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Abstract

In the 18th century, Carolus Linnaus created a formalized system of classification of living
organisms based on their anatomic relationships, which we know as taxonomic
nomenclature. Historically, the genus Cannabis has been described three ways under this
system: Cannabis sativa by C. Linnaus in 1753, Cannabis indica by J. B. Lamarck in
1785, and Cannabis ruderalis by D. E. Janischewsky in 1924, with these taxonomic
classifications having been derived from physical, morphological, chemical and
geographical data. Today, this confusing taxonomy has led to an ongoing debate about
whether the genus Cannabis consists of a single species or multiple distinct species or
subspecies. Recently, genome sequencing and bioinformatics have provided greater
resolution of taxonomic assignments at the species level. As a result, some previously
discussed classification frameworks have been brought into question. The aim of this
review is to provide a historical context for the confusion surrounding the taxonomy of the
genus Cannabis and highlight recent research on genomics-based taxonomical approaches
to clarify the question of Cannabis taxonomy. We suggest that the latest evidence shifts
away from the previous multiple species framework and points towards the genus

Cannabis consisting of a highly diverse monotypic species.

Key words: cannabis, taxonomy, genomics, phylogeny, population structure.
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1 Introduction

Cannabis sativa L. has a long history of human use for a variety of applications, including
fiber, food, medicine, and for its psychoactive properties (Kalant 2001). Cannabis was
domesticated around 8000 B.C. in Central and Eastern Asia (Berenji et al. 2013; Ren et al.
2023). The species is frequently classified and regulated based on the quantity of
psychoactive cannabinoids produced and has been given many informal names to refer to
different commercial and medicinal uses. In this review, when referring to the plant, we
will refer to it using its scientific genus name Cannabis, but we will also use certain
species-specific ~ terminologies  such  as  indica,  sativa, hemp,  drug
type and hybrid in italics throughout the review. From a legal and regulatory standpoint,
most countries where cannabis is produced choose to regulate it according to the amount
of psychoactive cannabinoid delta-9-tetrahydrocannabinol (THC) produced; plants with
less than 0.3% of THC are classified as hemp, while plants that produce 0.3% or more THC
are categorized as drug type (Monthony et al. 2021; Torkamaneh and Jones 2021). THC
has been the main point of focus for governments crafting legislation governing cannabis,
despite the fact that cannabis produces over 120 different cannabinoids (Mudge et al. 2018;

Hurgobin et al. 2021).

The taxonomic classification of cannabis has long been controversial. Due to its centuries
of use and informal breeding, present-day cannabis varieties represent hybrids of different
genotypes with an incredibly diverse gene pool resulting in diverse phenotypes (Figure 1)

(Peng and Shahidi 2021).

© The Author(s) or their Institution(s)
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Figure 1 : Visual representation of the phenotypic diversity in mature inflorescences of 10
Cannabis sativa L. drug-type genotype varieties (A-J), and 2 hemp-type (K-L). Varieties
are as follows: A) Hyperion 7, B) Trop2683, C) Mandarin Zkittlez, D) Grape Pupil, E)
Purple Majik 5, F) Funky Cherries, G) White Wedding, H) Cres 805, 1) End Game R2, J)
White Truffle Pupil, K) Finola, L) Felina32. A-J varieties we’re grown under controlled

environment in the high-performance greenhouses of Laval University by Davoud

© The Author(s) or their Institution(s)
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Torkamaneh lab. K and L were grown at University College Dublin and images were

generously provided by C. Dowling, J. Shi and R. Melzer at the UCD Flower Power Lab.

Prohibition has had a great impact on domestication attempts, as years of clandestine
selection and breeding by cultivators have increased the difficulty of distinguishing
between modern hybrids based on morphological and anatomical criteria (Mudge et al.
2018; Peng and Shahidi 2021). The popular taxonomy of drug-type plants, “sativa” and
“indica”, has also created confusion in the nomenclature of cannabis (McPartland and Guy
2017). Hybridization between “sativa” and “indica” and the prolonged restrictions on
cannabis production also led to the difficulty of differentiating between them (McPartland
2018). In taxonomic studies and legal documents over time, confusion appeared around the
uses of vernacular “sativa” with “C. sativa” and vernacular “indica” with “C. indica”
(McPartland 2018). The names “sativa” and “indica” have been used in an ambiguous and
contradictory manner and have different meanings from a nomenclature or
production/consumption point of view. For example, taxonomists historically used the term
“sativa” to describe non-narcotic plants like hemp, whereas “indica” has been used to
describe narcotic species like marijuana (McPartland and Guy 2017). However, growers
employ these terms to describe a plant's chemotype or psychoactive effects. They attribute
"sativa" to varieties of plants which have a high THC and little or low cannabidiol (CBD)
and "indica" to plants with medium THC and CBD (Sawler et al. 2015). This discrepancy
between scientific literature and common names in the Cannabis genus has been seen at
all levels of scientific writing including high ranking academic journals, causing confusion

for consumers and scientists alike (Gould 2015; McPartland 2018). The legalization of

