ratio of between 1.8-2.0 is considered acceptable for downstream applications

such as Illumina sequencing (Illumina, 2024; Glasel, 1995).

The phenol-chloroform extracted gDNA had a concentration of 135.3 ng/ul and an A260/280
ratio of 1.52. Although the achieved gDNA concentration was acceptable for PacBio
sequencing, the low A260/280 ratio, which is indicative of protein or phenol contamination
(Glasel, 1995), fell outside the acceptable range (1.8-2.0). Nevertheless, the phenol-chloroform

extracted gDNA was sent for PacBio long-read sequencing.

2.4.5. Genomic sequence quality control

The C. sativa SG genome was initially sequenced on the Illumina NovaSeq 6000 platform
using the 2 x 250 bp paired-end (PE) sequencing configuration. The Illumina sequencing
generated a total of 94,211,563 PE reads and total yield of ~41 Gigabases (Gb), giving an
expected genome coverage of 53x (Table 2.1). To improve the completeness and quality of the

assembled SG genome, additional long-read PacBio sequencing was conducted. However, with
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a total yield of 1.4 Gb, PacBio sequencing yielded a very low genome coverage of 1.7x (Table
2.1).

Quality control analysis of the Illumina raw short-read sequencing data using FastQC and
MultiQC indicated that the per nucleotide base quality for nucleotides located at the beginning
and central portion of the reads (base positions 1-200) exhibited high quality scores, while the
terminal segments (bases 190-240) displayed a decline in quality (Appendix Figure Al). A
Phred score cut-off of Q20 and Q25 was identified for the trimming of the Illumina raw short-
read sequence data to remove low-quality base sequences. Trimming with the Q20 cutoff
resulted in the removal of 0.2% (forward) and 1.0% (reverse) PE reads (Table 2.2). The Q25
cutoff resulted in the removal of 0.7% (forward) and 1.0% (reverse) PE reads (Table 2.2). The
trimmed Illumina short-read data was reassessed using FastQC and MultiQC, which confirmed
that the low-quality bases at the end of the reads and the Nextera adapters had been successfully
removed, ensuring that the Illumina short-read sequence data was ready for genome assembly

(Appendix Figure A2).

Quality control analysis of the PacBio raw long-read sequence data using FastQC and MultiQC
revealed the very low genome coverage of 1.7x (Table 2.1). Given the low coverage of the
PacBio data, trimming was not conducted to retain the maximum amount of the sequence data

for the hybrid assembly and gap filling of the Illumina assemblies.

Table 2.1: MultiQC v. 1.12 and FAstQC v. 0.11.9 Illumina and PacBio raw sequence data analysis.

Sequence data Tllumina p;i:(el(si-end (PE) PacBio reads
Number of reads 94211 563 339103
Average read length (bp) 215.9 3981
Sequencing yield (bp) 40 674 974 38 1 350 203 405
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Table 2.2: Illumina short-read sequence data results after trimming at Phred score cutoffs of Q20 and

Q25 using TrimGalore v. 0.6.7 with Cutadapt v. 3.5.

Raw Q20 Q25
Data paired-
(bp) end (PE) Forward Reverse Forward Reverse
reads
Total
94,211,563 | 20,343,089,487 | 20,331,885,451 | 20,343,089,487 | 20,331,885,451
sequences
Quality
] 36 33,834,839 206,200,221 139,705,803 44,631,577
trimmed

Retained N/A 20,214,786,124 | 20,039,537,527 | 20,113,463,749 | 20,195,209,601

2.4.6. de novo Genome assembly

2.4.6.1. Short-read de novo genome assembly

The Illumina short-read data was assembled using three de novo pipelines: AbySS v. 4.4.1,
MEGAHIT v. 1.2.9 and SGA v. 0.10.15. The largest genome assembly was obtained using
MEGAHIT (3.77 Gb), ~ 4x the expected assembly size for C. sativa (700-900 Mb) (Table 2.3).
In contrast, SGA produced an assembly (948.80 Mb) that more closely reflected the expected

size for a C. sativa genome.

The MEGAHIT assembly comprised the largest number of contigs (Table 2.3), ~6x as many
as obtained through assembly with SGA. The MEGAHIT assembly furthermore produced the
largest contig, with the largest contig being 3.5x and 8x the size of the largest contig obtained

with AbySS and SGA, respectively (Table 2.3).

The lowest N50 value was observed for the MEGAHIT assembly, while the highest N50 value
was achieved with AbySS (Table 2.3).

The starkest difference between the assemblies was observed for the genome fraction (when
compared to the reference genome of C. sativa (GCF_029168945.1, Cultivar: Pink Pepper).
The highest genome fraction was observed for the MEGAHIT assembly (86.56%), while those
of the SGA and AbySS assemblies were negligible (Table 2.3). This suggests that, while the

SGA and AbySS assemblies more closely reflect the expected C. sativa genome in terms of
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size, these assemblers are prone to miss-assembly, which would be expected to lower the

achieved genome fraction (Gurevich et al., 2013).

Overall, all assemblers produced an assembly comprising a substantial number of contigs
(Table 2.3). A genome with fewer contigs indicates a more contiguous and complete assembly
(Juahal & Newcomb, 2021), and as such, in order to improve genome contiguity and
completeness, long-read sequencing data was generated from C. sativa SG and hybrid de novo

genome assembly was performed.

Table 2.3: Genome metrics of assemblies produced on the Q20 trimmed [llumina short-read data with

AbySS v. 4.4., MEGAHIT v. 1.2.9 and SGA v. 0.10.15.

Genome K-mer K-mer Geno.me N50 Contigs Largtest
Assembler size (Mb) range | coverage fraction (bp) >1000 bp contig
(%) (bp)
AbySS 1,227.49 116 2 5.688 4,676 97,792 36,399
101-141
MEGAHIT | 3,766.40 - 86.56 393 282,349 128,613
(step 2)
SGA 948.80 51 1 1.706 4,077 47,394 15,912

2.4.6.2. Hybrid de novo genome assembly

The PacBio long-read and Illumina short-read data were assembled using three hybrid de novo

assemblers.

DBG20OLC and MaSurCa both yielded genome assemblies (4.6 and 105 Mb, respectively) that
were far below the expected assembly for C. sativa (700-900 Mb) (Table 2.4). Furthermore,
lower N50 values and genome fractions were observed for these assemblies compared to that
produced by MEGAHIT. This was likely a result of DBG20OLC and MaSurCa relying on
greater long-read sequencing depth than was achieved in this study. Long-read assembly for
plant genome typically requires a coverage of 30-60x, with assembly of PacBio long-read data
working well with a coverage of approximately 30x (Koren et al. 2017). The DBG2OLC
assembler typically works optimally with > 30x long-read coverage to generate high quality
complex assemblies (Ye et al. 2016). Notably, hybrid assembly using the MEGAHIT

assembler recommends a coverage of ~40-50x for plant genome projects (Li et al., 2018).
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However, the long-read PacBio sequencing data generated for this study gave a low expected
genome coverage of 1.7x, resulting in little to no improvement to the Illumina data generated

assemblies.

Table 2.4: Optimal hybrid de novo assemblies produced using DBG2OLC v. 1., MaSurCa v. 4.1.0, and
hybrid MEGAHIT v. 1.2.9.

ambier | SO ion soom | S L
A

DBG20LC 4.659 16 0.002 7,802 627 17,302

MaSurCa 105.603 - 4241 4456 42,088 | 106,400

Hybrid 3766.397 10113114 949 4759 | 282349 128,613

MEGAHIT (3.77Gb) | (step 2)

Comparison of the hybrid assembly produced with MEGAHIT to the DGB2OLC and MaSurCa
hybrid assemblies showed that MEGAHIT achieved the largest assembly, with the greatest
number of contigs > 50,000 bp in size (six, compared to only one for MaSurCa) (Table 2.4), as
well the largest contig produced (128,613 bp, compared to DBG2OLC — 17,302 bp and
MaSurCa — 106,400 bp). Furthermore, the highest genome fraction was achieved with
MEGAHIT (11.909%), more than double that achieved with MaSurCa (4.241%). The N50
value of the MEGAHIT assembly (4,759 bp) was higher than that achieved with MaSurCa
(4,456bp), but lower than that produced with DBG2OLC (7,802 bp), albeit that the latter only
comprised 627 contigs, while the MEGAHIT assembly comprises 9,261,818 contigs.

Comparison of the best hybrid assembly (MEGAHIT) to the assembly produced from the short-
read data alone (MEGAHIT) showed that both assemblies had the same genome size (3.77 Gb),
largest contig size and number of contigs greater than 1,000 bp. The short-read assembly
(MEGAHIT) had the highest genome fraction (86.56%) however, the hybrid assembly
(MEGAHIT) had a higher N50 value of 4,759 bp. The lower genome fraction achieved for the
hybrid assembly (MEGAHIT) was likely due to miss-assembly which occurred when the long-

read data was included.
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As such, the hybrid assembly with MEGAHIT provided the optimal de novo assembly.
However, this assembly was ~ 4-5x the expected size for a C. sativa genome, suggesting miss-
assemblies within the SG draft genome and potential duplication errors introduced during
assembly. The low N50 value (4,759 bp) and high number of contigs indicated that while the
genome remained very fragmented and required gap filling and refinement. As such, to
improve the contiguity and more accurately assemble the contigs into “chromosome”

structures, reference-guided improvement of the MEGAHIT hybrid assembly was undertaken.

2.4.7. Reference-guided assembly

The MEGAHIT hybrid assembly was mapped against the reference genome of C. sativa
(GCF _029168945.1, Cultivar: Pink Pepper) using the reference-guided assembly tools RaGOO
v. 1.1 (Alonge et al., 2019) and Rebaler v. 0.2.0 (Wick et al., 2019).

The RaGOO and Rebaler assemblies both comprised of eighteen scaffolds reflecting the
chromosomes in the reference assembly, with the Rebaler assembly being the largest (764.62
vs 436.89 Mb) (Table 2.5). The genome size of the Rebaler-based assembly was consistent
with available C. sativa genomes on the NCBI database, (Appendix Table A1). Therefore, the
Rebaler-based genome assembly was considered the better assembly, while the RaGOO

assembly required further refinement.

A total of 233,400 unaligned contigs were retained from the draft assembly following RaGOO
reference-guided assembly. These additional contigs (RAGOO additional) underwent gap
closure and polishing with Pilon v. 1.23 as per the RaGOO assembly.
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Table 2.5: Assemblies generated using two reference-guide assembly strategies RaGOO v. 1.1 and

Rebaler v. 0.2.0 from the MEGAHIT hybrid genome assembly.

