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ABSTRACT 

WEEDING OUT CHALLENGES IN CANNABIS TISSUE CULTURE AND 

DEVELOPING NOVEL MICROPROPAGATION AND REGENERATION METHODS

Adrian Scott Monthony 

University of Guelph, 2021 

Advisor: 

Dr. Max Jones 

 

Cannabis sativa L. remains under-studied due to years of prohibition and recent research 

has highlighted the limitations of Cannabis tissue culture methods.  Micropropagation and 

regeneration methods that can reliably be integrated into plant biotechnology pipelines are 

needed. This thesis explores three aspects of Cannabis tissue culture, which currently lack 

reliable and replicable methods:  the development of high-multiplication rate micropropagation 

methods, the use of existing leaf-to-plant regeneration method, and the exploration of protoplast-

to-plant regeneration systems in Cannabis.  The results presented herein, demonstrate that:  floral 

tissues represent a viable alternative to vegetative tissues for the micropropagation of Cannabis; 

existing methods for regeneration lack the replicability to be used in across a range of 

representative drug-type genotypes of Cannabis; and that protoplast isolation and cell division 

from Cannabis callus can be achieved.  Taken together, this thesis provides a blueprint for how 

to design more reliable and replicable Cannabis micropropagation and regeneration methods.  
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1 Literature Review 

In this chapter, subsections 1.2, 1.4 and 1.5 and the tables and figures herein have been 

published in the journal Plants.  The bibliographic information is included below: 

Monthony AS, Page SR, Hesami M, Jones AMP (2021) The Past, Present and Future of 

Cannabis sativa Tissue Culture. Plants 10:185. https://doi.org/10.3390/plants10010185 

1.1 History of Cannabis  

The oldest evidence of Cannabis sativa L. use dates back to a 16th century BC sheet of 

papyrus found in Egypt, which contains hieroglyphs purportedly depicting hemp (Wills 1998).  

However, C. sativa is thought to have been commonly used even earlier by the Chinese as a fibre 

source (Wills 1998; Pollan 2012) as evidenced by copies of Chinese herbals likely written by 

Emperor Shen Nung in the 3rd millennium BC (Wills 1998).  Regardless of C. sativa’s origin, it’s 

importance in many ancient societies has been well documented, with uses including food, fiber 

and medicine (Clarke 1999).  China, Egypt, India/Pakistan, Persia and other ancient Asian and 

Arabian societies are counted amongst the first to explore the many uses of C. sativa (Wills 

1998). Cannabis use was common in India, with the earliest written account dating back to the 

year 2000 BC (Wills 1998).  Early uses of Cannabis by the Chinese were for fiber (Clarke 1999), 

whereas in India Cannabis was a staple of traditional Hindu medicine, also known as Ayurveda, 

a system of medicine that has been practiced for over 3000 years (Wills 1998; Russo 2005). 

Multiple Cannabis preparations were used in India.  These ranged from leaf, flower and fruit 

preparations (i.e., Bhang), to dried female flowers (i.e., Ganja) to thick resinous exudates (i.e., 

Chara) (Chopra and Chopra 1957).  Preparations varied by region and over the course of history 

(Wills 1998).  Early consumption of Cannabis products was often through ingestion while 

smoking was less common (Wills 1998).  Cannabis was used by doctors in ancient China and 

India to treat or alleviate the symptoms of numerous medical conditions including: bowel issues, 

insomnia, loss of appetite, sadness, gynecological disorders, absentmindedness, malaria, pain 

relief, childbirth, inflammation and anxiety (Wills 1998; Pollan 2012).   

There is less historical or archeological evidence for the popularity of C. sativa in ancient 

European civilizations.  Charred C. sativa seeds in ceramic braziers were found in association 

with remains of Neolithic settlements in what is now Germany, Switzerland, Romania, and 

Austria.  The braziers are assumed to be used for the inhalation of smoke produced from the 

burning of plant material, which included seeds (Rudgley 1995).  No historical accounts of 

Cannabis intoxication are mentioned by the ancient Romans and Greeks whose preferred vice 

was wine.  While it does not appear that the Greeks and Roman’s exploited Cannabis for its 

psychoactive properties, they did exploit it for its fiber (Mechoulam 1986; Wills 1998).  

Cannabis may also have been featured in the Bible, with some scholars arguing that the stories 

of Jonathan and Saul alluded to Cannabis products as honey or honeycombs referring to the 

resinous products of Cannabis (Creighton 1903).  Cannabis was used by many civilizations 

neighbouring Judea and it has been suggested that the sparsity with which Cannabis is 

mentioned in the Bible could be due to intentional removal of references to it (Mechoulam 

1986).   
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1.1.1 Modern History- Regulation and migration 

The transfer of Cannabis from Asia into Europe likely occurred via Eastern Europe due 

to its proximity to Asia.  As a result, eastern European folklore surrounding Cannabis seems 

more strongly developed. The Ukrainians believed that Cannabis harvested on St. John's eve 

would ward off evil.  The Slavs would throw Cannabis seeds after a wedding and the bride 

would brush the walls of her house with the plant believing that Cannabis on a wedding day 

would bring marital harmony and contentment (Wills 1998). Polish people would perform a 

dance in honour of hemp on Shrove Tuesday and the Polish and Lithuanians would cook 

Cannabis seed soup on Christmas Eve (Wills 1998).  The spread of Cannabis to western Europe 

made it an important source of fiber for textiles and ropes (Wills 1998; Clarke 1999). During the 

Anglo-Saxon period, Cannabis growth in England was exclusively used for fiber and its use for 

medicinal purposes was scarcely mentioned in 17th century Herbals (Wills 1998).  It was during 

the mid 1800s that first-hand English reports on the intoxicating effects of Cannabis emerged 

(Wills 1998). 

Many scholars attribute the increase in popularity of Cannabis as a medicine in western 

Europe in part to the Napoleonic wars, when French soldiers in Egypt first encountered 

Cannabis and used it as an analgesic.  French soldiers returning from Egypt brought hashish, a 

C. sativa preparation intended for consumption as an intoxicant.  The popularity of hashish in 

mid-1800s France was mostly niche among the artistic and intellectual elite of Paris (Chopra and 

Chopra 1957; Pollan 2012).  French physicians were fascinated by the mind-altering effects of 

hashish and many speculated that it could be used to better understand and potentially treat 

mental disorders; a controversial opinion that was widely debated by a number of prominent 

French physicians (Guba 2018).  French psychologist Jacques Joseph Moreau’s strong interest in 

hashish led him to found Le Club des Hashishins, a Parisian club for the intellectual elite to 

gather and consume hashish infused foods under the study of Dr. Moreau (Wills 1998; Guba 

2018). Dr. Jacques Joseph Moreau’s student Edmon DeCourtive is credited with writing the first 

thesis on hashish (Wills 1998).   