© The Author(s) or their Institution(s)
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recreational and medicinal cannabis in many jurisdictions has created a market where
producers have tried to come up with user-friendly vocabulary that helps inform consumers
what to expect when consuming their products, opting for words like indica, sativa or
hybrid (Small 2015). These naming conventions which typically tell consumers the
expected THC/CBD ratio, is further complicated by markets where high THC cannabis is
illegal, but the non-psychoactive cannabinoid CBD is permitted, such as in many US
states(Barrus et al. 2016). The lack of an established consensus in terminology between
growers, taxonomists and consumers presents a major challenge to the modern cannabis
market, where a standard lexicon would help ensure that all stakeholders are on the same
page and consumers are making informed choices when consuming cannabis.

In the last few decades, advances in genomics have revolutionized the field of
phylogenetics and taxonomy by making available the whole genomes of the thousands of
species. Currently in plants, in the public genome sequencing repositories, more than 1000
plant genome sequences, representing 788 distinct species are available (Kersey 2019; Sun
et al. 2021). The full genomic information provides a unique and comprehensive source of
data for an accurate and precise taxonomic classification. Here, we argue that growing
availability of genomic resources developed in the last few years has provided more
rigorous evidence towards ending the debate about the taxonomy of the Cannabis genus.
We present a review of contemporary studies, many of which present strong cases for a
single phenotypically diverse species in the genus that we hope will help advance this

ongoing debate.

© The Author(s) or their Institution(s)
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2 Modern taxonomy

Modern taxonomy is based on the widely accepted classification of living organisms
involving the hierarchic ranks and categories proposed by Linnazus. He proposed an
organized classification, nomenclature for naming taxa, based on a binomial system in
which a strict hierarchy was established and introduced in his book Philosophia botanica.
Every species based on his binomial system has given a name that contains two parts: the
generic name (1%) and the specific name (2"9) (Mariette Manktelow 2010). Initially, the
classification of living organisms was solely based on the Linnean morphological
approach. However, in light of the theory of evolution proposed by Charles Darwin and
Alfred Russed Wallace (Mariette Manktelow 2010) and cladistics, the Linnaean system
has been greatly modified to account for evolution and the genealogical study of
relationships between individuals (Ereshefsky 1997). Over the years, many parts of the
Linnaean theory were abandoned or adapted to make place for more specialized analysis
based on neo-systematics and cladistics concept (Systematics 1982). For the most part,
what was retained of the original system of Linnaus are the rules of nomenclature, how
species are named and the use of morphological traits to classify species (Ereshefsky 1997)
. In the past few decades, the field of taxonomy has significantly evolved, now taxonomy
is not solely based on the Linnaean morphological model, but on a more systematic and
multidisciplinary approach. Today, taxonomic classifications are informed by information
gained through advanced technologies such as genome sequencing, electron microscopy,
chromatography, mathematical and statistical models (Cuperus 2022). A great example of
this is the Angiosperm Phylogeny Group's updated classification for the orders and families

of flowering plants, known as APG IV, which reflects the ongoing changes and updates in

© The Author(s) or their Institution(s)
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the field of taxonomy, as well as the incorporation of new data and methods from various
scientific disciplines (Chase et al. 2016). Despite ongoing efforts to modernize taxonomic
system there is still an urgent need for clear and high resolutions phylogenies in many
domains, including botany to elucidate and resolve remaining longstanding debates on

some species relationships (Meiri and Mace 2007).
3 Taxonomy in the genomics era

Genomics is the study of the genome; the complete genetic information of an organism or
a cell (Giani et al. 2020). Genomic studies gained momentum during the 1980s, benefitting
from the availability of next generation-sequencing techniques and computer-based
analysis of DNA (Giani et al. 2020). The ability to sequence the entire genomes ushered in
a new age of genetics and bioinformatics and opened the door to new biotechnologies and
greater understanding of plant and animal development and also taxonomy (“A
comparative genomics multitool for scientific discovery and conservation” 2020). In
relation to taxonomy and classification, comparative genomics, the branch of genomics
that emerged from whole-genome sequencing (WGS) analysis, has provided
unprecedented knowledge on the interrelation between species (Koonin et al. 2000) by
tracking regions of genes or genomes that share similarities or differences to better
understand the function and evolution of the genetic information (Hardison 2003). This has
led to a new era of genomics-based taxonomy that links phylogeny and genomic data, so
called phylogenomic, which has led to the reclassification and clarification of many
taxonomic relationships in several species (Giani et al. 2020; Genereux et al. 2020). One
such example is a phylogenomic study on the classification of the acacia tree and shrubs