Reference- Genome Genome Contigs | Largest conti
based ize(Mby | Traction | NSO (bp) | 0 oi 5 it 5
assembler (%) P P
RaGOO 436.89 29.072 43,784,932 18 61,502,276
RaQQO 470.40 0.022 4,987 233,400 26,914
additional
Rebaler 764.62 89.865 76,567,386 18 91,356,502

2.4.8. Refinement of the draft C. sativa SG genome assembly

The RaGOO-guided genome assembly underwent contig extension, scaffolding, gap closing,
polishing and refinement. Long-read gap closing was performed using LR _Gapcloser (Xu et
al., 2018), MaSurCav. 4.1.0 (Zimin et al., 2013) and TGS-GapCloser v. 1.2.1 (Xu et al., 2020).
Only one tool, namely TGS-GapCloser v. 1.2.1 closed ~1.91% of the gap positions. The
performance of the different tools likely reflects their ability to close gaps in low coverage

sequence data, a known advantage associated with TGS-GapCloser (Xu ef al.,2020).

ABySS-Sealer and GapCloser v. 1.12 were subsequently used sequentially for short-read gap
closure. While ABySS-Sealer was unable to close any gaps, GapCloser successfully closed
78.16% of the gap positions, resulting in a final gap-closed assembly containing
1,098.43 Ns/ 100 kbp. The Ns/100 kb value is a measure of the level of fragmentation or gaps
in the assembly which were introduced during scaffolding (Bradnam et al., 2013; Rhie et al.,

2021).

Final genome polishing was performed using Pilon v. 1.23. This polishing reduced the overall
size of the genome assembly by 4.46 Mb, resulting in a genome size of 438.36 Mb. Pilon also
reduced the number of gaps in the assembly to a final value of 1057.78 Ns/100 kbp.
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2.4.9. Comparison of the final SG genome assemblies

The Rebaler reference-guided assembly, refined RaGOO reference-guided assembly and the
retained additional RaGOO assembly contigs were structurally and functionally annotated

using the MOSGA pipeline (Smit et al., 2013).

2.4.9.1. Genome metrics and genome completeness

The largest genome was obtained using the Rebaler reference-guided assembly tool
(Table 2.6), which fell within the expected range for the genome size (700-900 Mb) for a
complete C. sativa genome. By contrast, the refined RaGOO assembly and the additional
RaGOO contigs, were each closer to half the size of the reference genome of
C. sativa (GCF_029168945.1; Cultivar: Pink Pepper) (Table 2.6). All three annotations had
similar G+C contents ranging from 34.04 to 35.69 (Table 2.6), which were consistent with the
G—+C content levels in available C. sativa genomes (Appendix Table Al). The Rebaler-guided
assembly demonstrated a genome fraction of 89.87% and BUSCO completeness score of
97.0%. This BUSCO value meets the requirements of both an acceptable high-quality draft
genome and a reference-grade genome (Bradnam et al., 2013; Michael & VanBuren, 2020). In
contrast, the additional RaGOO contigs achieved the lowest genome fraction (0.022%) and
BUSCO completeness value (37.3%). Combining the BUSCO completeness and genome
fraction values for the refined RaGOO assembly with its additional contigs results in a genome
fraction of 32.815% and a BUSCO completeness value of 81.9%. These values are still lower
than the Rebaler assembly values indicating that the Rebaler assembly was the most complete
assembly. However, the Rebaler assembly had the highest Ns/100 kb value, which indicated

the presence of unresolved gaps following scaffolding.
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Table 2.6: Comparison of the Rebaler assembly, refined RaGOO and refined additional RaGOO contig

assemblies generated using different reference-guided assembly and polishing pipelines to identify the

best Cannabis sativa Swazi Gold (SG) genome assembly.

Features Refined RaGOO Refined additional Rebaler assembl
assembly RaGOO contigs Y
GapCloser v. 1.12 and | GapCloser v. 1.12 and
Refinement Pilon v. 1.23 Pilon v. 1.23 ”
Assembly size (Mb) 438.36 470.40 764.62
N50 value (Mb) 439 499 766
Genome fraction (%) 32.793 0.022 89.87
G+C content (%) 35.15 35.69 34.04
BUSCO completeness 44.6 373 97.0
(%)
Ns/100 kb value (kb) 1057.73 0.00 2355.59
2.49.2. Repeat content of the draft C. sativa SG genome assemblies

Repeat content in the assemblies was detected using the RED (Girgis, 2015) and RepeatMasker
(Smit et al., 2013). RED repeat analysis revealed a repeat content range of 45.91 to 59.24%,
with the highest recorded in the Rebaler assembly. A repeat content of 45.91% was identified
within the RaGOQO additional contigs (with 52.14% identified in the refined RaGOO
assembly), which indicated that a large portion of the contigs removed during RaGOO
reference-guided assembly comprised repetitive elements. Overall, the repeat content detected
by RED was lower than the expected range (65-78%) for C. sativa (Pisupati et al., 2018; Ryu
et al., 2024; Shan et al.,, 2020). This low repeat content could be attributed to limitations
associated with RED repeat detection, which include reduced sensitivity for detection of highly

diverged transposons and sensitivity to parameters including K-mer length (Girgis, 2015).
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RepeatMasker (Smit ef al., 2013) demonstrated a repeat content 71.63% within the refined
RaGOO assembly, with the additional RaGOO contigs containing 22.6% repeat content. The
Rebaler assembly comprised 77.19 % repeat content (Appendix Table 2A).

2.4.9.3. Predicted tRNA and rRNA content

The highest number of tRNAs were predicted within the Rebaler assembly (648 tRNAs)
(Figure 2.1), compared to the refined RaGOO assembly (583 tRNAs) and its additional contigs
(220 tRNAs).

The predominant tRNAs within the Rebaler assembly included those that carry arginine,
leucine and proline; with the least abundant being histidine and tyrosine (Figure 2.1). This was
similar to the most abundant tRNAs present in V. vinifera and A. thaliana, namely those
involved in the transfer of arginine and proline (Petrovic et al., 2019; Yao et al., 2020). In
contrast, the tRNAs involved in the transfer of leucine, methionine and serine were
predominant within the refined RaGOO (with additional contigs) assembly data; with tRNAs
that carry histidine and cystine being the least abundant (Figure 2.1). No intron-containing
tRNAs were identified within the assembly annotations, which aligns with plant tRNA
architecture (Lynch et al., 2025).

More rRNA genes were predicted within the Rebaler assembly than the refined RaGOO (with
additional contigs) assembly data (Figure 2.2). The predicted 18S, 288S, and 5S rRNAs, which
are essential for ribosome biosynthesis, aligned with the known architecture of eukaryotes
(Srivastava & Pal, 2019). Additionally, a total of 278 rRNAs were predicted within the RaGOO

additional contigs.
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Figure 2.1: Proportion of tRNAs by the amino acid they carry predicted for A) the Rebaler reference-guided and B) the RaGOO reference-guided
(with the additional RaGOO contigs) assemblies as predicted using tRNAscan-SE2 v. 2.0. A total of total of 648 tRNAs were predicted within the Rebaler

assembly and 1,386 within the RaGOO assembly (with additional contigs).
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Figure 2.2: Ribosomal RNA (rRNA) composition predicted for A) the Rebaler reference-guided and B) the RaGOO reference-guided (with the
additional RaGOOQO contigs) assemblies as predicted using Barrnap v. 0.9. A total of 907 rRNA genes were predicted within the Rebaler genome, this
included 18S rRNA (1%), 28S rRNA (1%) and 5S rRNA (98%). A total of 739 rRNA genes were predicted within the RaGOO (with additional RaGOO contigs)
genome, this included 18S rRNA (7%), 28S rRNA (6%) and 5S rRNA (87%).
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2.4.9.4. Protein coding sequences

Gene prediction in the Rebaler assembly using AUGUSTUS trained with V. vinifera (NCBI
RefSeq assembly GCF 030704535.1; Cultivar: Pinot Noir 40024) identified a total of
45,142 genes (Table 2.7). Following structural annotation, eggNOG-mapper functionally
annotated 34,950 proteins within the Rebaler reference-guided genome (Huerta-Cepas et al.,
2017), while SWISS-PROT functionally annotated 10,206 proteins within the genome
(Bairoch & Apweiler, 2000). A total of 43,646 protein-coding genes and 140,786 introns were
identified within these genes. Within the refined RaGOO (with additional contigs) assembly
data AUGUSTUS identified a total of 98,885 genes and eggNOG-mapper functionally
annotated 67,610 proteins, while 453,377 proteins were functionally annotated using SWISS-
PROT. This high number of proteins annotated using SWISS-PROT may be attributed to the
assignment of more than one annotation per protein due to the multifunctional roles of many
proteins (Bairoch & Apweiler, 2000). A total of 97,470 protein-coding genes and 201,570

introns were identified within the refined RaGOO (with additional contigs) genes.

Annotation of the RaGOO assembly and its additional contigs allowed for the identification of
more genes, proteins and introns within the RaGOO assembly data compared to the Rebaler
assembly. This increase may reflect overlapping predictions (the same genes, proteins or
introns) across both of the RaGOO datasets. Notably, more genes, proteins and introns were
identified within the additional RaGOO contigs alone than in each of the two assemblies
(Table 2.7). This suggests that gene-rich regions of the C. sativa SG genome may not have
been successfully incorporated within the assembly (linking to the gaps remaining). Similar to
the inflated tRNA count within the RaGOO combined assembly data, this increase in predicted
annotated features may be attributed to the fragmentation of the contigs leading to gene
splitting and assembly artefacts within the assembly data (Denton et al., 2014; Indrischek et
al., 2016). Further curation and validation of the assembly will be required to distinguish novel

or genuine genes from miss-annotations or redundant predictions.
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Table 2.7: Comparison of MOSGA v. 2.1.5 annotation results for the Rebaler assembly, refined
RaGOO and refined additional RaGOO contig assemblies for Cannabis sativa Swazi Gold.