1.1.2 Cannabis in North America: Twentieth century to present 

The beginning of the 20th century brought with it the start of the contemporary 

prohibition of Cannabis.  It is perhaps worth noting that this was, by no means, a novel idea.  

The mid 17th century saw the first documented attempt at regulating the consumption of 

Cannabis.  In 1659, the Indian Emperor Aurangzeb forbade the cultivation of C. sativa in his 

territories, claiming that its use had become problematic in India (Wills 1998). Although short 

lived due to trouble reinforcing the law, this was an early sign of prohibition to come centuries 

later. The modern 20th century clampdown on Cannabis consumption began in 1925, when the 

League of Nations tried to limit the use of Cannabis internationally, following allegations of 

Cannabis induced insanity occurring in Egypt (Wills 1998).  This led to an amendment adding 

Cannabis to the 1912 Opium Convention, which regulated and restricted the production and 

export of C. sativa to all signatory states (League of Nations 1925). 

In Canada, Cannabis was made illegal following its addition to the Opium and Drug Act 

in 1923 (Erickson and Oscapella 1999; Fischer et al. 2003).  The United States similarly 



 

3 

 

followed suit with the 1937 the Marijuana Tax Act, which severely restricted the medicinal use 

of Cannabis in the United States (Baker et al. 2003; Fischer et al. 2003).  Cannabis had been 

included in the United States Pharmacopoeia since 1850, but was removed from this text shortly 

after the passage of the Marijuana Tax Act in 1942 (Bridgeman and Abazia 2017).  In the United 

States, Cannabis was further classified under the most restrictive drug class (Schedule I) as part 

of the Comprehensive Drug Abuse Prevention and Control Act of 1970.  This 1970 act 

overturned the 1937 Marijuana Tax Act and states that Cannabis has “no apparent medical 

potential and a high likelihood of abuse” (Eddy 2010; Cherney and Small 2016). These 

restrictions, which made no distinction between fibrous hemp and drug-type Cannabis, had the 

unfortunate consequence of limiting most Cannabis research by making its acquisition for 

research purposes challenging (Cherney and Small 2016; Bridgeman and Abazia 2017).   

Commercial production of industrial hemp (C. sativa with <0.3% Δ9-tetrahydrocannabinol 

(THC) by dry weight; Government of Canada 2015) has faced many of the same restrictions as 

drug-type (>0.3% THC by dry weight) Cannabis in North America as the distinction between the 

two has been largely ignored by government and law enforcement (Cherney and Small 2016).  

In recent years, many countries around the world have started to lift some restrictions 

surrounding the research, growth, sale, and consumption of Cannabis.  In Canada, commercial 

production of hemp was legalized in 1998 (Cherney and Small 2016), however regulatory 

barriers and a lack of market interest resulted in a very slow-growing industry until recently 

(Mark et al. 2020).  In 2013 the Marihuana for Medical Purposes Regulations were implemented 

by the Government of Canada, laying the groundwork for commercial production of medicinal 

Cannabis (Government of Canada 2016; Bridgeman and Abazia 2017).  The legalization of the 

possession, growth, and consumption of Cannabis for recreational purposes followed in October 

2018.  In the United States, a pilot scale production of industrial hemp was legalized in 2014 

followed by commercial-scale federal legalization in the 2018 Farm Bill (Cherney and Small 

2016; Mark et al. 2020). Prior to this change, federally funded research in the US could only be 

conducted with Cannabis obtained from the National Institute on Drug Abuse (NIDA).  With the 

passing of the 2018 farm bill, hemp can now be used for research, but drug type Cannabis is still 

highly restricted at the federal level.  However, 36 states and the District of Columbia have 

legalized medical Cannabis programs, with 15 of those states having also legalized recreational 

Cannabis use in adults (National Conference of State Legislatures 2021).  Changes are also 

taking place at the international level:  A landmark decision in by the United Nations 

Commission on Narcotic Drugs (CND) voted to remove Cannabis from Schedule IV of the 1961 

Single Convention on Narcotic Drugs in December of 2020, thereby recognizing the medicinal 

and therapeutic uses of Cannabis (Kwai 2020). While still highly regulated, the legalization of 

Cannabis for medical and recreational consumption in Canada, the legalization of hemp in the 

United States, and a similar trend around the world has resulted in a renaissance period for 

Cannabis research.   

1.2 Botany and Taxonomy of C. sativa 

C. sativa L. (Cannabis, hemp, marijuana) is an annual flowering plant of the family 

Cannabinaceae.  Although Cannabis is usually dioecious, hermaphroditism occurs in some 

cultivars (Figure 1.1A) and both formal and informal breeding programs have resulted in some 

monoecious cultivars, primarily restricted to hemp (Reed 1914; Chopra and Chopra 1957; 
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Spitzer-Rimon et al. 2019). The family Cannabinaceae consists of ten genera containing over 

100 accepted species, with Humulus lupulus L. (hops; the chief ingredient in beer), being a 

notable member (Yang et al. 2013; Kovalchuk et al. 2020).  Cannabis is a fast-growing plant, 

lengthening up to 10 cm per day and reaching heights of 6 meters in its native habitat of 

southeast Asia, whereas growth in temperate climates is usually lower (Reed 1914; Clarke 1999; 

Schilling et al. 2020).  When grown from seed, the first true leaves are pairs of oppositely 

oriented single leaflets (Figure 1.1B).  As the plant matures, the phyllotaxy shifts from opposite 

to alternate leaf arrangement (Figure 1.1C), and the number of leaflets per leaf increases (Clarke 

1999; Spitzer-Rimon et al. 2019).  Leaves on a mature plant are digitate with anywhere from 5 to 

11 leaflets and a long petiole, although during flowering they often revert to producing lower 

numbers of leaflets (Reed 1914; Farag 2014).  Cannabis is predominantly a short-day plant, with 

flowering induced by 12 to 14-hour photoperiods (Moher et al. 2020), but some photoperiod 

insensitive cultivars have been developed. Male and female plants cannot easily be distinguished 

until flowers begin to appear (Clarke 1999; Barcaccia et al. 2020).  Male flowers have five green 

or yellow petals and are larger than female flowers (Figure 1.1D). Female flowers consist of an 

ovule enclosed in a thin green bract with two yellow/whiteish stigma emerging from the closed 

bracts (Figure 1.1E) (Clarke 1999; Barcaccia et al. 2020).  Before the elongation of the floral 

stigma, glandular trichomes develop on the bract surrounding the ovary (Spitzer-Rimon et al. 