by Kyalangalilwa et al. (2013). The authors used phylogenomic data to study the

© The Author(s) or their Institution(s)
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evolutionary relationships among Acacia species in Africa using molecular data from three
plastid regions, matK/trnK, trnL-trnF and psbA-trnH to construct a phylogenetic tree. The
phylogenetic tree showed that the African Acacia species were not monophyletic as
previously thought. Instead, they formed several distinct clades, each with a different
common ancestor. Based on molecular data and the phylogenetic tree, the authors proposed
a revised classification for the African Acacia species, splitting them into two new genera,

Vachellia and Senegalia.

Similar genomics-based phylogenomic studies have resolved and clarified the conflicting
taxonomic classifications of numerous plant and animal species, including wheat (genus
Triticum L. (Goncharov et al. 2009; Goncharov 2011), brittle star (genus Ophioderma
(Lessios and Hendler 2022), bamboo (Phyllostachys edulis (Zhao et al. 2015)), fern
(Alsophila spinulosa (Huang et al. 2022)), zokors (genus Myospalax ((Liu et al. 2022)),
spiny water flea (Bythotrephes leydig (Karpowicz et al. 2021)), meadow-rue (Thalictrum
spp. (Xiang et al. 2022)) and salvia (Salvia spp. (Hu et al. 2018)). In all the aforementioned
organisms, phylogenomic studies helped with the discovery of additional undescribed
species, high-resolution evolutionary history and precise taxonomic classification of

complex genera and species, helping fill a "critical gap" in taxonomy.

4 Early taxonomy of Cannabis

The classification of the Cannabis genus and its species has long been debated (McPartland
and Guy 2017). To date, numerous classifications have been proposed based on

morphological, environmental, and chemical characteristics, but they broadly fall within

© The Author(s) or their Institution(s)
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1  three predominant frameworks (Figure 2). In the first framework (Figure 2A), all the plants
2 from the Cannabis genus were classified under one single species with three sub-species.
3 However, the second framework (Figure 2B) suggests that this genus contains multiple
4  distinct species, with many scholars debating whether it is two or three species. Finally,
5  the third framework (Figure 2C) suggests the existence of a single phenotypically diverse
6  species; Cannabis sativa. In the following section, we explore the monotypic and polytypic
7  classification systems arising from morphological, and chemical and early molecular
8  characteristics and how they shaped these three broad frameworks for the classification of

9  cannabis, causing much of the confusion experienced today.

A) B) C)
Cannabis Cannabis Cannabis
sativa sativa indica ruderalis sativa
sativa indica ruderalis Phenotypically

diverse

10

11 Figure 2: Three theories of classification for the Cannabaceae based on the synthesis and

12 summary of the available articles analyzed in this global literature review. From left to

© The Author(s) or their Institution(s)
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right, monotypic with three subspecies (A), polytypic consisting of up to three species (B)

and single phenotypically diverse species (C).

4.1 Monotypic morphological classification

At first, Cannabis was identified with a systemic approach in Species Plantarum as
Cannabis sativa by Linnaus in 1753 as a single species. Linnaus made a brief generic
description based on flower parts and seeds (McPartland 2018). Botanist Christiaan
Hendrik Persoon was one of the first to publish a monotypic Cannabis classification in
1807, reducing the C. indica variation to a subspecies of the C. sativa species (Erkelens
and Hazekamp 2014). In 1838, Lindley also echoed the monotypic approach first suggested
by Linnaeus, by classifying C. sativa as the only member of the genus Cannabis (Lindley
2011). In 1843, William O'Shaughnessy in his essay on the medical use of Cannabis used
the term Indian hemp (C.indica), in the title. Despite his use of the C. indica moniker,
O’Shaughnessy claimed that there was no clear distinction between C. sativa and C. indica
further supporting a monotypic classification. O'Shaughnessy's choice of the indica
moniker may have been primarily influenced by the choice to use Indian hemp, hence the
species name indica and could have also been influenced by the plant’s roots in the history
of medical use of Cannabis in India and other neighboring countries. In 1867, De Candolle
echoed the monotypic classification of C.sativa as a single species. However, they
proposed that the species could be grouped into four groups of C. sativa; (a) Kif, (b)
Vulgaris, (g) Pedemontana, and (d) Chinensis. In his classification, Southern hemp with

significant psychoactive properties were identified as group A (Kif). Northern hemp types

© The Author(s) or their Institution(s)
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utilized for fiber production are classified as groups G (Pedemontana), and D (Chinensis),
whereas intermediate varieties containing traits of all groups are classified as group B

(Vulgaris) all under the umbrella of the single species C.sativa (de Candolle 1867).