No. of annotated Refined RaG_O 0 Re-ﬁ.ned Rebaler reference-
element reference- guided addltlonal. ouided assembly
assembly RaGOO contigs

RED repeats (%) 52.14 4591 59.24
?Zl;eatmaSker repeats 71.63 22.06 77.19
tRNAs 469 803 907
rRNAs 583 278 648

Genes 31,687 67,198 45,142
EggNOG proteins 23,981 43,629 34,950
SWISS-PROT proteins 44,820 120,700 10,206
Protein-coding genes 30,381 63,089 43,646
Introns 101,516 100,054 140,786

2.4.10. Selection and evaluation of SG final draft genome

The Rebaler reference-guided genome assembly demonstrated a higher genome fraction
(89.87% vs 32.793%), BUSCO completeness value (97% vs 81.9%) and larger genome size
(764.62 Mb) than the RaGOO-based assembly. Particularly, the size of the Rebaler assembly
is similar to that of the reference genome for C. sativa (770.3 Mb). Annotation results of each
assembly indicated a higher amount of tRNAs, rRNAs, genes, proteins and introns predicted
and identified within the Rebaler assembly compared to the RaGOO assembly alone (without
its additional contigs). Consequently, the Rebaler-guided assembly, built on the basis of a
MEGAHIT assembly using the paired-end short read data and PacBio data as single-end

sequences, was selected for further comparative genome analysis.
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2.5. Conclusion

Here we report the first draft genome for C. sativa SG assembled using a hybrid de novo
approach. This approach combined both low coverage long-read (Pacific Bioscience) and high
coverage short-read (Illumina NovaSeq 6000) sequencing data. Three short-read assemblers
(AbySS, SGA and MEGAHIT) and three hybrid assembly tools (DBG20OLC, MaSurCa and
MEGAHIT) were evaluated for optimal parameters and ideal de novo assembly. The assembly
generated using the MEGAHIT hybrid pipeline outperformed all other evaluated assemblers.
Two reference-guided assembly pipelines (RaGOO and Rebaler) were evaluated followed by
gap closing with three long-read (LR Gapcloser, MaSurCa and TGS-GapCloser) and two
short-read (ABySS-Sealer and GapCloser) gap closing tools. The gap closed assembly
underwent a final round of polishing with Pilon for optimal refinement of the assemblies,
producing two refined reference-guided assemblies. These two assemblies (alongside the
additional data that was retained post reference-guided assembly with RaGOO) were compared
using BUSCO v. 3.0, and structurally and functionally annotated using MOSGA. The two

annotated assemblies underwent comparative analysis for selection of the optimal assembly.

The selected final draft genome had a total size of 764.62 Mb, G+C content of 34.04% and a
completeness score of 97.0%. A total of 45,142 protein coding genes, 648 tRNAs and 907
rRNAs were predicted within the assembly, while repetitive elements encompassed a predicted
77.19% of the genome. This C. sativa SG genome is the first genome assembled for an African
C. sativa landrace. It provides a key foundation for further comparative genomic analysis

among C. sativa landraces and cultivars.
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Chapter Three: Comparative genomic analysis of Cannabis sativa Swazi

Gold
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3.1. Abstract

Cannabis sativa Swazi Gold (SG) is regarded as a Type I tetrahydrocannabinol (THC)
dominant chemotype (drug-type) plant originating from the Kingdom of Eswatini. Here the
genome of this landrace was compared against the publicly available genomes of fourteen
C. sativa cultivars. Core genome phylogeny demonstrated mixed chemotype clustering across
the fifteen C. sativa genomes compared in this study. BLAST-based identification and
alignment of genes involved in cannabinoid biosynthesis (4CCase, CBDAS, CBCAS, DXS,
HCAS, GPPS, GOT, OAC, OLS, THCAS) revealed extensive paralogue divergence and copy
number variation (CNV) amongst the cultivars and landraces. Biosynthetic gene cluster (BGC)
profiling identified 31 distinct BGCs within the C. sativa SG genome, and a total 501 BGCs
across all fifteen annotated C. sativa genomes. The most abundant BGCs included saccharides,
alkaloids and terpenes. These findings suggest chemotype status cannot simply be inferred by
the assessing the genome of a cultivar for presence and copy number of a specific cannabinoid
biosynthetic gene but will instead have to be validated through more complex chemical

profiling methods.

3.2. Introduction

Comparative genomic analysis of multiple plant genomes can provide insight into their genetic
architecture, structural and functional characteristics, their evolutionary histories and potential
applications (Andre et al., 2016; van Bakel et al., 2011). In the case of Cannabis sativa, these
analyses are crucial to evaluate genomic divergence due to domestication and artificial
selection and infer key genetic elements involved in phenotypic variation and adaptation, such
as variation in cannabinoid biosynthesis for protection against herbivores and microbial

pathogens (Kojoma et al., 2006; van Bakel et al., 2011).

Comparative analysis of cannabinoid biosynthetic genes has identified multiple single
nucleotide polymorphisms (SNPs) within tetrahydrocannabinolic acid synthase (THCAS),
cannabidiolic acid synthase (CBDAS) and cannabichromenic acid synthase (CBCAS); which
may alter the cannabinoid profile of the plant (Laverty et al., 2019, Rotherham & Harbison,
2010, Taura et al., 2007). The selection and upregulation of A>-THCAS over CBDAS within a
cultivar leads to elevated THC production characteristic of drug-type chemotypes (de Meijer
etal., 2009; van Bakel et al., 2011). By contrast, fibre-type chemotypes favour CBDAS activity
(Morimoto et al., 1998; van Bakel ef al., 2011). Cannabis sativa exhibits heterozygosity rates
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ranging from 0.18-0.26%, with drug- and fibre-type strains being separated by SNPs
(occurrence of SNPs = 0.64%) (van Bakel er al, 2011). Major SNPs located within
THCAS and CBDAS separate chemotypes I, I and III (Pacifico et al., 2006).

A comprehensive comparison of C. sativa genomes with different chemical profiles
(chemotypes) would provide valuable insight into conserved gene families, regulatory
elements and sequence variations between landraces and cultivars across long periods of
evolutionary time (Stott & Bobay, 2020; You, 2023). The identification of BGCs within the
fifteen C. sativa genomes may provide insight into the chemotypes, aroma and flavour profiles
(Kautsar et al., 2017; Zager et al., 2019). Here we have performed foundational comparative
genomic analyses of African landrace C. sativa Swazi Gold (SG) and the high-quality genome
assemblies of fourteen C. sativa cultivars and landraces. It is envisaged that this research will
contribute towards a deeper understanding of African landraces’ cannabinoid production

profile, with the potential end goal of therapeutic application of these phytochemicals.

3.3. Methods and Materials

3.3.1. Structural and functional annotation of available genomes

The assembled genome of C. sativa SG was compared to fourteen other C. sativa genomes,
thirteen of which are publicly available on the NCBI database (Table 3.1), and one in-house
draft genome assembly of the South African landrace, Durban Poison (DP). All genomes were
structurally and functionally annotated using MOSGA v. 2.1.5 (Martin ef al., 2020) as outlined
in Chapter 2 (section 2.3.9). Repeat content was determined using the REpeat Detector (RED)
pipeline (Girgis, 2015), as well as RepeatMasker v. 4.2.0 (Smit et al., 2013), as outlined in
Chapter 2 (section 2.3.9). This was followed by functional annotation and classification of
genes and proteins using eggNOG-mapper v. 2.1.13 and SWISS-PROT (Bairoch & Apweiler,
2000; Huerta-Cepas et al., 2017), as outlined in Chapter 2 (section 2.3.9). Additionally, these
genomes underwent comparison against the eudicots odb10 lineage dataset (n = 2,326
BUSCOs) using BUSCO v. 3.0 (Bradnam et al., 2013; Waterhouse et al., 2018) to assess

genome completeness.
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Table 3.1: Overview of fifteen comparator Cannabis sativa genomes with chemotype and geographic

location data. Type I: THC dominant (drug-type); Type II: THC:CBD (intermediate); Type III: (CBD

dominant (fibre-type).

Cultivar / GenBank Assembly Geographic origin
Landrace Accession # Plant Chemotype of the plant
Pink pepper (ref) GCA _029168945.1 Type 111 South Korea
United States of
Ab Csat GCA 025232715.1 Type 111
acus (Csat) — ype America (USA)
Cannbio-2 GCA 016165845.1 Type 11 Australia
Cherry Pie GCA _049724855.1 Type I California USA
csl0 GCF _900626175.2 Type 11 Colorado, USA
) In house assembly Durban, South
Durban P DP T I
urban Poison (DP) (unpublished) ype Afiica
Finola GCA _003417725.2 Type III Finland
JL GCA _013030365.1 Unclassified Jilong, China
J i Lion Dash
(;‘El]a)‘z:;‘) ORPA 1 GCA 0036603252 Type II Massachusetts, USA
. A
g;“Lnsa)lcan Lion 4 GCA_016415525.1 Type II Massachusetts, USA
Jamaican Lion "4
A 012923435.1 Type I M husett A
(JL Mother) GCA 0129 ype assachusetts, US
Jamaican Lion "4
(?Elgzizr) on GCA_013030025.1 Type II Massachusetts, USA
Punto Rojo GCA_049725155.1 Type | Colombia
Purple Kush GCA _000230575.5 Type I California USA
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3.3.2. Single-copy orthologue identification and core genome phylogeny

construction

A core genome phylogeny was generated to evaluate the evolutionary relationships between
the C. sativa cultivars and landraces. The protein datasets for each genome from MOSGA
v.2.1.5 were compared using OrthoFinder v. 3.1.0 (Emms & Kelly, 2019) to identify single-
copy orthologues (SCOs). Single-copy orthologues refer to proteins that are encoded on all
compared genomes and that have not undergone duplication (Emms & Kelly, 2019). The
identified SCOs were aligned individually using the mCOFFEE implementation of T-Coffee
v. 13.41.0.28bdc39 (Notredame et al., 2000) and concatenated using an in-house perl script.
The concatenated alignment was treated with Gblocks v. 0.91b (Castresana, 2000) to remove
poorly aligned blocks. The curated concatenated alignment was used to construct a maximum
likelihood (ML) phylogeny with 1Q-Tree3 (Wong et al., 2025). Branch support of the ML
phylogeny was inferred with ultrafast bootstrapping (n = 1,000 replicates) using UFBoot2
(Hoang et al., 2018).

3.3.3. BLAST analysis of cannabinoid biosynthetic genes in C. sativa

The reference protein sequences of all the enzymes involved in the biosynthesis of
cannabinoids were retrieved from the NCBI database (Table 3.2). These sequences were
compared against the genome sequences of each C. sativa cultivar/landrace by local tBlastn
analysis implemented in BioEdit v. 7.2.5 (Hall, 1999). The presence of these specific
cannabinoid biosynthesis genes within the genomes would suggest that all compared cultivars
and landraces are capable of cannabinoid production, however, future chemical profile analysis

is required to confirm pathway functionality and cannabinoid production.