2019). Two main types of trichomes can be found covering Cannabis plants, glandular and non-

glandular trichomes. Only the former produce cannabinoids in any considerable quantity and 

glandular trichomes are predominantly found on the bracts and floral leaves of female plants 

(Figure 1.1F). Male plants produce few, if any, glandular trichomes (Farag 2014; Romero et al. 

2020).  Due to their low levels of cannabinoids, male plants are generally not consumed as a 

medicinal or recreational drug. 
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The taxonomy of the genus Cannabis is a matter of debate and no consensus has emerged 

on whether it is a monospecific or polyspecific genus (Small 2015; McPartland 2018; Schwabe 

and McGlaughlin 2019). The ability to distinguish between hemp and drug-type Cannabis has 

been the subject of much interest by law-enforcement, which relies on THC content for 

distinction (Sawler et al. 2015).  From a law enforcement and regulatory standpoint, the main 

two categories of Cannabis have been described as ‘drug-type’ (medicinal or recreational) and 

‘fibre-type’ (industrial hemp). The drug-type generally being dioecious, with a short, wide, bush-

like growth pattern, whereas the fibre-type can be either dioecious or monoecious with a tall and 

thin growth pattern (Chandra et al. 2020).  However, the monoecious/dioecious binary has been 

eroded by changes to breeding practices brought about by the recent passage of the 2018 Farm 

Bill in the United States (Mark et al. 2020). The easing of restrictions around the growth of hemp 

Figure 1.1  In vitro flowering of C. sativa. A) Flowering C. sativa male plant displaying a 

hermaphroditic phenotype, showing female flowers (left) adjacent to male flowers (right).  1 mm 

scale bar. B) In vitro germinated seedling of C. sativa demonstrating opposite leaf arrangement.  

White arrows show oppositely oriented first true leaves. 1 cm scale bar. C) An in vitro vegetative 

explant maintained long-term demonstrating alternate leaf arrangement in C. sativa (black 

arrows), a change in phyllotaxy resulting from explant maturation. 1 cm scale bar. D) In Vitro 

male inflorescences of C. sativa.  Scale bar 5 mm. E) A pair of female C. sativa florets obtained 

from in vitro flowering C. sativa.  1 mm scale bar. F) Glandular trichomes developing on the 

bract surrounding the ovary of a female C. sativa inflorescence. Scale bar 2 mm. 
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and the fact that the amount of non-psychoactive cannabinoids produced in industrial hemp is not 

regulated has led to a rise in demand for cannabidiol (CBD)-based health products in the United 

States (Campos et al. 2012).  As a result, breeders in the United States have begun developing 

Cannabis that produces high levels of non-psychoactive cannabinoids.  These plants are 

morphologically more similar to the traditional high-THC or drug-type Cannabis, further 

obscuring an already difficult to distinguish taxonomy (Mark et al. 2020).  Two distinct 

Cannabis chemotypes have been identified, which also fall in line with the two aforementioned 

morphological groups and are largely defined by their THC content.  The fibre-type Cannabis, or 

“hemp”, has a THC dry weight in the flowering heads of <0.3% or <0.2% depending on the 

jurisdiction (Government of Canada 2015; Cherney and Small 2016; Mark et al. 2020).  Hemp 

can often be accompanied by a higher CBD content (THC:CBD <1), whereas the elite drug-type 

cultivars typically have  a THC:CBD ratio >1, or >0.3% THC in the flower heads (Fetterman et 

al. 1971; Cherney and Small 2016).  

However, a taxonomic system based on THC:CBD ratios has faced scrutiny (Mudge et 

al. 2018) and other classification systems that further divide the species on the basis of 

chemotype have been suggested.  These include classifications based on other secondary 

metabolites produced by the Cannabis rather than solely the THC and CBD levels (Hazekamp 

and Fischedick 2012; Mudge et al. 2019).  Early genetic studies attempting to obtain distinguish 

between the genetic fingerprints of hemp and Cannabis have suggested that the chief 

differentiation factor between the two plants was a single locus which determined the production 

of THC or CBD synthases (de Meijer et al. 2003).  These findings have been echoed by whole 

genomic and transcriptomic assemblies of hemp and drug-type Cannabis, which have shown that 

hemp plants have high levels of cannabidiolic acid synthase (CBDAS) genes and transcripts, 

while the tetrahydrocannabinolic acid synthase (THCAS) gene encoding the oxidocyclase 

enzyme which forms tetrahydrocannabinolic acid (THCA) is dominant in drug-type cultivars 

(van Bakel et al. 2011; Hesami et al. 2020). However, recent work using single nucleotide 

polymorphisms (SNPs) has shown that the genetic differences between hemp extend beyond the 

loci responsible for cannabinoid production and are instead found throughout the entire genome 

(Sawler et al. 2015).   

Drug-type Cannabis has been historically described by enthusiasts as consisting of three 

species:  C. sativa, C. indica, and C. ruderalis. The diversity of chemical and morphological 

traits within Cannabis has led some taxonomists to agree with this and propose that Cannabis 

should be consider a polyspecific genus containing multiple individual species: sativa, indica, 

and ruderalis (Hillig 2004, 2005; Clarke and Merlin 2013). Furthermore sub-speciation is 

suggested within these groups (McPartland 2018; McPartland and Small 2020), however this 

nomenclature has yet to be widely used.  The taxonomy of drug-type Cannabis is complicated by 

years of prohibition, which resulted in informal, clandestine breeding programs which caused 

decades of interbreeding and hybridization without records of parentage (Mudge et al. 2019; 

McPartland and Small 2020).  The ability to consistently and reliably distinguish between sativa 

and indica types of Cannabis has been scrutinized (Sawler et al. 2015) and as a result of these 

underground breeding programs, establishing the pedigree of Cannabis is incredibly challenging 

and has resulted in unpredictability for consumers of C. sativa products (Schwabe and 

McGlaughlin 2019).  Concerns have also been raised that this ever-increasing introgression is 

leading to a decline of biodiversity in the species and a loss of indigenous C. sativa varieties 
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(McPartland and Small 2020).  The ease of interbreeding within Cannabis has resulted in a 

highly polymorphic genome which has led many researchers to classify Cannabis sativa as a 

monospecific, highly polymorphic species (Small 1975a, b; Small and Cronquist 1976).  Another 

complicating factor is the limited genetic pool of Cannabis available for federally funded 

research in the United States.  Currently Cannabis for research purposes is grown at the 

University of Mississippi through the National Institute on Drug Abuse (Vergara et al. 2017; 

Schwabe et al. 2019).  A number of recent studies have raised concerns about the genetic and 

chemical dissimilarity of NIDA produced Cannabis from commercially available Cannabis 

produced by large scale licensed producers in jurisdictions where Cannabis growth and sale is 

legal (Vergara et al. 2017, 2021; Schwabe et al. 2019).  The debate surrounding the taxonomy of 

Cannabis has been reviewed extensively (Clarke and Merlin 2013; Small 2015; McPartland 

2018); however, no consensus has yet to emerge on Cannabis’ taxonomy.  The increasing ease 

of access to Cannabis resulting from legalization and improvements in next-generation 

sequencing technology will help make significant progress in understanding of the genome of 

Cannabis in the next decade. 