4.2 Polytypic morphological classification

The introduction of the indica moniker by J. B. Lamarck in 1785 as well as the subsequent
discussion of a ruderal species by D. E. Janischewsky in 1924 were based on further
morphological observations such as trichomes or leaf shape and geographic localization
which created a new framework for thinking of Cannabis as a polytypic species. All the
authors who have presented a polytypic and monotypic classification are presented in

Figure 3 and will be further detailed in this section.

[ 0'Shaughessy, 1843 ] [ De Candolle, 1967 ]

Lindley,1838
Christiaan H.Persoon,1807

Cannabis sativa Sroall 2015

Fetterman,1971

Small et Cronquist, 1976

[J.B Lamarck,1785] [ i .1940] [ Janischewsk 1930] [Vavilov.1931] [Schuiles etal., 1974] [Emhnden,1974] [Hillig.zous] [Clarke ot Merlin,2013 ] [Zhukovski,1950]

Figure 3: The three primary taxonomic classifications of the genus Cannabis: C. sativa,

C. indica and C. ruderalis proposed since the study of the plant began and the authors that

© The Author(s) or their Institution(s)
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have endorsed them. Black text boxes distinguish authors whose classification it was
carried out using a morphological/anatomic approach, the orange outlined text boxes
distinguish authors who used a chemical approach and in the blue boxes the authors used

a molecular approach to classify the Cannabis genus.

4.2.1 Two species

In 1785, Cannabis indica is introduced by J. B. Lamarck which he distinguished from
Cannabis sativa based on various morphological features including a smaller height,
woodier stems, alternate ramifications of the branches, narrow leaflets, and a villous calyx
in the female flowers (Lamarck and Poiret 1783; McPartland and Guy 2017). Lamarck
proposed a taxonomy with two species of C. sativa, and C. indica (Lamarck and Poiret
1783; McPartland and Guy 2017). In 1940, Serebriakova has proposed a poly-species
taxonomy based on morphological characteristic with two different species C. sativa and
C. indica (Koren et al. 2020) which are then divided into subspecies, proles, variety and
forma. Similarly, Zhukovski, in 1950, also proposed a two-species system, but with C.

sativa L. and C. ruderalis first introduce by Janischewsky in 1924 (Zhukovskii 1971).

4.2.2 Three species

The introduction of Cannabis ruderalis by D. E. Janischewsky in the second decade of the
20t century was quick to gain attention from biologists, and soon became one of the species
often cited in the genus Cannabis. Janischewsky’s description of C. ruderalis was based
largely on morphological features of the achenes. In botanical Latin, "ruderalis" means

"weedy" or "growing among waste" and generally refers to plant species that is the first to

© The Author(s) or their Institution(s)
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colonize land or as it is known as "wild species" (Schultes et al. 1975). Vavilov in 1931
similarly theorized that C. sativa and C. indica were descended from a parental species, C.
ruderalis, and classified them as three species of the genus Cannabis (Koren et al. 2020).
Later Schultes et al. (1975) and Emboden (1974) both independently proposed an identical
three species genus that includes C. sativa, C. indica, and C. ruderalis. Schultes and his
colleagues described C. indica as plants primarily found in Afghanistan (Schultes et al.
1975). These plants were characterized by their short stature, dense branching, conical
shape, and broad, oblanceolate leaflets, which sharply contrasted with Lamarck's C. indica.
Lamarck's description was based on taller and less dense plants from India, Southeast and
South Africa, leading to confusion regarding the use of the name "indica" to describe
different specimens (Lamarck and Poiret 1783; Schultes et al. 1975; McPartland and Guy
2017). This has contributed to the ongoing debate and uncertainty around the taxonomy of
Cannabis species. The authors have also documented distinct morphological and
anatomical characteristics for these three species based on field experiments (Emboden

1974; Schultes et al. 1975).

4.3 Chemotaxonomy of cannabis

In 1971, Fetterman et al., measured the cannabinoid content of nine varieties of Cannabis
and then proposed a two-way chemical classification of the Cannabis genus based on
combined physical and chemical characteristics allowing to differentiate between drug-
type and fiber-type C. sativa (Fetterman et al. 1971). In 1976, Small and Cronquist
proposed a novel taxonomic grouping of Cannabis that took not only the plant’s physical

characteristics and geographical distribution into account, but also THC content, so called