The tBLASTn output was examined to identify paralogues and determine amino acid sequence
identity across the C. sativa genomes. Paralogues refer to genes in an organism which evolved
from gene duplication; paralogous proteins experience evolutionary pressure that often leads
to altered or novel specificities and functions (Mirny & Gelfand, 2002). Multiple sequence
alignments of the identified paralogues were conducted using MUSCLE in MEGA12 (Kumar
et al., 2018). These aligned sequences were used for the construction of neighbour-joining
phylogenetic trees in MEGA12. Separate phylogenetic trees were generated for each protein

sequence to compare the identified paralogues across the fifteen C. sativa genomes.
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Additionally, the MUSCLE aligned sequences for the C. sativa SG paralogues were used to

generate a sequence identity matrix using BioEdit v. 7.2.5.

Table 3.2: Overview of Cannabis sativa cannabinoid biosynthetic proteins retrieved from the NCBI

database.
NCBI
Protein Enzyme
GenBank Accession #

ACCase Acetyl-CoA carboxylase XM 030629499
AP Aromatic prenyltransferase MNS551226
CBDAS Cannabidiolic acid synthase MW382907.1
CBCAS Cannabichromenic acid XM 0611188021

synthase -
DXS1 I-Deoxy-D-xylulose-5- XM_061104475.1

phosphate synthase -
DXS2 1-Deoxy-D-xylulose-5- KY014577 1
phosphate synthase

HCAS Hexanoyl-CoA synthetase XM 030637946.2
GPPSI Geranyl pyrophosphate KY014573.1

synthase
GPPS2 Geranyl pyrophosphate KY014574.1

synthase

Geranylpyrophosphate
GOT olivetolate XM 061106831.1
geranyltransferase
OAC Olivetolic acid cyclase NM 001397939.1
OLS / TKS Olivetol synthase / AB164375.1
Tetraketide synthase
Tetrah olic aci

THCAS etrahydrocannabinolic acid 1Q437488.1

synthase
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3.3.4. Biosynthetic gene cluster (BGC) identification

Biosynthetic gene clusters (BGCs) are dense clusters of genes encoding the biosynthetic
pathway of specialized metabolites, such as tri-terpenes in Arabidopsis species (Huang et al.,
2019) and morphine in opium poppy (Guo et al., 2018; Jensen, 2016; Satria et al., 2017).
PlantiSMASH (Kautsar et al., 2017) set to default parameters was used for the identification
of candidate BGCs within the C. sativa genomes. The software utilises Hidden Markov Models
(pHMMs) of known enzyme families in plant biosynthetic pathways and CD-HIT clustering
of protein sequences belonging to the same family. This allows for the identification and

grouping of functionally related genes into BGCs.

3.4. Results and Discussion
3.4.1. Comparison of the annotated C. sativa genomes

3.4.1.1. Genomic metrics of C. sativa

The genomes of the compared C. sativa cultivars and landraces ranged in size from 748.82 to
1333.38 Mb (Appendix Table A2), with C. sativa DP having the smallest genome and that
of Jamaican Lion Dash (JL Dash) being the largest. This variation may be attributed to factors
including polyploidy and aneuploidy, which can result in genome duplication or the loss of
chromosomal segments (Crawford et al., 2021), differences in the abundance and activity of
transposable elements (TEs) and genetic and structural variations between fibre- and drug-type
plants. It is more likely however that this variation in genome size is a reflection of the different
sequencing and assembly strategies used across the different studies. Assembly artefacts have

been shown to inflate and deflate genome size estimates in Cannabis (Ryu et al., 2024).

The G+C content of the genomes ranged between 33.49 and 34.24% (Appendix Table A2),
with the G+C content of the SG draft genome falling within this range. BUSCO completeness
analysis demonstrated that all fifteen compared C. sativa genomes fell within the generally
accepted range for reference-grade assemblies (above 90%) (Lewin ef al., 2022). The genome
of C. sativa JL Dash cultivar is the most complete genome at 98.2%, with that of C. sativa JL
being the least complete at only 92.7% (Appendix Table A2).
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34.1.2. Comparative analysis of repetitive elements in C. sativa genomes

Total repeat content detection with RED indicated that approximately 59.24% of the SG
genome comprised of repeats (Appendix Table A2). The genomes of C. sativa cultivars cs10
and JL Dash incorporated the lowest and highest repeat content, 50.18 and 79.16%,
respectively. Analysis of repeats using RepeatMasker trained on the C. sativa Pink Pepper
genome, indicated that 77.19% of the C. sativa SG genome was observed to comprise of
repetitive elements (Appendix Table A2). The genome of C. sativa cultivar cs10 was once
again identified as having the lowest repeat content (64.92%), while the highest repeat

content was observed in the genome of C. sativa JL Mother (79.16%).

Across all the C. sativa genomes, class I retrotransposons were observed to be the most
populous repetitive elements, specifically long terminal repeat (LTR) elements, Tyl/Copia
elements and Gypsy/DIRS1 elements (Appendix Table A3). Class 1 LTR elements, often
referred to as "jumping genes", can move throughout the genome via an RNA intermediate,
employing a "copy and paste" mechanism (Havecker ef al., 2004). An abundance of class I
retrotransposons in a plant genome can lead to an expanded genome size, increased genetic and
epigenetic variation, as well as altered gene regulation, which can potentially influence the
chemical (cannabinoid profile) and physiological (response to stress) traits of the plant
(Havecker et al., 2004; Lanciano & Mirouze, 2017; Wicker ef al., 2007). In general, C. sativa
SG contained fewer class I retrotransposons (430,205 in total, Appendix Table A3) when
compared to the other genomes assessed in this study (418911-743012 in total, Appendix Table
A3). This suggests that C. sativa SG may possesses a more stable and compact genome, a factor
that is often sought after by commercial breeders (Hawkins et al., 2009; Vitte et al., 2005).
LTR elements contributed 39.97-49.65% (Appendix Table A3) of the repeat content within all
the annotated C. sativa genomes, with the Finola cultivar containing the highest proportion
(49.65%). The C. sativa SG draft genome incorporated 47.63% of LTR elements (Appendix
Table A3).

Ty1/Copia and Gypsy/DIRS1 elements are both classes of LTR retrotransposons, which are
known to be prevalent among plant genomes, contributing to genome size variability (Cheng
et al., 2009; Girgis, 2015). Tyl/Copia elements encode proteins such as reverse transcriptases
and integrases, which play a role in inducing mutations and structural variations within the
genome, and hence they can play key roles in genome evolution (Cheng et al., 2009).
Gypsy/DIRS1 elements share structural similarities with Tyl/Copia elements, however,

Gypsy/DIRS1 elements differ in their sequence and integration mechanisms which involve

98 |Page



linear, single-stranded intermediates (Malicki et al., 2020). Similarly, Gypsy/DIRS1 elements
also contribute to genome diversity and evolution (Piednoél et al., 2011). The Ty1/Copia and
Gypsy/DIRS1 elements contributed 23.57-28.53% and 16.36-21.28% (Appendix Table A3) of
the repeat content within all the annotated C. sativa genomes, respectively. The genome of
C. sativa Finola cultivar contained the highest proportion of Ty1/Copia elements (28.53%) and
that of JL Mother the highest proportion of Gypsy/DIRS1 elements (21.28%). The SG draft
genome harboured 27.31% Tyl/Copia elements and 20.27% Gypsy/DIRSI elements
(Appendix Table A3).

Unclassified repeats ranged between 18.60-22.56% (Appendix Table A3). The genome of
C. sativa JL cultivar contained the highest proportion of unclassified repeats. The SG genome
contained a total of 21.81% unclassified repeats (Appendix Table A3), placing it on the upper
end of the scale (18.60-22.56 %) when compared with other Cannabis genomes in this study.

3.4.1.3. tRNA, rRNA and protein profiles of the C. sativa genomes

tRNA profiling showed that between 602 (cs10) and 1,355 (JL Dash) tRNAs are harboured on
the C. sativa genomes (average: 823.79 tRNAs/genome), with the SG genome containing 648
tRNAs (Appendix Table A2). The most abundant tRNAs in the SG genome were those that
carry arginine, leucine and proline. This aligned with the most abundant tRNAs present in
V. vinifera (the plant gene model used for annotation) and Arabidopsis, namely those involved

in the transfer of arginine and proline (Petrovic et al., 2019; Yao et al., 2020).

The C. sativa genomes harbours between 625 (Abacus) and 3,838 (Cherry Pie) total rRNAs
(average: 1146.40 rRNAs/ genome), with the SG genome containing 907 rRNAs (Appendix
Table A2). The most rRNAs were predicted within C. sativa cultivar Cherry Pie, which has
the second smallest genome (Appendix Table A4). Notably, the larger JL genome contains
predominantly 5S rRNAs, with only three predicted 18S and six 28S rRNAs (Appendix
Table A4).

34.14. Protein coding sequences in C. sativa genomes

On average, the C. sativa genomes harbour 51,893 genes, which encode ~50,279 proteins, with
the variation reflecting the differences in the genome sizes (Appendix Table A2). The genome

of C. sativa DP harboured the fewest genes (and protein-coding genes), which corresponds
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with its smaller genome (Appendix Table A2), while the genome of C. sativa JL Dash
harboured 61,156. EggNog-mapper annotated between 34,027 (C. sativa DP) and 47,605

(C. sativa JL Dash) proteins within the C. sativa genomes.

On average 163,795 introns were predicted for the genes identified within the C. sativa
genomes (and an average of 3.16 introns/ gene) (Appendix Table A2), with the highest number
predicted for C. sativa JL Dash (208,679) and the genes in C. sativa Cherry Pie with the second

smallest genome, containing the fewest introns (137,409).

3.4.2. Single-copy orthologue identification and core genome phylogeny

construction

A core genome phylogeny of the fifteen compared C. sativa genomes was constructed on the
basis of 2,085 SCOs (Figure 3.1). The curated alignment comprised 194,629 amino acid
positions, of which 1.20% were parsimony-informative (2,341), 3.06% were singletons (5,948)
and 95.74% were constant sites (186,340). The core genome phylogeny comprised four
clades/clusters, with the genome of C. sativa cultivar Finola as outlier in the midpoint rooted
tree. Cannabis sativa Finola was deliberately bred for the commercial production of hempseed
grain and oil, and as such, the cultivar appears is genetically distinct from other Cannabis

cultivars (Table 3.1) (Finola, 2018; Laverty ef al., 2019).