1.3 Introduction to Tissue Culture 

Tissue culture is the in vitro growth of plant cells, tissues or organs in axenic conditions 

under known physical and chemical conditions (Thorpe 2012).  Today, it is estimated that over 

350 million plants are annually produced worldwide using tissue culture (Piunno 2019).  Tissue 

culture is a necessary tool in studying cell biology, breeding, plant biotechnology, germplasm 

storage, pathogen removal and the preservation of endangered species (Piunno 2019).  The 

pioneering tissue culture research of the mid-1900s has been instrumental in allowing 

contemporary researchers to study plant physiology, biosynthetic pathways, and molecular 

biology at a level not previously possible.  

The study of plants in vitro traces its roots back to Gottlieb Haberlandt, who is regarded 

as the pioneer of plant tissue culture (Thorpe 2012).  In his 1902 address to the German 

Academy of Sciences he put forth the idea that under the right growth conditions a single plant 

cell could be grown into an entire plant, a concept now known as totipotency (Haberlandt 1902).  

At the time of his bold prediction, Haberlandt had still failed to achieve any growth of plant cells 

in vitro, yet his prediction that plants could be grown in vitro led to many questions about the 

nutrient requirements for successful growth.  Early researchers came up with various 

formulations of nutrients based on the known nutrient formulations for whole plants, however 

these were not highly successful and these media were soon amended with more complex 

substances (e.g., coconut water, amino acids, yeast extracts) with the hopes that they could 

provide useable amino acids, macro and micro-nutrients which would promote in vitro plant 

growth  (Thorpe 2012).  In 1962 Toshio Murashige and Folke Skoog published their landmark 

paper describing their newly revised media formulation for Nicotiana tabacum L. (tobacco; 

Murashige and Skoog 1962).  Murashige and Skoog’s highlighted that their formulation offered 

a notable improvement to the previously modified White’s medium.  This new medium provided 

a 3-4 fold increase in cell growth.  This improvement was largely owing to a substantial increase 

in the media’s inorganic constituents (Murashige and Skoog 1962).   Murashige & Skoog (MS) 

medium (as it is called today) contained up to 20 times more macronutrients than many media 

which were being used at the time and resulted in dramatically increased yield in plant growth 
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(Murashige and Skoog 1962; Thorpe 2012).  Notably, the availability of nitrogen (60 mM), 

potassium (20 mM) and iron (0.100 mM) macronutrients, as well as boron (100 µM) and 

manganese (µM) micronutrients available in the medium were greatly increased when compared 

with White’s medium (Murashige and Skoog 1962).  Today MS salts are the most widely used 

nutrients in tissue culture (Thorpe 2012) and have been the mainstay for contemporary Cannabis 

tissue culture (Movahedi et al. 2015; Lata et al. 2016; Piunno et al. 2019).  

The mid 20th century saw a boom in the field of  tissue culture, with in vitro grown plants 

changing the way we study of plant growth and development, plant pathology and plant breeding 

(Kirakosyan and Kaufman 2009).  Many of the in vitro techniques discovered during this time 

period are still being employed today (Thorpe 2012).  One of the most important advances in our 

understanding of plant development came out of this period of intensive research.  This was the 

auxin theory of development put forth by Miller and Skoog.   

1.3.1 Auxins  

Indole-3-acetic acid (IAA) is a natural auxin, and an important phytohormone responsible 

for controlling the developmental fate of plant tissues (Wang et al. 2020).  The involvement of 

auxin in most aspects of plant life is ubiquitous, with auxin regulating cell division, expansion 

and differentiation, while also playing a role in lateral root formation, flowering and plant tropic 

responses (Mashiguchi et al. 2011; Chandler 2016).  IAA biosynthesis occurs via multiple 

pathways from the common precursor tryptophan (Strader and Bartel 2008; Mashiguchi et al. 

2011; Wang et al. 2020).  The biosynthetic pathway responsible for the majority of free IAA 

production is the indole-3-pyruvic acid pathway (IPA).  In Arabidopsis thaliana L. this 2-step-

pathway is mediated TRYPTOPHAN AMINOTRANSFERASE OF 

ARABIDOPSIS/TRYPTOPHAN AMINOTRANSFERASE RELATED PROTEINS 

(TAA1/TARs) and the YUCCA (YUC) flavin monooxygenase-like proteins, with TAA1 first 

catalyzing the formation of IPA and YUC carrying out the subsequent conversion of IPA to IAA 

(Mashiguchi et al. 2011; Korver et al. 2018; Wang et al. 2020).  YUC genes are ubiquitous in 

various plant species and this pathway provides the auxin essential to embryogenesis, flower 

development, seedling growth and vascular patterning (Mashiguchi et al. 2011). The TAA1-

dependent auxin biosynthetic pathway is required for proper regulation of root meristem size and 

root hair development (Di Mambro et al. 2017; Wang et al. 2020).   

Auxin concentration gradients are essential in maintaining apical dominance, cell 

elongation and in particular the regulation of root growth and architecture (Zazimalová et al. 

2014; Erland et al. 2015) and has been extensively studied in the model plant A. thaliana (from 

hereon referred to as Arabidopsis).  Auxin exists as a gradient throughout plants where it is 

predominantly synthesized in the apical shoots and is transported through the plant to the roots 

by polar auxin transport.  Polar auxin transport is controlled by a series of auxin carrier proteins 

which regulate the distribution of auxin throughout the plant and by auxin efflux proteins which 

regulate auxin flow into root tissues (Korver et al. 2018). Auxin gradients within roots are 

crucial to the development of roots and is achieved through the creation of local auxin maxima 

and minima within these tissues. Auxin maxima inhibit cell elongation and the formation of 

lateral roots (Di Mambro et al. 2017).  Conversely local auxin minima have been found to signal 
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the transition from cell division to cell differentiation in the roots of Arabidopsis (Di Mambro et 

al. 2017; Korver et al. 2018).   