© The Author(s) or their Institution(s)
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chemotype (Small and Cronquist 1976) This model has been adapted and updated over
time in different publications (Small 1977, 2015; McPartland and Small 2020). The authors
have proposed a two-stage hierarchic classification system. In this model, C. sativa is first
divided into two varieties either hemp or drug type, which are further separated into two
groups of wild and domesticated (Small and Cronquist 1976). In the first step, a distinction
between two subspecies (C. sativa subsp. Sativa and C. sativa subsp. Indica) based on THC
and CBD levels in dried female flowers is formed (Small and Cronquist 1976; McPartland
2018). Then in the second step, varieties in each subspecies are categorized based on their
domestication status as wild or cultivated. This model is further proposed to class Cannabis
into four categories based on cannabinoids levels. The first group is non-narcotic plants
domesticated throughout Europe and Western Asia to produce fiber and oilseeds with low
THC level but high amount of CBD. The second includes non-narcotic domesticated plants
from East Asia to produce fiber and occasionally oilseeds. This group contains low to
moderate THC, but a significant CBD content. These are classified as C. sativa subsp.
sativa var. sativa. Non-narcotic indigenous plants domesticated in East Asia for the
production of fiber and occasionally oilseeds are categorized in another group as C. sativa
subsp. sativa var. spontanea. They have low to moderate THC, but a significant CBD
content. The third category is made of the narcotic plants that have been domesticated in a
vast area of South-Central Asia solely for their high THC concentration. These plants show
an acute presence of domestication traits and are classified as C. sativa subsp. indica var.
indica. Finally, domesticated naturalized narcotic plants coming from South Asia and the
Middle East with similar levels of THC and CBD are identified as C. sativa subsp. indica

var. karifiristanica. Recently, plants emerging from hybridization between the two fibrous

© The Author(s) or their Institution(s)
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groups (1 and 2) and the two narcotic groups (3 and 4) are proposed to be classified in the

fifth and sixth groups (Small 2015).

Classifications based on chemical content of plants were evolved and new models were
proposed (Turner et al. 1979) to mainly divide the species into fiber or drug-type plants
based on cannabinoids content and phenotype, known as chemovar. De Meijer et al. (2003)
identified three different chemotypes based on a chemical and genetic approach which
identified loci related to the chemovar profile. However, they proposed that it is highly
debatable to use chemotype as a taxonomic criterion. They have also suggested that using
a polygenic trait such as total cannabinoid content, rather than only THC or CBD content,
is probably a more reliable trait for differentiating subspecies (de Meijer et al. 2003). In
2012, Hazekamp and Fischedick (2012) analyzed 28 primary chemical compounds in five
Cannabis samples, followed by a principal component analysis (PCA), and proposed a
chemotaxonomic classification model. Although they proposed a chemical-based
classification model which can be used to distinguish Cannabis plants, they found a strong
chemical variability between samples which had the potential to negatively impact the

classification (Hillig 2005; Hazekamp and Fischedick 2012).

4.4 Molecular taxonomy of cannabis

In recent decades, genomic DNA studies using molecular markers to classity Cannabis
have been carried out using varieties with different geographical origin. The first system
of classification for Cannabis based on the use of molecular markers was proposed by

Hillig in 2005. Hillig dismisses the notion of Cannabis as a monotypic genus and based on

© The Author(s) or their Institution(s)
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study of allozyme variations at 17 genomic loci. His model is based on two distinct species,
which he identified using the C. sativa and C. indica nomenclature. In addition, his findings
suggested a possible third species, C. ruderalis (Hillig 2005). Hillig’s conclusions were
drawn from principal component analyses of the frequencies of 52 alleles in 157 samples
from many different regions around the world from which they identified two significant
groupings leading to a polytypic theory. Hillig also endorsed the Cannabis species theory
presented and proposed by Lamarck (1786), Janischevsky (1924), Vavilov (1931),
Schultes et al. (1975) and Anderson (1980) in their work. However, they suggested that
none of the previous taxonomic theories fully describes the underlying relationships in the
Cannabis genus. To resolve this matter, Hillig proposed a classification divided into three
species C. sativa, C. indica, C. ruderalis and seven putative taxa’s; C. sativa subsp. sativa
var. sativa, C. sativa subsp. sativa var. spontanea, C. sativa subsp. indica var. kafiristanica,
C. indica, C. indica sensu, C. chinensis, C. ruderalis.

In 2013, Clarke and Merlin proposed a taxonomic model based on a combination of
morphological characteristics, molecular marker and chemotypes. They adopted the
nomenclature used by Hillig (2005) to their findings of a mutation leading to the production
of THC and CBD in the evolution of Cannabis. Their model of differentiation is essentially
based on "dope versus rope," or narrow leaf drug (NLD), broad leaf drug (BLD), and
narrow leaf hemp (NLH) order. Though, hemp produces negligible amounts of THC, both
hemp and drug-type Cannabis have the allele for THC synthesis (BT) and for CBD
synthesis (BD). They found that the allele BT was rather weakly expressed in C. sativa
samples while the BD allele was highly expressed. On the contrary, BT was highly

expressed in C. indica. The authors suggested that the drug-type Cannabis currently used

© The Author(s) or their Institution(s)
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should be re-classified under the single species C. indica based on their chemotaxonomic
and genetic approach in which they found the BT allele, responsible for the THC
production, is usually present at higher levels in C. indica than in C. sativa (Clarke and
Merlin 2013). The authors also suggested C. ruderalis to be the wild ancestor of C. sativa
and C. indica. However their findings were based on limited sample size and genomic

evolutionary analyses.