Cluster 1 was comprised of C. sativa cultivars Abacus, JL Dash, JL5, JL Mother, JL Father and
Purple Kush (Figure 3.1). The cultivars JL Dash, JL5, JL Mother, JL Father all share the same
chemotype of Type II (THC:CBD intermediate) with slightly higher CBD levels than THC
(Table 3.1) (Appendino ef al., 2011). Notably, these four cultivars originate in the USA with
plant samples from Marblehead (Massachusetts, USA) (Table 3.1). The C. sativa JLS5 cultivar
(an F1 hybrid cultivar produced by crossing JL Mother and JL Father) clustered closely with
both parental genomes. (Figure 3.1). By contrast, the C. sativa cultivar Abacus is classified as
Type III (CBD dominant fibre-type) and C. sativa cultivar Purple Kush is Type I (THC
dominant drug-type). The Purple Kush cultivar has genetic origins from C. sativa cultivars in
the Hindu Kush mountain range between Afghanistan and Pakistan (Clarke & Merlin, 2013).
Cannabis sativa cultivar Abacus was bred and developed in the USA (with no specific country

of origin) (Arsenault et al., 2024).
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Figure 3.1: Core Maximum likelihood (ML) phylogeny of Cannabis sativa cultivars and landraces.
This phylogenetic tree indicates the evolutionary relationships between fifteen C. sativa genomes
including the Swazi Gold genome (marked in red), clustering (marked as Clusters 1, 2, 3 and 4) and
chemotype (Chemotype 1 (standard text), Chemotype 2 (bold text), Chemotype 3 (underlined text)).
The core genome phylogeny tree was generated using 1Q-Tree3 (Wong et al., 2025) under the best-fit
substitution model VT+F+I+G4, with ultrafast bootstrapping (1000 replicates) (Hoang ef al., 2018).

Cluster 2 consisted of C. sativa cultivar Cherry Pie (Type 1), landrace Punto Rojo (Type I) and
cultivar cs10 (Type III) (Figure 3.1) (Table 3.1). Cannabis sativa Cherry Pie (a so called indica-
dominant hybrid) was produced by cross breeding C. sativa Grandaddy Purple and Durban
Poison, with the purpose of developing a potent plant with high THC levels and low CBD
levels (https://www.cannaconnection.com/strains/cherry-pie). Cannabis sativa Punto Rojo is a
South American landrace originating from the coastal and central highland regions

of Colombia (https://app.jointcommerce.com/blog/category/cannabis-101/punto-rojo-by-the-
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landrace-team-a-comprehensive-strain-guide/). Cannabis sativa cs10 is a hybrid cultivar, a
cross between the Skunk#1 (drug-type) and Carmen (fibre-type) cultivars, developed for a high
CBD:THC ratio (Laverty et al., 2019).

The smaller cluster 3 contained C. sativa landrace DP and cultivar Cannbio-2, which are both
classified as chemotype I (THC dominant drug-type) (Table 3.1) (Braich et al., 2020). The
C. sativa DP landrace originates from South Africa (Durban, KwaZulu-Natal) and is regarded
as a pure sativa drug-type plant cultivated for its high THC levels (Table 3.1) (DNA Genetics,
2025). Cannabis sativa cultivar Cannbio-2 was developed in Australia to produce a balanced

THC:CBD ratio (Grassa et al., 2021).

Cannabis sativa landrace SG was located within the fourth cluster alongside C. sativa landrace
JL and cultivar Pink Pepper (Figure 3.1.). Cannabis sativa Pink Pepper is classified as a
chemotype III (CBD dominant fibre-type) plant (Table 3.1) (Tomas & ElSohly, 2015), while
C. sativa SG 1is classified as chemotype I (THC dominant drug-type) (Crampton, 2015). The
C. sativa JL cultivar has unknown CBD and THC levels, and therefore has an unknown
chemotype (Gao et al., 2020). Both C. sativa JL (collected in China - Jilong, Tibet) and SG
(collected in South Africa) are wild-type plants cultivated and selected over several plant
generations with limited hybridisation from exogenous C. sativa strains (Crampton, 2015; Gao
et al., 2020). By contrast, C. sativa cultivar Pink Pepper was bred from 26 cultivars during a
collaboration =~ between  universities in Southn  Korea and the USA
(https://www.instituteofcannabisresearchcolorado.org/pink-pepper/) but the exact cultivars
that were cross-bred to produce Pink Pepper are not stated in literature (Ryu et al., 2024)
Therefore, we cannot exclude the possibility that both C. sativa JL and C. sativa SG may have

been included within these 26 cultivars.

The core genome phylogeny showed clustering of plants on the basis of their chemotype for
only one clade, namely Cluster 1. The other clusters comprised of C. sativa cultivars and
landraces with distinct chemotypes. This may be due to the polygenic nature of C. sativa
chemotypes, epigenetic regulation, mobile genetic elements, copy number variation (CNV),
hybridization/selective breeding or genomic introgression without genomic restructuring
(Laverty et al., 2019; Lynch et al., 2016; McKernan et al., 2020; Pacifico et al., 2006; Vergara
etal., 2019).

The chemotype of a C. sativa plant is influenced by multiple genes (polygenic), which are

controlled through epigenetic regulatory mechanisms (DNA methylation, histone
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modification), ultimately impacting cannabinoid gene expression (Lynch et al, 2016;
McKernan et al., 2020). Subsequently, key biosynthetic genes such as THCAS and CBDAS
may be located on mobile genetic elements and exhibit CNV, influencing plant chemotype
independently of core genome structure (Innes & Vergara, 2022; McKernan et al., 2020).
Additionally, extensive hybridization and selective breeding between genetically distant lines
(fibre- vs drug-type) has introduced desired chemotype traits across lineages (as indicated by
Pink Pepper produced using 26 cultivars) (Laverty et al., 2019). This ultimately leads to
introgressed chemotype traits from one lineage to another, without affecting its overall genome

structure (Pacifico et al., 2006).

ML phylogeny based on SCOs indicates core genomic relationships but overlooks structural
and regulatory gene variations such as the occurrence of CNVs among these elements. On this
basis, cannabinoid profiles cannot be reliably linked to evolutionary history and that rather
extensive laboratory cross-breeding and selective breeding for the cannabinoid profiles lies at

the basis of the chemotypes.

3.4.3. Analysis of cannabinoid biosynthetic genes in C. sativa

A tBlastn analyses with reference proteins involved in cannabinoid biosynthesis revealed the
presence of 10/11 genes encoding enzymes that comprise the cannabinoid biosynthetic
pathway within all fifteen annotated genomes (Innes & Vergara, 2023) (Appendix Table AS).
The presence of these genes within all the annotated genomes, including the genome of
C. sativa SG, indicated the potential of these plants to produce cannabinoids (Innes & Vergara,
2023). Aromatic prenyltransferase (AP/CBGAS) was not detected within any of the C. sativa
genomes (Appendix Table AS). This may be attributed to challenges encountered during local
BLAST analysis for AP gene identification, primarily due to the absence of a well-
characterised and validated reference protein sequence in databases including the NCBI
(www.ncbi.nlm.nih.gov/) and Uniprot (www.uniprot.org/) databases. Therefore, the presence
of AP within the genomes cannot be ruled out, and further research would need to be conducted

to conclusively confirm its absence.

NJ phylogeny of the aligned DXS protein sequences shows the cannabinoid biosynthesis begins with
a polyketide synthetic pathway, where acetyl-CoA carboxylase (ACCase) plays a role in the
conversion of acetyl-CoA to malonyl-CoA (Dewick, 2009; Gagne et al., 2012). A tBlastn

analysis identified 35 homologues encoded on the comparator genomes, averaging two
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paralogous protein copies/genome, with five copies in C. sativa Purple Kush. The ACCase
proteins form two clusters in the NJ tree (Figure 3.2). The C. sativa SG genome contains two
distinct ACCase paralogues, which shared 85.9% amino acid identity and formed part of the
two distinct clades, with C. sativa SG ACCase copy 1 sharing 96.2% amino acid identity with
the ACCase reference protein (NCBI XM 030629499), and the second copy sharing 87.6%

amino acid identity.
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Figure 3.2: Neighbour-Joining (NJ) phylogenetic tree of acetyl-CoA carboxylase (ACCase)
protein paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi
Gold (SG) paralogues are highlighted in green and the ACCase protein reference sequence in orange.

The tree was constructed using the test NJ method in MEGA12 (Kumar et al., 2018).

Alongside the conversion of acetyl-CoA to malonyl-CoA, hexanoyl-CoA synthetase (HCAS)

catalyses the conversion of hexanoic acid to hexanoyl-CoA thereby, initiating cannabinoid
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biosynthesis (Gagne et al., 2012). A total of 67 HCAS homologues were present in the
comparator genomes, with an average of five paralogues per genome. Most paralogous copies
(six) were observed in three cultivars, C. sativa CannBi02, JL Father and JL Dash, while three
copies each were observed in C. sativa Cherry Pie and Finola. The HCAS paralogues occur in
four distinct clusters in the NJ tree (Figure 3.3). There are four distinct paralogues in C. sativa
SG, sharing an average amino acid sequence identity of 56.6% among them (range 44.2-
77.8%). These paralogous copies fall within each of the four clades, with C. sativa SG HCAS
copy 1 sharing 99.3% amino acid identity with the HCAS reference protein (GenBank
MN551226), while SG HCAS copy 2 shares 77.9% amino acid identity.

Figure 3.3: Neighbour-Joining (NJ) phylogenetic tree of hexanoyl-CoA synthetase (HCAS),
protein paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi
Gold (SG) paralogues are highlighted in green and the HCAS protein reference sequence in orange. The
tree was constructed using the test NJ method in MEGA12 (Kumar et al., 2018).
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In the polyketide synthetic pathway olivetol synthase / tetraketide synthase (OLS/TKS)
catalyses the condensation of hexanoyl-CoA (to produce olivetolic acid - OLA) or butanoyl-
CoA (to produce divarinic acid) with malonyl-CoA, to produce a linear tetraketide intermediate
(Dewick, 2009; Gagne et al., 2012). A tBlastn analysis identified a total of 80 homologues
among the comparator genomes, with five paralogous copies on average encoded per genome.
High variability in copy number was observed, with only three paralogues in C. sativa landrace
DP and nine copies in JL Father, while six paralogous copies occur in C. sativa landrace SG.
An NJ phylogeny on the basis of the aligned OLS/TKS protein sequences (Figure 3.4.)
demonstrates the OLS/TKS paralogues form six distinct clusters, with the C. sativa SG olivetol
OLS/TKS copies occupying five of these clusters. These C. sativa SG OLS/TKS protein copies
shared an average amino acid identity of 69.3% (range 64.2-88.7%). Overall, two OLS/TKS
copies of C. sativa SG cluster with the reference OLS/TKS protein (GenBank AB164375.1),
sharing 97.1% and 89.7% amino acid sequence identity with the reference protein for C. sativa

OLS/TKS copy 1 and copy 2, respectively.
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Figure 3.4: Neighbour-Joining (NJ) phylogenetic tree of tetraketide synthase (OLS/TKS), protein
paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi Gold (SG)
paralogues are highlighted in green and the OLS/TKS protein reference sequence in orange. The tree

was constructed using the test NJ method in MEGA12 (Kumar et al., 2018).