In plant tissue culture, IAA as well as synthetic auxins, are often used to regulate plant 

growth in vitro (Machakova et al. 2008).  Provided at concentrations much higher than 

experienced endogenously, auxins can cause uncontrolled cell growth and many synthetic auxins 

were developed as herbicides which caused the uncontrolled abnormal growth of weeds resulting 

in plant death.  Today, synthetic auxins are often preferred to IAA as they are less likely to be 

oxidized in tissue culture media and they are metabolized more slowly in planta than IAA 

(Machakova et al. 2008), as a result at the same molarity synthetic auxins are often described as 

more potent in their effects on tissue culture (Phillips and Garda 2019).  These synthetic auxins 

include 2,4-Dichlorophenoxyacetic acid (2,4-D), 3,6-dichloro-2-methoxybenzoic acid 

(DICAMBA) and 1-naphthaleneacetic acid (NAA) (Zazimalová et al. 2014; Caplan et al. 2018).  

The exogenous application of auxins in tissue culture can promote rhizogenesis and the 

application of auxins with or without cytokinins can promote the formation of callus which is 

required for the production of cell suspension cultures, genetic modification, organogenesis and 

somatic embryogenesis (Machakova et al. 2008; Phillips and Garda 2019). The effects of auxin 

usually follow a bell-shaped concentration/activity curve, where low concentrations (0.1 µM to 

10 µM) are most effective, whereas concentrations above 10 µM become inhibitory to cell plant 

growth (Machakova et al. 2008).  

1.3.2 Cytokinins  

Together with auxins, cytokinins constitute one of the most important and widely studied 

class of plant growth regulators.  Their influence extends to a wide range of physiological 

phenomena in planta.  These include cell division stimulation, lateral bud growth promotion, leaf 

expansion, the retardation of leaf senescence, promotion of chlorophyll synthesis, organ and 

chloroplast development, germination, and the maintenance of circadian rhythms (Gaspar et al. 

1996; Erland et al. 2015).  Cytokinin gradients are opposite to auxin gradients as cytokinins are 

biosynthesized in the root apices and transported to the shoots, thereby creating reciprocal 

gradients between auxins and cytokinins throughout the entire plant (Phillips and Garda 2019). 

The accumulation of cytokinins in plant apices is responsible for making it a key regulator of 

apical meristem development (Sakakibara 2021). 

Zeatin (both trans and cis isomers), and 6-(γ,γ-Dimethylallylamino)purine (2iP) are the 

main plant-produced cytokinins and are derived from the amino acid precursor adenine (Gaspar 

et al. 1996; Kakimoto 2003; Sakakibara 2021).  Cytokinin transport occurs via the xylem and 

phloem with the distribution of each cytokinin varying between both tissues (Sakakibara 2021).  

This variation has been demonstrated across multiple species in including rice (Oriza sativa L.) 

and Arabidopsis (Osugi and Sakakibara 2015; Osugi et al. 2017; Sakakibara 2021).  Studies of 

Arabidopsis have shown that trans-zeatin and trans-zeatin-riboside are the major cytokinin 

found in the xylem sap, with trans-zeatin-riboside constituting the majority (Osugi et al. 2017; 

Sakakibara 2021).  In rice, where cis-zeatin is the dominant isomer of zeatin, trans-zeatin is the 

transported via the xylem tissues, whereas cis-zeatin is transported via the phloem (Osugi and 

Sakakibara 2015; Sakakibara 2021).  The cytokinin 2iP constitutes the largest fraction of 

cytokinin transported in phloem sap in Arabidopsis, with cis-zeatin being the second most 
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abundant (Hirose et al. 2008; Sakakibara 2021).  These biased distributions of cytokinins have 

been hypothesized to be a result of the different special expression patterns of cytokinin 

biosynthesis genes (Sakakibara 2021).  

Although the natural cytokinins 2iP and zeatin are still used in research, they are not 

frequently used commercially in tissue culture due to their cost (van Staden et al. 2008). As is 

the case with auxins, synthetic cytokinins (cytokinin analogues) are preferred over naturally 

derived cytokinin due to their increased stability in tissue culture applications (Phillips and 

Garda 2019). Synthetic cytokinins have similarly high activity to their natural counterparts and 

the most commonly used synthetic cytokinins in used in tissue culture are kinetin and 

benzylaminopurine (BAP) (van Staden et al. 2008).  Topolins and TDZ are two classes of 

synthetic cytokinin-like PGRs that are also used in tissue culture (van Staden et al. 2008; Guo et 

al. 2011).  TDZ is a unique case of PGR which exhibits both cytokinin and auxin-like activity 

and has been widely used as a synthetic cytokinin in plant tissue culture, however it’s mode of 

action remains elusive (Erland et al. 2020).  The use of TDZ has been of particular interest in C. 

sativa tissue culture following the legalization of species (Lata et al. 2009c; Page et al. 2021). 

1.3.3 Totipotency and Regeneration in Tissue Culture 

Tissue culture studies have repeatedly shown that in planta auxin:cytokinin ratios are 

important for the maintenance of cell divisions.  This ratio is a critical regulator of in vitro 

organogenesis (Nordstrom et al. 2004; Zazimalová et al. 2014; Erland et al. 2015) and the 

importance of the auxin:cytokinin ratio was first demonstrated in 1957 by Skoog and Miller 

using tobacco as a model system  (Skoog and Miller 1957; Phillips and Garda 2019).  What 

Skoog and Miller found- and what has been subsequently shown in most plants is that a high 

auxin:cytokinin ratio induces rhizogenesis whereas a low auxin:cytokinin ratio induces the 

formation of shoots and promotes apical dominance (Skoog and Miller 1957; Nordstrom et al. 

2004; Zazimalová et al. 2014; Phillips and Garda 2019).  Moderately high levels of both 

cytokinins and auxins leads to the formation of undifferentiated callus cells (Phillips and Garda 

2019).  Careful manipulation of these ratios can ‘trick’ plants into forming shoots or even de 

novo embryos, phenomena which are generally described as regeneration (Cheng et al. 2010; Di 

Mambro et al. 2017), this is typically followed by subculturing shoot producing plants to auxin-

containing medium for the rooting, such that induction of shoots and rooting usually requires 2 

culture steps (Phillips and Garda 2019). 