5 Contemporary genomics-based classification of Cannabis

5.1 Cannabis reference genome

The first reference genome assembly of drug-type Cannabis (cv. Purple Kush) by Van
Bakel et al. in 2011 represented a landmark moment in the study of cannabis and opened
the doors to advanced genetic studies and further taxonomic resolution of the genus. This
draft assembly of a female plant was produced by using short read sequencing and allowed
to cover [160% (534 Mb) of the cannabis genome and annotation (draft transcriptome) of
30,000 genes (van Bakel et al. 2011). The comparison of the Purple Kush transcriptome
with Finola, a hemp-type Cannabis, showed differential expression of genes encoding
proteins implicated in cannabinoid and precursor pathways, suggesting that there might be
a broad genetic difference between hemp and drug-type Cannabis based on cannabinoid
synthesis genes. Since then, multiple chromosome-resolved reference genomes using both
Purple Kush and Finola (Laverty et al. 2019), a hemp-type Cannabis (cv. CBDRx) (Grassa
et al. 2021), and scaffold-resolved assembly for a wild Cannabis (Gao et al. 2020) were
produced. Currently more than 13 assemblies (in chromosome-resolved or in scaffold

level) using both short and long read sequencing are available in National Center for
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Biotechnology Information (NCBI). In a recent review by (Hurgobin et al. 2021), the
authors have comprehensively reviewed the different Cannabis reference genomes. The
International Cannabis Genomes Research Consortium (ICGRC; 2020) has recommended
using ¢s10 (GCA 900626175.2) assembly as reference for Cannabis genomics studies
(Maoz TY. 2020; Grassa et al. 2021; Hurgobin et al. 2021). Kovalchuk et al. (2020) have
provided a thorough discussion on the evolutionary background of Cannabis and Humulus
along with a meta-analysis of published genomes. They found that part of the 45S and 5S
ribosomal DNA clusters, centromeres, and satellite sequences are missing and unmapped
in the currently available Cannabis genome assemblies. Their study presents data which
highlights the necessity for a coordinated effort to assess the genetic and biochemical
characterization of Cannabis (Kovalchuk et al. 2020).

Cannabis genome sequencing studies have shed a light onto the Cannabis genome
organization and cannabinoid-related genes evolution, however they have not investigated
the Cannabis genus evolution and its taxonomy, as by their nature, they tend to focus on
one or two individual plants, rather than entire populations. Nevertheless, the availability
of the reference genome, ever-increasing affordability of sequencing and legalization of
Cannabis enabling large-scale genome sequencing and creating opportunities to revisit the
Cannabis taxonomic classification. Below, we highlight recent attempts to use genomics-

derived data to study Cannabis evolution and classification.

5.2 Cannabis phylogenomics
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Since the publication of the first Cannabis reference genome over a decade ago,
contemporary studies have sought to move beyond cannabinoid content, and have tried to
identify genetic features mostly to distinguish between hemp and drug-type Cannabis.
These represent a growing consensus that Cannabis cannot merely be classified based on
only THC and CBD content, but rather the entire genome and metabolome play a role in
distinguishing individuals within this genus (Jin et al. 2021). Additionally, these recent
studies have also focused on using more advanced genomics approches (e.g., whole
genome sequencing) to revisit the sativa, indica and ruderalis classification (Vergara et al.
2016; Lynch et al. 2016; Schwabe et al. 2021; Watts et al. 2021; Ren et al. 2023). Although
this question remains far from being answered, these repesent an important advancement
in our understanding of cannabis taxonomy and have found new evidence lending
creadence to a monotypic theory: as they were not able to distinguish C. sativa, C. indica
or C. ruderalis from each other.

Recently, Watts et al., (2021) genotyped 137 drug-type Cannabis plants using 116K single
nucleotide polymorphisms (SNPs) derived from genotyping-by-sequencing (GBS)
analysis. The authors have conducted a PCA analysis using genomic data and found that
sativa- and indica-labelled samples were genetically indistinct on a genome-wide scale. In
fact, the authors noted that based on their findings, the sativa/indica classification that is
currently used to label Cannabis poorly captures overall genomic and metabolomic
variation (Watts et al. 2021). In a comprehensive study of 110 hemp accessions from across
the globe, Ren et al., (2021) investigated the domestication history of Cannabis using 12M
SNPs derived from whole-genome resequencing. They consider Cannabis as a single

species and demonstrate that all hemp-type Cannabis samples are reciprocally
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monophyletic to all drug-type samples due to different breeding trajectories. Overall, their
findings offer a global perspective on C. sativa domestication and remarkable genomic
resources for functional and molecular studies, and provide evidence for a monotypic
Cannabis taxonomic classification.