The linear tetraketide intermediate undergoes condensation to form OLA, a process induced
by the enzyme olivetolic acid cyclase (OAC) (Gagne et al., 2012; Taura et al, 2007). The
comparator genomes contained 26 homologues for OAC, with only a single copy in five of the
compared, two paralogous copies in seven and three copies in three of the compared C. sativa
cultivars (Figure 3.5). The OAC homologues are highly conserved, sharing 98.3% average

amino acid identity between them across the 101 amino acid reading frame.
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Figure 3.5: Neighbour-Joining (NJ) phylogenetic tree of olivetolic acid cyclase (OAC), protein
paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi Gold (SG)
paralogues are highlighted in green and the OAC protein reference sequence in orange. The tree was

constructed using the test NJ method in MEGA12 (Kumar et al., 2018).

The second pathway in cannabinoid biosynthesis, the methylerythritol-4-phosphate (MEP)
pathway, is initiated by 1-deoxy-D-xylulose-5-phosphate synthase (DXS) to produce
isopentenyl diphosphate and dimethyl allyl diphosphate (Xie et al., 2023). There are two
isoforms of this enzyme, DXS1 and DXS2 in C. sativa (Tian at el., 2022), sharing 57.9% amino
acid identity. A total of 57 homologues were retrieved from the genomes of the comparator
C. sativa cultivars, with four paralogous copies/genome. NJ phylogeny of the aligned DXS
protein sequences shows the paralogues clustering in three clades (Figure 3.6.), with the two
reference isoforms forming part of two of these clades. Cannabis sativa SG DXS copy 1 shares
100% amino acid identity with the reference DXS1 protein (NCBI XM _061104475.1), while
SG copy 2 shares 99.5% amino acid identity with DXS2 (GenBank KY014577.1) The third
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C. sativa SG DXS paralogue only shares 52.5% amino acid identity with SG DXS copy 1 and
2.
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Figure 3.6: Neighbour-Joining (NJ) phylogenetic tree of 1-deoxy-D-xylulose-5-phosphate
synthase (DXS) protein paralogues identified across fifteen annotated Cannabis sativa genomes.
C. sativa Swazi Gold (SG) paralogues are highlighted in green and the DXS protein reference sequence
in orange. The tree was constructed using the test NJ method in MEGA12 (Kumar ef al., 2018).

Within the MEP pathway geranyl pyrophosphate synthase (GPPS) produces geranyl
pyrophosphate (GPP), an important monoterpene fraction needed for cannabinoid biosynthesis
(Gulck & Moller, 2020). Similar to 1-deoxy-D-xylulose-5-phosphate synthase, there are two
isoforms (GPPS1 and GPPS2), sharing 55.3% amino acid identity and the homologues of both
isoforms form two distinct clusters in the resultant NJ phylogeny (Figure 3.7). Most C. sativa
genomes contain one copy each of the genes coding for GPPS1 and GPPS2, except for C. sativa
JL and CannBio2 which have two copies of isoform GPPS1 and JL Dash and JL Father, which

contain two copies of each isoform. The additional gene copies in these cultivars may reflect
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their larger genome sizes (Crawford et al., 2021) (Appendix Table A2), however further analyses

would be required. The C. sativa SG isoforms share 100 and 97.1% sequence identity to GPPS1
(GenBank KY014573.1) and GPPS2 (GenBank KY014574.1), respectively.

Figure 3.7: Neighbour-Joining (NJ) phylogenetic tree of geranyl pyrophosphate synthase (GPPS),
protein paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi
Gold (SG) paralogues are highlighted in green and the GPPS protein reference sequence in orange. The
tree was constructed using the test NJ method in MEGA12 (Kumar et al., 2018).

The geranylpyrophosphate olivetolate geranyltransferase (GOT) enzyme transfers a geranyl
group from GPP to OLA to form cannabigerolic acid (CBGA), the precursor from which all
cannabinoids are produced (Luo et al, 2019). An NIJ tree based on the 42 aligned GOT
homologues comprised five clusters, indicating various divergent events for this gene among
the genomes (Figure 3.8.). An average of three paralogues per comparator genome were
identified with two paralogues in C. sativa SG and four paralogous copies each in C. sativa JL

Dash, JL Father, Purple Kush and Cherry Pie. The two C. sativa SG paralogues shared only
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21.8% sequence identity and only 34.2 and 19.6% amino acid identity with the reference GPPS
protein (NCBI XM 061106831.1), supporting extensive sequence diversification for this

enzyme.

Figure 3.8: Neighbour-Joining (NJ) phylogenetic tree of geranylpyrophosphate olivetolate
geranyltransferase (GOT) protein paralogues identified across fifteen annotated Cannabis sativa
genomes. C. sativa Swazi Gold (SG) paralogues are highlighted in green and the GOT protein reference

sequence in orange. The tree was constructed using the test NJ method in MEGA12 (Kumar et al.,
2018).
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During cannabinoid biosynthesis tetrahydrocannabinolic acid synthase (THCAS),
cannabidiolic acid synthase (CBDAS) and cannabichromenic acid synthase (CBCAS) are
crucial for the synthesis of cannabichromenic acid (CBCA), cannabidiolic acid (CBDA) and
A°-tetrahydrocannabinolic acid (A°~THCA) (the carboxylic acid forms that cannabinoids are
stored in) from cannabichromenic acid (CBCA), respectively (Marks et al., 2009; Taura et al.,
1996). Notably, single nucleotide polymorphisms (SNPs) differentiating between
THCA and CBDA synthase genes have been linked to separate chemotypes I, II and III
(Pacifico et al., 2006). The reference proteins for THCAS, CBCAS and CBDAS (JQ437488.1;
MW382907.1 and XM_061118802.1, respectively) share 87-93% amino acid identity (Laverty
et al., 2019), hence analyses of these proteins were combined. A total of 107 homologues were
found to be encoded on the comparator C. sativa genomes, with an average number of seven
paralogous copies/genome. The lowest number of paralogues were identified in C. sativa
landrace DP (three copies), while the most copies were observed in C. sativa JL Father (11
copies). This suggests that the genes coding for these proteins are subject to extensive gene
duplication. Alignment of the amino acid sequences and a resultant NJ phylogeny showed that
the THCAS, CBCAS and CBAS orthologues form eight distinct clades, with the reference
proteins of all three enzymes forming part of a single cluster (Figure 3.9). Five distinct
paralogues were observed in C. sativa SG. These formed part of four distinct clades in the
phylogeny. The C. sativa SG paralogues share 52.92% (range 45.1-63.7%) amino acid identity
among the copies, suggesting far greater divergence in these central cannabinoid enzymes than
previously observed (van Bakel ef al., 2011). They further displayed 50.5% average amino acid
identity with the reference THCAS, CBCAS and CBDAS proteins.
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Figure 3. 9: Neighbour-Joining (NJ) phylogenetic tree of cannabidiolic acid synthase (CBDAS),

cannabichromenic acid synthase (CBCAS) and tetrahydrocannabinolic acid synthase (THCAS)
protein paralogues identified across fifteen annotated Cannabis sativa genomes. C. sativa Swazi
Gold (SG) paralogues are highlighted in green and the CBDAS, CDCAS and THCAS protein reference
sequences in orange. The tree was constructed using the test NJ method in MEGA12 (Kumar et al.,
2018)

Overall, the analyses of the individual cannabinoid biosynthetic proteins revealed
differentiated evolutionary trajectories for each enzyme. Varying degrees of paralogy were
evident for all the enzymes, except in the case of DXS and GGPS that are known to occur as
two isoforms (Table 3.2). This is exemplified by the THCAS, CBCAS and CBDAS enzymes
in C. sativa JL Father, where eleven paralogous copies exist in its genome. This makes it

difficult to assume which of the copies play a role in the production of these different
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cannabinoids, namely A’-tetrahydrocannabinol (A’-THC), and the non-psychotropics
cannabidiol (CBD), cannabichromene (CBC), and cannabigerol (CBG), or whether they are in
fact involved in the synthesis of hereto unknown and novel phytocannabinoids. Further
research would be needed to establish whether the paralogy resulted in the sub-
functionalisation (division of labour) or the neo-functionalisation (novel function) of each

enzyme copy.

The high levels of paralogy further complicates the delineation of C. sativa cultivars as drug-
or fibre-type chemotypes or the chemotypes that embrace both sides. It is evident that this
paralogy may have been introduced through introgression of mobile cannabinoid biosynthetic
genes via extensive crossbreeding between fibre- and drug-type plants. Such introgression may
have led to increased numbers of copies of THCAS, shifting cannabinoid biosynthesis toward
THC production (leading to drug type phenotype) without substantially altering the overall
genomic structure, as indicated by shared elements across chemotypes I, II and III (Pacifico et
al., 2006). Consequently, chemotype determination in C. sativa is much more complex than
previously expected, being influenced by multiple genomic and evolutionary factors, including
gene introgression through crossbreeding and hybridization, the polygenic nature of
cannabinoid biosynthetic genes, the possible location of these genes on mobile genetic
elements and CNV (Laverty et al., 2019; Lynch et al., 2016; McKernan et al., 2020; Pacifico
et al., 2006; Vergara et al., 2019). Further research should investigate the functional roles of
these cannabinoid enzymes and their CNV, to dissect how this genomic architecture contributes

to the ultimate cannabinoid profile and phenotype of the plant.

3.4.4. Biosynthetic gene cluster analysis

Biosynthetic gene clusters (BGCs) were identified in all fifteen C. sativa genomes using
PlantiSMASH (Kautsar et al., 2017). A total of 501 BGCs were predicted, with an average of
35.79 per genome (Appendix Table A6). The C. sativa Finola and Purple Kush genomes
contained the most BGCs (42) and that of Punto Rojo contained the fewest (27). Across the
comparator C. sativa genomes saccharide BGCs (range 5-12) were the most abundant,
followed by alkaloids (range 4-7) and terpenes (range 3-6); and the least common BCGs were
lignan (2) and cyclopeptide BGCs (3) (Appendix Table A6). Analysis of the C. sativa SG draft
genome identified 31 BCGs, predominantly those for saccharide metabolites. These BGC
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abundance patterns are consistent with reported metabolic diversity within C. sativa (Zager et

al., 2019).