In vitro regeneration of crops and other plant species is critical for the application of 

many biotechnologies and allows for the fundamental study of plant growth (Kothari et al. 

2009).  The application of these biotechnologies relies on the totipotent nature of cells.  

Induction of cell-to-plant regeneration protocol relies on the reprogramming of cells that have 

committed themselves to a determined developmental pathway (George et al. 2007).  Restoring 

this developmental plasticity to them allows researchers to guide their development from a 

determined organ cell into an entire explant (Litz 1993). Regeneration from somatic tissues 

occurs via two methods: organogenesis and embryogenesis(George et al. 2007). 
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1.3.4 Organogenesis 

Organogenesis describes the de novo formation of organs (e.g., shoots or roots) from non-

meristematic somatic cells/tissues in vitro (Kothari et al. 2009).  This growth either relies on an 

intermediary callus stage resulting in indirect organogenesis, or if there is no intermediary callus 

stage, direct organogenesis (George et al. 2007; Farag 2014).  Unlike somatic embryos 

(discussed in 1.3.5) that form a new individual bipolar structure separate from the mother tissue, 

organogenic structures develop a unipolar bud primordium (Vasil 1986).  The newly formed 

shoot from the bud primordium will then undergo development of the procambial strands, 

establishing a vascular connection between the young shoot and the parent tissue (Vasil 1986).  

The presence of a vascular connection to the mother plant is distinguishing factor of 

organogenesis.  Organogenesis can arise spontaneously, but is more often achieved by altering 

the auxin to cytokinin ratio in the culture medium (Farag 2014).  This induces the growth of an 

adventitious shoot/root from the source tissue.  Following the elongation and subsequent rooting 

of an adventitious shoot a genetically similar (i.e., clonal) explant is formed (Plawuszewski et al. 

2006).   

1.3.5 Embryogenesis 

Somatic embryogenesis was first investigated in carrot tissue cultures (Steward et al. 

1958; Reinert 1959). Somatic embryogenesis circumvents traditional embryo formation by 

inducing the regeneration of embryo-like structures from somatic cells (i.e., cells other than 

gametes) using PGRs (Dodeman et al. 1997).  These somatic embryos can either arise directly 

from existing plant organs (direct somatic embryogenesis) or more commonly from callus cells 

(indirect somatic embryogenesis).  The first step in somatic embryogenesis is the asymmetric 

divisions of a cell, resulting in a large daughter with a prominent vacuole, and a second smaller 

cytoplasm-rich daughter cell with a large nucleus.  These unequal divisions are usually a result 

cell growth on a medium containing high levels of auxins, which induce the rapid  division of 

undifferentiated cells, known as callus (Dodeman et al. 1997).  The unequal division of the 

mother cells removes the developmental barriers of normal somatic cells and the cell is rendered 

competent, as it is capable of changing its developmental fate (Litz 1993).  The cytoplasm-rich 

daughter cell will begin dividing and forms a mass of identical cells which are isolated from the 

surrounding callus cells forming the early stages of the somatic embryo.  This somatic embryo 

does not share a vascular connection with its source tissues and when fully developed is an exact 

clone of the parental plant.  Somatic embryos can be used as ‘synthetic’ seeds (Bandyopadhyay 

and Hamill 2000; Deo et al. 2010) which can be dehydrated or frozen and stored for long term to 

preserve germplasm in a manner that is similar to a true seed (Saiprasad 2001).  Indirect somatic 

embryogenesis is important in genetic engineering as the callus formed prior to somatic 

embryogenesis is very amenable to genetic modification due to its rapidly dividing cells, and 

since each embryo forms from a single cell the chances of chimeric plants is reduced (Okada et 

al. 1986). 

1.4 Ex Vitro Production of C. sativa  

Cannabis is a highly adaptable species that can be grown in a variety of conditions 

including outdoors in tropical or temperate climates, or in controlled environments ranging from 
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rudimentary greenhouse structures to sophisticated controlled environment facilities (Figure 1.2) 

(Chandra et al. 2020). The production system of choice is determined based on the end-use of the 

plant. Plants grown to produce low-value commodities such as oilseed or fibre are typically 

cultivated exclusively outdoors where production costs are low. In contrast, plants cultivated for 

dried flowers for recreational or medicinal use can be cultivated outdoors, in greenhouses, or 

indoor production facilities. Although production costs for recreational/medicinal products are 

also lower outdoors, there is a general belief that indoor production facilities produce higher 

quality products that justifies the extra costs for premium flowers (Potter and Duncombe 2012). 

However, with the growing trend toward extracts and purified cannabinoids, it is likely that 

much of the medicinal/recreational production (CBD from hemp, THC from drug type) will be 

done outdoors to capitalize on these lower production costs. The higher level of oversight offered 

in controlled environments also allows for easier management of insects and diseases, which is 

important in order to meet strict government health and safety regulations surrounding the use of 

chemical control agents, microbial load, and other quality assurance requirements (Caplan et al. 

2017, 2018). These regulations have driven most of the commercial drug-type Cannabis 

production into greenhouses and indoor facilities for now (Mills 2012).  
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As with production systems, the approach to plant propagation is influenced by the end-

use of the plants. Traditionally, hemp has been cultivated by seed using large-scale, highly 

mechanized, production practices similar to other grain crops (Vera and Hanks 2004). In 

contrast, drug/recreational Cannabis is generally propagated using clonal methods and treated as 

a horticultural crop (Caplan et al. 2017, 2018; Campbell et al. 2019). This is done to mitigate the 

high level of phenotypic diversity displayed within seedling populations and to consistently 

produce high quality, uniform crops that meet consumer preferences and comply with 

government regulations (Lata et al. 2010b). This variability also exists in hemp seed, but the 

benefits of clonal propagation and manual planting do not justify the costs for oilseed or fibre 

(Fike et al. 2020). However, new regulations surrounding the use of hemp to produce CBD and 

other non-psychoactive cannabinoids, have led some hemp producers to use clonal propagation 

(Vera and Hanks 2004; Fike et al. 2020; Mark et al. 2020).  