A series of recent studies conducted by Vergara et al. investigated the question of Cannabis
modern taxonomic classification using chemical and genetic tools (Vergara et al. 2016,
2017, 2021a, 2021b). First in their 2017 study, they compared the chemical profiles of
Cannabis plants available in the National Institute on Drug Abuse (NIDA) and those
available through commercial dispensaries in the United States. The study found
significant variations between cannabinoids content of Cannabis used in federally funded
medical research and Cannabis that was available to the general public for recreational
consumption. Importantly this highlighted the chemical diversity of contemporary
“research grade” cannabis from “recreational” cannabis, which could have important
implications for the findings of clinical studies on the effects of cannabinoids in human
health (Vergara et al. 2017). Building off of their work in 2017, a 2021 study conducted by
Vergara et al. (2021) explored the genomes of NIDA produced Cannabis and widely
accessible medicinal, recreational and industrial Cannabis varieties. Once again, they
showed notable differences in the genomes of NIDA and legal market Cannabis including
a lack of diversity in the single copy region of nucleotide variation, in different cannabinoid
genes and in the repetitive genome elements. Further highlighting how NIDA's varieties
may not be suitable to be used to generalize the effects of Cannabis use in the medical
context. They also found that only few plants with a 100% genetically assignment

probability of their classified taxonomic group (broad-leaf marijuana-type (BLMT),
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narrow-leaf marijuana-type (NLMT), hemp, and hybrid). In a subsequent study published
in 2021, they demonstrated that the terms "indica" and "sativa" -as they are currently used-
do not correlate to the scientific subspecies of the same names and that evolutionary links
are not reflected by these conventional divisions (Vergara et al. 2021a). These conclusions
were drawn from a study where 297 individuals from a first-generation backcross between
a female "Carmagnola" hemp-type and a male "Afghan Kush" drug-type plant were
quantified for 18 phenotypic traits. They used morphological characteristics measured by
the Cannabis industry to distinguish and assess distinct plants and discovered that the
majority of the phenotypic traits measured were not genetically associated (Vergara et al.
2021a), further suggesting a phenotypically diverse but single species.

A similar study (Schwabe and McGlaughlin 2019) aimed to find whether the distinctions
that are frequently cited and commercially used, sativa, indica and hybrid can be
genetically corroborated and whether samples bearing the same variety designation are
consistent group together when collected from different suppliers. Accordingly, they used
the "Purple Kush" genome, to create ten new microsatellite markers to investigate possible
genetic diversity in 30 different plants gathered from dispensaries in three different US
states. They found that the commonly used sativa, indica, and hybrid designations did not
have a clear genetic difference. Within samples carrying the same variety name, significant
genetic variations were found, suggesting inconsistent identification of what is offered to
consumers (Schwabe and McGlaughlin 2019). In a subsequent 2021 publication by the
same group, they outline a comparative study of the genetic structure of C. sativa with
feral, wild, and cultivated samples in the USA. Using ten variable microsatellite loci

developed in their 2019 study, the authors found that the present sativa and indica scale for
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classifying Cannabis does not adequately reflect global genomic and metabolomics
variations. They also suggested that the terms sativa and indica derived from taxonomic
names that were originally used to describe plants based on their genealogy, but now they
have been adopted by popular Cannabis culture and are now being used differently
(Schwabe et al. 2021). Overall, they found no clear genetic distinction between sativa,
hybrid, and indica subcategories within retail marijuana samples, underscoring the
confusion that these naming conventions create for scientists and consumers.

Lynch et al. (2016) tried to explore the diversity of the nuclear genome of 340 different
Cannabis varieties, including wild populations, high-cannabinol drug-type, hemp for fiber
and hemp used for seed and oil production by re-mapping of WGS and GBS sequence data
to the current “Purple Kush” reference genome. They concluded that there are at least three
primary categories of plants broad leaflet drug-types (BLDT), narrow leaflet drug-types
(NLDT) and hemp similar to what Clarke and Merlin proposed in their 2013 model.
European hemp varieties were found to be more closely connected to NLDTs than to
BLDTs. The BLDT group appeared to have less diversity than the NLDT, which is
consistent with the NLDTs' wider geographic distribution and raises the possibility that the
BLDTs were domesticated more recently than the NLDTs. The hemp, NLDT, and BLDT
create distinctive cannabinoid and terpenoid content profiles. Although they were able to
identify three distinct groups, they found many patterns of relatedness between these
groups supported by evidence such as their distribution of Weir-Cockerham FST for each
population (Lynch et al. 2016). Overall, with the lack of existing evidence for reproductive
barriers and the generally small genetic differences between hemp and the drug-type