Although they are the most abundant BGCs within C. sativa, saccharide secondary metabolites
are not well understood or characterised (EISohly & Gul, 2014). Saccharide BGC refers to the
clusters of genes encoding the enzymes and components needed to synthesize specialized
carbohydrate-derived molecules (sugar- derived specialized secondary metabolites) (Polturak
& Osbourn, 2021). However, saccharide metabolism is often part of the plants primary
metabolic pathways involving genes spread throughout the genome rather than being focused
into gene clusters (Louveau & Osbourn, 2019). The identified saccharide BGCs play roles in
the synthesis of glycosyltransferases, regulators, transporters and modifying enzymes (Polturak
& Osbourn, 2021; Smit et al., 2022). These clusters have been theorised to contribute to the
transportation of bioactive compounds and the tolerance of plants to stress and environmental
conditions (Louveau & Osbourn, 2019). Further research into these BGCs in C. sativa and their

impact on the biosynthetic pathways is required.

The highly valued aromas and flavours of C. sativa are attributed to the production of terpenes
(Booth & Bohlmann, 2019). Well-known terpenes in C. sativa include myrcene (earthy notes),
limonene (citrus notes), pinene (pine notes), linalool (floral notes) and B-caryophyllene (spicy
notes) (Booth & Bohlmann, 2019; Russo, 2011). Terpinolene typically contributes to fruity and
floral aromas which have been associated with improving the sensory qualities of C. sativa. It
1s a monoterpene with pharmacological characteristics including antioxidant and mild sedation
(de Sousa et al., 2007; Russo, 2011). In contrast, myrcene is associated with sweeter more
earthy aromas (Russo, 2011) and affects the human central nervous system (CNS), exerting
mild sedation and muscle relaxation (Jansen et al., 2019). Pinene provides a sharp, herbal, pine-
like aroma and has been reported to enhance alertness and cognitive abilities (Miyazawa et al.,
2011; Booth & Bohlmann, 2019; Russo, 2011). Within the C. sativa SG genome, terpene BCGs
associated with terpinolene, myrcene and pinene biosynthesis were identified (Appendix Table
A6). This terpene profile aligns with the herbal aroma and sweet, earthy flavour associated

with this landrace (The Landrace Team; https://www.tltseeds.com/).

Alkaloid BGCs refer to the gene clusters that are involved in the synthesis of specialized
nitrogen-containing metabolites (Smit et al., 2022). Alkaloid BGCs in C. sativa are also not
well understood or characterised; those that have been identified are associated with plant
defence (cannabisativine and cannabimine C) and growth regulation (EISohly & Gul, 2014,

Hourfane et al,, 2023). Within the C. sativa SG genome, alkaloid BGCs were identified
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containing key biosynthetic domains such as Bet v 1, Cu _amine oxid, Str synth, BBE,
Orn_DAP_ Arg deC, and Pyridoxal deC (Kautsar ef al., 2017). These domains are involved in
a variety of enzymatic functions including alkaloid synthesis, oxidative reactions and structural
modification (Kautsar et al., 2017; Rea et al., 2004; Winkler et al., 2008). The presence of
these alkaloid BGCs within C. sativa SG suggests the potential production of alkaloid-like
compounds (such as nitrogenous metabolites) involved in plant defence or environmental

adaptation (Kautsar et al., 2017; Rea et al., 2004).

3.5. Conclusion

This study conducted a comparison of C. sativa genomes with varying chemical profiles. Core
genome phylogenetic analysis revealed unexpected clustering, not in alignment with either the
chemotype profile or the geography of the compared cultivars. BLAST-analysis confirmed the
presence of cannabinoid biosynthesis genes across all fourteen comparator C. sativa genomes.
Comparison of the cannabinoid biosynthetic enzymes, however, revealed evidence of extensive
paralogy for most of the enzymes, regardless again of phenotype or geographic origin. These
factors can likely be attributed to decades of clandestine and unregulated crossbreeding of this
controversial plant, resulting in expansive gene introgression, and concomitantly, altered
chemotypes, with the potential production of a large set of cannabinoids which have thus far
not been identified using chemical means. The BCGs identified in this study provide a
foundation for future comparative genome analyses into gene expression patterns of BGCs and
cannabinoid biosynthetic genes within C. sativa across chemotypes. Additional exploration
into the divergent paralogues and CNVs within C. sativa genomes may reveal novel or hybrid
clusters worth exploring for possible industrial or therapeutic application. Overall, these
findings underscore the polygenic and dynamic nature of cannabinoid biosynthesis, making
chemotype determination substantially more complex than initially expected. Furthermore, the
data highlights the need for research focused on exploring the regulatory mechanisms and gene

CNVs that shape chemotype expression.
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Cannabis sativa L. produces 125 cannabinoids with the four most abundant being: delta-9-
tetrahydrocannabinol (A’-THC), cannabidiol (CBD), cannabichromene (CBC) and
cannabigerol (CBG). Despite the growing number of C. sativa genome assemblies, high-
quality references for African landraces remain absent. To address this gap, this study focused
on the African landrace C. sativa Swazi Gold (SG), originating from the Kingdom of Eswatini,
with a known drug-type chemotype and cultivation for its potent psychoactive effects and
A°-THC levels (16-18%). The genome of C. sativa SG contains important information required
to understand the biosynthesis pathways of the plant and its cannabinoids. In this study, we
have begun to address this genomic research gap surrounding African landraces. Through the
genome assembly, annotation and comparative analysis we can explore the genomics behind

C. sativa’s diverse applications.

The draft genome for C. sativa SG was assembled using a hybrid de novo approach (Chapter
2), which combined both low coverage long-read (Pacific Bioscience) and high coverage short-
read (Illumina NovaSeq 6000) sequencing data. Multiple de novo assembly tools, combined
with reference-guided assemblers and refining tools were employed for genome assembly,
followed by structural and functional annotation. The final draft C. sativa SG genome had a
total size of 764.62 Mb, G+C content of 34.04% and a completeness score of 97.0%. A total
of 45,142 protein coding genes, 648 tRNAs and 907 rRNAs were predicted within the
assembly, while repetitive elements encompassed a predicted 77.19% of the genome. These
values fall within the same ranges achieved for the C. sativa genomes available on the NCBI
database, with high similarity to the reference genome (Pink Pepper), suggesting a high level

of accuracy and reliability in the achieved draft genome for C. sativa SG.

The C. sativa SG draft genome was compared against the genomes of 14 C. sativa landraces
and cultivars, to elucidate genomic differences in the cannabinoid profiles (Chapter 3). BLAST
analysis indicated the presence of 10/11 cannabinoid biosynthesis genes within the draft
C. sativa SG genome, confirming its potential to produce all the major cannabinoids. Core
genome phylogenetic analysis resulted in mixed clustering of the different chemotypes, while
analysis of cannabinoid biosynthetic enzymes evidence of extensive paralogy for most
enzymes. This is consistent with the cross-hybridization and selective-breeding of C. sativa
cultivars for their desirable traits. Additional biosynthetic gene clusters (BGCs) analysis
revealed the most abundant BGC types to be saccharides, alkaloids and terpenes among the

genomes, with many putative clusters in SG which suggests the potential for novel BGCs.
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Overall, comparative genomic analysis revealed the challenges of evaluating evolutionary
relationships and chemotype classification in C. sativa, due to extensive laboratory-driven and
selective crossbreeding to produce specific chemical profiles. Instead, the results highlight the
significant influence that decades of domestication and desired trait selection, through artificial
breeding, have had on the evolution of C. sativa. Further, this study brought to the fore the
power of genomics in elucidating these complexities. Future research should focus on
exploring the regulatory mechanisms and gene copy number variations (CNVs) that shape
chemotype expression, conducting comparative genome analyses into cannabinoid
biosynthetic gene expression patterns across chemotypes and validating biosynthetic gene

variants and their evolutionary impact.
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Quality scores across all bases {Sanger / lllumina 1.8 encading} Quality scores across all bases (Sanger / lllumina 1.9 encoding)

1234567801510 30-34 45-49 60-64 75-70 9064 110-114 135-13¢ 160-164 185-189 210-214 235-239 1234567801510 30-34 45-49 60-64 75-79 8094 110-114 135130 160-164 185180 210-214 235-230
Position in read (bp} Position in read (bp)

R1 R2

Figure A1: Quality of the Cannabis sativa Swazi Gold raw Illumina short-read data.

Quality scores across all bases (Sanger [ lllumina 1.9 encoding} Quality scores across all bases (Sanger / lllumina 1.9 enceding}

1234567891519 30-34 45-49 60-64 75-79 90-94 110114 135139 160-164 185-189 210-214 235239
Position in read {bp} Position in read (bp}

R1 R2

1234567801519 30-34 4540 60-64 75-79 90-94 110-114 135139 160-164 185-189 210-214 235-239

Figure A2: Quality of the Cannabis sativa Swazi Gold Illumina short-read data post trimming using
TrimGalore v. 0.6.7 with a Phred score cutoff of Q20.
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Table Al: Cannabis sativa genome metrics for thirteen genomes retrieved from the NCBI database for different cultivars and landraces.

Cultivar / Accession Genomes Ungapped Scaffold Contig N50 No. of No. of cg;gl ¢ c((;:flel:;ngi
Landrace size (Mb) | length (Mb) | N50 (Mb) (Mb) scaffolds contigs (%) (<)
Pink Pepper (ref) | GCA_029168945.1 | 770.3 770.3 77 235 17 70 34 299
Abacus (Csat) GCA_025323715.1 | 796.6 796.5 80.6 32 160 1,023 34 83
Cannbio-2 GCA_016165845.1 | 914.4 913.5 91.5 1724kb | 147 8,919 34 86
Cherry Pie GCA_049724855.1 | 802.2 752.6 81.1 1.6 721 1,882 34.5 18
cs10 GCF 9006261752 | 875.7 736.2 91.9 2 220 1,051 33.5 100
Finola GCA 0034177252 | 1,000 1,000 370.5kb | 370.5kb | 5,303 5,303 34 97.64
L GCA_013030365.1 | 812.5 811.8 83 510 kb 483 2,978 34 153
]J;‘:Slﬁl(cfil Ig;‘:}‘l) GCA_003660325.2 | 1,100 1,100 3.8 3.8 556 556 34 125
gj“Ln;)ican Lion™ 1 oA 0164155251 | 999.1 999.1 3.5 3.5 658 658 34 85
Jamaican Lion 3 | 504 13030025.1 | 1,000 1,000 1.7 1.7 1,263 1,263 34 125
(JL Father)
Jamaican Lion "4 | 0z 129234351 | 876.6 876.6 33 3.3 1,444 1,444 34 125
(JL Mother) - ’ ’
Punto Rojo GCA_049725155.1 | 811.3 758.1 87.6 2 469 1,325 34 18
Purple Kush GCA_000230575.5 | 892 891.3 133.9 kb 133.9kb | 12,836 12,836 34 79
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Table A2: Annotation results for the fifteen Cannabis sativa genomes used in this study.