Figure 1.2  Illustrates some of the many methods of growing C. sativa.  A) C. sativa grown 

outdoors under shade cloth in Colombia.  Image supplied courtesy of Avicanna™.  B)  Field 

grown Cannabis under full sun in Colombia. Image supplied courtesy of Avicanna™. C) C. 

sativa grown in controlled environment growth chambers under fluorescent lighting.  D) Callus 

cultures growing in glass culture vessels under LED lighting in a controlled environment growth 

chamber.  E) High-density stackable culture vessels (We-V) with individually programmable 

LED lighting demonstrate high density with which C. sativa can be cultured under in vitro 

conditions. 
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Traditionally Cannabis has been propagated through stem cuttings (Caplan et al. 2018; 

Lubell-Brand et al. 2021). In general, Cannabis is relatively easy to root, and large numbers of 

plants can be produced from a single mother plant (Campbell et al. 2019). Although more 

expensive than seed, this approach can be efficiently used to mass-produce genetically and 

phenotypically uniform plants at a commercial scale to produce a more uniform crop. However, 

this approach requires the maintenance of mother plants in a perpetual vegetative state and these 

mother plants can occupy 10-15% of the floor space in a commercial operation (Monthony et al. 

2021b). Maintaining mother plants in a vegetative state can be easily accomplished for most 

genotypes, although it presents challenges for day-neutral genotypes as they do not respond to 

photoperiod (Moher et al. 2020). Perhaps of greatest importance is that mother plants are 

susceptible to insects, pathogens, and viruses, and can transmit these biotic factors to their 

cuttings and lead to problems during production. To avoid the risk posed by diseases, best 

practice suggests that mother plants be maintained in triplicate, with each replicate grown in a 

separate area of the facility to reduce the risk of germplasm loss in the event of a disease 

outbreak (Lubell-Brand et al. 2021).  Preventing pest and disease outbreaks is especially 

important for Cannabis as there are currently very few control options registered for the crop and 

there is a strong consumer preference for no pesticide use (Caplan et al. 2017, 2018; Mark et al. 

2020). In addition to the biotic risks that mother plants face, emerging evidence has shown that 

the genetic uniformity of mother plants degrades in long-term germplasm (Adamek et al. 2021), 

further highlighting the uncertain long-term consequences associated with the current storage of 

germplasm using mother plants.  

1.5 In Vitro Production of C. sativa 

An alternative approach to clonal propagation that addresses many of the challenges of 

conventional C. sativa propagation is the use of micropropagation, which uses plant tissue 

culture to mass-propagate plants in a highly controlled environment using aseptic techniques. In 

micropropagation, plants are cultivated in culture vessels, typically in a multi-tier culture room, 

or even in stackable vessels outfitted with LED lighting (Shukla et al. 2017) (Figure 1.2). This 

allows large numbers of plants to be maintained in a very small space, thereby reducing the 

amount of floor space required to maintain mother plants. This is particularly attractive for 

producers that want to maintain a large genetic library but do not want to dedicate the amount of 

floor space that would be required otherwise. Tissue culture techniques also offer a variety of 

approaches that may help in maintaining day-neutral genotypes and for long term genetic 

preservation. Most importantly, due to the sterile nature of plant tissue culture, it can be used to 

produce insect/pathogen/virus free propagules to reduce biotic pressures.  

1.5.1 Micropropagation of C. sativa 

The use of plant tissue culture for the propagation of disease-free plants has provided the 

foundation for clean plant programs in various crops since the late 1900s (Mori 1971; Reuther 

1983; Kotkas and Rosenberg 1999). In some cases, certified disease-free plants produced 

through tissue culture are transplanted to the field for production, whereas in other cases, they 

are used as clean material that is further propagated through other means under high sanitary 

conditions and tested for important diseases before being used for commercial production 

(Punyarani et al. 2013). The latter model provides most of the benefits of micropropagation 
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while reducing costs. This approach has been successful in the seed potato industry for 

developing a disease eradication system (Kotkas and Rosenberg 1999). In the case of Cannabis, 

either approach could be taken and the decision would need to be based on a careful analysis of 

the costs and benefits by the producer, which will include many factors such as the efficiency of 

micropropagation, labour costs, the value of additional floor space, risk assessment, and other 

factors.  

The principal challenge in developing effective micropropagation methods is species and 

genotype specificity, resulting in many variations in each stage of micropropagation. 

Micropropagation is often classified as 5 distinct stages, where each stage needs to be optimized 

to establish a fully developed micropropagation method (Figure 1.3) (Murashige 1974; George et 

al. 2008). These include Stage 0: Selection/maintenance of parent plant material, Stage 1: 

Initiation of cultures, Stage 2: Multiplication of shoots/embryos, Stage 3: Shoot elongation and 

rooting, and Stage 4: Acclimatization (Figure 1.3). Although the selection and maintenance of ex 

vitro stock plants are often ignored, the importance of stock plant health for the subsequent 

success of the cultures can have a significant impact on further results. Provided that the stock 

plants from Stage 0 are in good condition, the explants generally respond well to surface 

disinfection and produce an initial flush of growth during Stage 1. This initial flush of growth is 

often followed by a more sporadic growth pattern until the explants acclimatize to in vitro 

conditions. It is in Stage 2 after plants acclimatize to in vitro growth, where the largest benefit of 

micropropagation becomes apparent: the exponential multiplication of plants. Many horticultural 

crops are maintained for extended periods of time in Stage 2 and continuously sub-cultured for 

commercial-scale plant production. To illustrate the capability for rapid plant production, an in 

vitro protocol using Stage 2 plants with a reasonable multiplication rate of 10 would produce one 

million plants after  6 subcultures. When a sufficient quantity of plants has been produced in 

Stage 2, they are then transferred to Stage 3 to elongate and develop roots, or alternatively, they 

are transferred directly from their in vitro environment to an indoor growth facility/greenhouse to 

acclimatize, thereby combining Stages 3 and 4 (Figure 1.3). Combining these stages is often 

preferred for commercial applications as it reduces the number of steps in vitro thereby saving 

time and labour costs (International Atomic Energy Agency 2002). 
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The earliest in vitro studies of Cannabis were conducted with hemp and focused on 

determining its suitability for in vitro culture and whether tissue culture would affect the 

agronomic and chemical characteristics of the plant (Table 1.1) (Richez-Dumanois et al. 1986; 

Plawuszewski et al. 2006; Wielgus et al. 2008; Chandra et al. 2010). Richez-Dumanois et al. 

(1986) showed that hemp could be micropropagated using nodal cuttings and the inclusion of 

indole-3-butyric acid (IBA) and BAP promoted the growth of shoots from existing meristematic 

tissues. They also demonstrated the successful acclimatization of in vitro grown hemp to 

greenhouse conditions (Richez-Dumanois et al. 1986). Importantly, their work showed that the 

in vitro grown plants’ chemical and physical profiles were similar to their greenhouse-grown 

counterparts. This finding has been reasserted by contemporary studies on medicinal Cannabis 

that found micropropagation from nodal cuttings had no significant effect on the cannabinoid 

contents of the mature flowering plant (Chandra et al. 2010). 