samples examined in their study, the authors recommend continuing to treat all members
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of this genus as a monotypic C. sativa L. They have also suggested that a thorough
assessment of current worldwide genetic diversity and experimental evaluation of
reproductive compatibility across all major genetic groupings, along with morphological
evaluation, is necessary for the definitive resolution of the taxonomy of Cannabis (Lynch
et al. 2016). In a similar study, Barcaccia et al. (2020) used DNA barcoding technique to
explore the Cannabis taxonomic classification. They collected 112 sequences from which
they reviewed the DNA barcoding data (ITS1, ITS2, matK and rbcL sequences) available
for Cannabis in BOLD and GenBank databases through a keyword search and BLASTn
analysis for “Cannabis” (taxid: 3482). Overall, they confirmed that methods based on
nuclear DNA haplotyping based on the ITS1 and ITS2 markers as well as chloroplast DNA
barcoding based on the standard genes (matK and rbcL) is complex and does not provide
a clear answer. They concluded by confirming McPartland's (2018) assertion that botanical
varieties rather than subspecies should be used to classify the Cannabis genus (C. sativa
subsp. sativa and C. sativa subsp. indica) (Barcaccia et al. 2020), further illustrating that
the contemporary debate on the taxonomic classification of cannabis is not entirely

resolved.
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6 Conclusion

In recent years, the field of taxonomic classification has made significant strides,
particularly in the use of genomic data to infer phylogenetic relationships. While traditional
morphological and phenotypic methods have been successful for many species, they have
proved inadequate for resolving the classification of certain taxa, such as Cannabis.
However, the use of genomic tools and techniques has enabled researchers to identify
genetic variations and differentiate between species and subspecies. The increasing
accessibility and affordability of these techniques have helped to shed light on the
challenging taxonomy of Cannabis. The conventional taxonomy of Cannabis 1is
challenging due to wind-pollination, the heterozygous nature of the plants, current growing
practices and incomplete domestication paired with poorly tracked breading pedigrees. The
taxonomy of Cannabis is a divisive matter, with various hypotheses as have been discussed
in this review. Precise taxonomic information is crucial for the study of Cannabis and in
its absence, we risk the loss of genetic diversity as historic landraces may not be identified
and preserved. The emerging evidence from contemporary genomic sequencing and other
molecular techniques outlined in this review, strongly support the hypothesis of a highly
diverse monotypic species, and older hypotheses positing multiple species or subspecies
now appear less likely in light of emerging data. Although challenging, we believe that the
taxonomy of the species is becoming clearer and will continue to benefit from advances in
genomic tools, as we have demonstrated in this review. Ultimately, the confirmation of a
highly diverse monotypic species of cannabis will be a significant contribution to the plant's

taxonomic history and will enable the preservation of valuable genetic diversity.
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Visual representation of the phenotypic diversity in mature inflorescences of 10 Cannabis sativa L. drug-type
genotype varieties (A-]), and 2 hemp-type (K-L). Varieties are as follows: A) Hyperion 7, B) Trop2683, C)
Mandarin Zkittlez, D) Grape Pupil, E) Purple Majik 5, F) Funky Cherries, G) White Wedding, H) Cres 805, I)

End Game R2, J) White Truffle Pupil, K) Finola, L) Felina32. A-J varieties we’'re grown under controlled
environment in the high-performance greenhouses of Laval University by Davoud Torkamaneh lab. K and L
were grown at University College Dublin and images were generously provided by C. Dowling, J. Shi and R.

Melzer at the UCD Flower Power Lab.
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A) B) Q)
Cannabis Cannabis Cannabis
sativa sativa indica ruderalis sativa
sativa indica ruderalis Phenotypically

diverse

Three theories of classification for the Cannabaceae based on the synthesis and summary of the available
articles analyzed in this global literature review. From left to right, monotypic with three subspecies (A),
polytypic consisting of up to three species (B) and single phenotypically diverse species (C).
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The three primary taxonomic classifications of the genus Cannabis: C. sativa, C. indica and C. ruderalis

proposed since the study of the plant began and the authors that have endorsed them. Black text boxes

distinguish authors whose classification it was carried out using a morphological/anatomic approach, the

orange outlined text boxes distinguish authors who used a chemical approach and in the blue boxes the
authors used a molecular approach to classify the Cannabis genus.

152x62mm (300 x 300 DPI)

© The Author(s) or their Institution(s)