. Genome RED BUSCO | NO-Of | icsProt [ AUBUSWS | b NOGG
Cultivar / . No. of | No. of Repeatmasker protein- . .
Landrace size RNAs | (RNAs repeats repeats (%) completeness coding prooteln No. of .No. of prootem

(Mb) (%) (%) senes hits genes | introns hits
zznfl)‘ Pepper | 22060 | 1085 | 657  |62.77 | 78.51 97.7 44396 | 59,505 | 45,808 | 142,531 | 35,428
Abacus
(Csaf) 796.58 | 625 725 60.82 76.63 97.1 51,232 | 64,313 52,859 | 158,374 | 39,090
Cannbio-2 91440 | 1168 1156 58.69 | 74.52 97.1 56,772 | 60,681 58,657 | 195,057 | 46,287
Cherry Pie 802.24 | 3838 703 5895 |73.34 94.0 43,575 | 57,884 44,860 | 137,409 | 34,456
csl0 876.20 | 985 602 50.18 | 64.92 94.1 45,940 | 58,609 47,324 | 146,525 | 34,607
quban 748.82 | 847 648 59.09 | 76.44 97.3 42,723 | 59,445 44,092 | 138,996 | 34,027
Poison (DP)
Finola 1009.67 | 837 861 6347 |79.12 95.7 56,978 | 62,228 58,979 | 181,443 | 45,357
JL 812.53 | 758 689 60.39 | 76.86 92.7 48,819 | 59,186 50,429 | 156,756 | 39,068
Jamaican
Lion Dash 1333.38 | 1208 1355 67.24 | 77.47 98.2 58,966 | 59,664 61,156 | 208,679 | 47,605
(JL Dash)
Jamaican
Lion "4 999.12 | 1367 857 62.87 | 77.96 98.0 56,485 | 60,910 58,325 | 184,333 | 45,288
(JL5)
Jamaican
Lion~4 (JL | 1009.16 | 685 845 62.85 | 78.25 98.0 56,582 | 60,503 58,464 | 185,262 | 45,509
Father)
Jamaican
Lion "4 (JL | 876.74 | 856 710 63.65 | 79.16 97.5 49,064 | 59,975 50,068 | 156,474 | 39,013
Mother)
Purple Kush | 891.96 | 830 1077 59.92 | 75.76 93.5 54,649 | 60,332 56,512 | 181,746 | 44,285
Punto Rojo | 811.90 | 1200 757 58.01 72.72 97.9 44,357 | 59,472 45,720 | 142,550 | 35,399
Swazi Gold | 764.62 | 907 648 59.24 | 77.19 97.0 43,646 | 10,206 45,142 | 140,786 | 34,950
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Table A3: Comparison of the composition of repetitive elements in the Rebaler reference-guided

Cannabis sativa Swazi Gold genome to the composition repeat element range for the fourteen annotated

C. sativa genomes, determined using RepeatMasker.

Genomic
] proportion (%)
14 C b
Swazi Gold Swazi Gold . annapis of transposable
Transposable sativa genomes
Type genome total genome elements
element total elements
elements elements (%) across 14
range . .
Cannabis sativa
genomes
SINEs 390 0.00 362-693 0.00
LINEs 27,965 3.21 27,185-51,372 2.80-3.70
L1/CIN4 27,965 3.21 27,185-51,372 2.80-3.70
Retrotransposons LTR
187,047 47.63 182,191-319,968 39.97-49.65
elements
Ty1/Copia 111,111 27.31 108,645-190,968 23.57-28.53
Gypsy/DIRS1 75,727 20.27 73,343-128,639 16.36-21.28
hobo- 4,925 1.34 4,157-7,634 0.62-1.78
Activator
MULE-
DNA transposons M[iDR 17,177 1.91 16,156- 30,763 1.64-2.02
Tourist
1,975 0.09 1,930- 3,676 0.08-0.11
/Harbinger
Rolling-
Rolling-circles orng 938 0.13 878-1,666 0.10-0.15
circles
347,852-
Unclassified Unclassified 356 908 21.81 6 475’ 160 18.60-22.56
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Table A4: The rRNA predications using Barrnap v. 0.9. for the fifteen Cannabis sativa genomes used

in this study.

Cultivar / 28S rRNA 18S rRNA 5S rRNAs Total rRNAs
Landrace

Pink Pepper (ref.) 10 6 1069 1085
Abacus (Csat) 9 8 606 625
Cannbio-2 184 160 744 1168
Cherry Pie 463 429 2544 3838
csl0 87 85 754 985
Durban Poison

12 2 4
(DP) 6 829 847
Finola 22 23 783 837
JL 6 3 745 758
Jamaican Lion

11 104 12
Dash (JL Dash) > 0 900 08
Jamaican Lion "4
205 194 784 1367

(JL5)
Jamaican Lion "4

8 6 666 685
(JL Father)
Jamaican Lion "4

16 12 817 856
(JL Mother)
Purple Kush 102 60 644 830
Punto Rojo 38 33 1112 1200
Swazi Gold 12 6 899 907
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Table AS: Local BLAST results for the identification of cannabinoid biosynthetic genes in the
annotated Cannabis sativa genomes. AP: aromatic prenyltransferase; ACCase: acetyl-CoA
carboxylase; CBDAS: cannabidiolic acid synthase; CBCAS: cannabichromenic acid synthase; DXS: 1-
deoxy-D-xylulose-5-phosphate synthase; HCAS; hexanoyl-CoA synthetase; GPPS: geranyl
pyrophosphate synthase; GOT: geranylpyrophosphate olivetolate geranyltransferase; OAC: olivetolic
acid cyclase; OLS: olivetol synthase; THCAS: tetrahydrocannabinolic acid synthase.

Cultivar / Landrace | Proteins not found Proteins found
) ACCase, CBDAS, CBCAS, DXS, HCAS,
Pink Pepper (ref.) AP GPPS, GOT, OAC, OLS, THCAS
ACCase, CBDAS, CBCAS, DXS, HCAS,
Abacus (Csat) AP GPPS, GOT, OAC, OLS, THCAS
Cannbio-2 AP ACCase, CBDAS, CBCAS, DXS, HCAS,
GPPS, GOT, OAC, OLS, THCAS
Cherrv Pie AP ACCase, CBDAS, CBCAS, DXS, HCAS,
y GPPS, GOT, OAC, OLS, THCAS
cs10 AP ACCase, CBDAS, CBCAS, DXS, HCAS,
GPPS, GOT, OAC, OLS, THCAS
) ACCase, CBDAS, CBCAS, DXS, HCAS,
Durban Poison (DP) AP GPPS, GOT, OAC, OLS, THCAS
Finola AP ACCase, CBDAS, CBCAS, DXS, HCAS,
GPPS, GOT, OAC, OLS, THCAS
L AP ACCase, CBDAS, CBCAS, DXS, HCAS,
GPPS, GOT, OAC, OLS, THCAS
Jamaican Lion Dash AP ACCase, CBDAS, CBCAS, DXS, HCAS,
(JL Dash) GPPS, GOT, OAC, OLS, THCAS
Jamaican Lion 4 AP ACCase, CBDAS, CBCAS, DXS, HCAS,
(JL5) GPPS, GOT, OAC, OLS, THCAS
Jamaican Lion 4 AP ACCase, CBDAS, CBCAS, DXS, HCAS,
(JL Father) GPPS, GOT, OAC, OLS, THCAS
Jamaican Lion 4 AP ACCase, CBDAS, CBCAS, DXS, HCAS,
(JL Mother) GPPS, GOT, OAC, OLS, THCAS
ACCase, CBDAS, CBCAS, DXS, HCAS,
Purple Kush AP GPPS, GOT, OAC, OLS, THCAS
Punto Roio AP ACCase, CBDAS, CBCAS, DXS, HCAS,
d GPPS, GOT, OAC, OLS, THCAS
Swazi Gold AP ACCase, CBDAS, CBCAS, DXS, HCAS,
GPPS, GOT, OAC, OLS, THCAS
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Table A6: Biosynthetic gene cluster (BGC) identification results for all fifteen annotated Cannabis sativa genomes using PlantiSMASH (Kautsar et al., 2017).

Z Z d z 2 d
~ £ 2 k: < $ %232 | £ z 3
53 c E 2 2 p S2 | E 525 %% | 3 B 2 2 o -
Z s = = = 2 = - = S 85| 55 = = = g = -
3 g £ 2 £ 5 BT |22 |2 c5s| 58 | £ g £ 5 B2 | 22
O = = @ = = NS ~ < < RE=R| =D = @ & = 2= a <
Pink Pepper 31 9 7 3 1 0 1 1 1 0 0 2
(ref.)
Abacus
(Csat) 33 10 5 5 1 1 1 1 0 1 0 0
Cannbio-2 36 10 8 6 1 1 1 1 0 0 1 0
Cherry Pie
cs10 35 11 8 6 1 0 1 1 1 0 0 0
Durban
Poison (DP) 33 10 7 4 1 0 1 1 1 0 0 0
Finola 42 15 9 3 1 1 2 1 0 1 1 1
JL 33 5 10 3 1 1 2 2 0 0 0 1
Jamaican
Lion Dash 43 14 8 5 1 1 0 1 0 0 0 2
Jamaican
Lion A4 (JL5) 47 14 8 6 2 1 1 1 1 0 0 1
Jamaican
Lion 4 (JL 41 12 6 5 2 1 2 2 2 0 0 0
Father)
Jamaican
Lion 4 (JL 27 8 4 2 1 1 3 1 0 0 0 0
Mother)
Punto Rojo 27 10 6 2 1 1 1 1 1 0 0 0
Purple Kush 42 12 11 4 0 1 3 2 1 2 0 0
Swazi Gold 31 11 7 3 1 0 1 1 1 0 0 1
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