  

Figure 1.3  The five stage micropropagation process for tissue culture. The red arrow is 

indicative of  the 1-3-4 approach where Stage 2 is skipped.  Stage 2 is commonly skipped in C. 

sativa micropropagation methods, due to the plant’s recalcitrance to long term culture 

characterized by a slow decline of fitness. Inclusion of Stage 2 allows for repeated subcultures of 

in vitro plants (indicated by the circular arrows), therefore facilitating large-scale multiplication 

or long-term germplasm storage. 
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Table 1.1  Summary of the published micropropagation studies on C. sativa. The table 

summarizes studies that rely on shoot multiplication (SM) to increase explant number. SM refers 

to the proliferation of multiple shoots from an existing meristem, such as axillary or apical nodes 

and floral meristems. Cannabis type is defined in this table as either psychoactive “drug-type” 

(Cannabis; tetrahydrocannabinol (THC) > 0.3% in flowering head) or known industrial hemp 

genotypes “fiber-type” (Hemp; THC < 0.3% in flowering head). A breakdown of the cultivars 

(CVs) used in the study and the number which responded to the treatment are included for each 

study. N.S.- Not specified is assigned to data that were not specified, instances of “data not 

shown”, or when data are omitted in the original research article.  

Source 
Explant 

(Response) 

C. sativa 

type 
(#CVs 

Responded/ 

Used) 

 

Best Media Best Results 

Stages 

Reported 

 

Richez-

Dumanois et 

al. (1986) 

Apical and 

axillary nodes 

(SM) 

 

Fibre-type 

(2/2) 

SM: 

MS + 0.5 μM BAP + 0.1 

μM IBA 

 

 

SM: 

2 shoots/explant 

(apical meristem), % 

response N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

Rooting: 

MS + 0.2% activated 

charcoal + 10 μM IBA 

 

Rooting: 

47.7% response 

Lata et al. 

(2009a) 

Axillary 

nodes (SM 

and rooting) 

Drug-Type 

(1/1) 

SM: 

MS + 0.5 μM TDZ 

 

 

SM: 

12.6 shoots/explant 

100% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y Rooting: 

½ MS + 2.5 μM IBA + 

0.05% activated charcoal 

 

Rooting: 

4.8 roots/explant 

95% response 

Lata et al. 

(2009c) 

Alginate 

encapsulated 

axillary nodes 

(Shoot 

induction and 

rooting) 

Drug-Type 

(1/1) 

Shoot induction: 

MS + 0.5 μM TDZ + 

0.075% PPM 

 

Shoot induction: 

11.8 shoots/explant 

(90 days; avg. 30 

explants) 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: Y 

Stage 3: Y 

Stage 4: Y 

Rooting: 

(1:1) sterile fertilome: 

coco natural growth 

medium + MS + 0.5% 

PPM 

 

Rooting: 

100% conversion 

from encapsulation 

(90 days) 

Lata et al. 

(2016)  

Axillary 

nodes (SM 

and rooting) 

Drug-Type 

(1/1) 

SM: 

MS + 2 μM mT 

 

SM: 

13.4 shoots/explant 

100% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y Rooting: 

MS + 2 μM mT 

Rooting: 

13.8 roots/explant 

96% response 
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Table 1.1 Cont. 

Source 
Explant 

(Response) 

C. sativa 

type 
(#CVs 

Responded/ 

Used) 

 

Best Media Best Results 

Stages 

Reported 
 

Grulichova et 

al. (2017) 

Shoot tips 

(SM) 

Fibre-Type 

(2/2) 

SM: 

MS + 0.54 μM NAA + 

1.78 μM BAPa 

SM: 

Shoots/explant N.S. 

% response N.S. 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: N 

Stage 4: N 

 

Piunno et al. 

(2019)  

Immature and 

mature 

inflorescence

s (shoot 

induction and 

rooting) 

Drug-Type 

(2/3) 

Shoot induction: 

MS + 10 µM TDZ 

 

Shoot induction: 

4 shoots/floral cluster 

% response N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y Rooting: 

MS + 1.86 µM kinetin + 

0.54 µM NAAa 

Rooting: 

Describes ‘most’ 

cultures as rooting. 

 

Smýkalová et 

al.(2019) 

Shoot apex, 

isolated 

apical 

meristem and 

cotyledonary 

nodes 

(SM, shoot 

development 

and rooting) 

 

Fibre-Type 

(1/1) 

SM: 

IMB4 + 6.97 µM KIN + 

0.81 µM BAP9THP + 

0.11 mM adenine 

hemisulphatea 

 

SM: 

4.4 shoots/explant 

(isolated meristems) 

~96% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: N 

Shoot development: 

½ MS no PGRs 

 

Shoot development: 

N.S. 

Rooting: 

½ MS + 0.20 µM NAAa 

Rooting: 

50% response 

 

Codesido et 

al. (2020) 

Axillary 

nodes 

(SM) 

Drug-Type 

(6/6) 

SM: 

Formula βH media 

SM: 

Shoots/explant N.S. 

58% response 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: N 

Stage 4: N 

 

Wróbel et al. 

(2020) 

Shoot tips 

and nodes 

from axillary 

branches 

(SM and 

rooting) 

 

Fibre-Type 

(1/1) 

SM: 

½ MS + 2.85 μM IAAa 
 

SM: 

2.5 shoots/explant 

70% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: Y 

Stage 3: Y 

Stage 4: Y Rooting: 

½ MS + 2.85 μM IAAa 

Rooting: 

74.6% rooted 

 

 

  



 

19 

 

Table 1.1  Cont. 

Source 
Explant 

(Response) 

C. sativa 

type 
(#CVs 

Responded/ 

Used) 

 

Best Media Best Results 

Stages 

Reported 
 

Mestinšek 

Mubi et al. 

(2020) 

Axillary 

nodes 

(SM) 

Drug-Typeb 

(2/2) 

SM: 

MS+ 2.07 µM mTa 

 

SM: 

1.78 shoots/explant 

97.8% response 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

 

Rooting: 

MS + no PGRs 

Rooting: 

% response N.S. 

Page et al. 

(2021) 

Axillary 

nodes 

(SM) 

 

Drug-Type 

(4/5) 

SM: 

DKW + 0.5 μM TDZ 

SM: 

2.23 shoots/explant 

80% response 

Stage 0: N 

Stage 1: N 

Stage 2: Y 

Stage 3: N 

Stage 4: N 

 

Monthony et 

al. (2021a) 

Single and 

pairs of 

florets 

(floral 

reversion and 

rooting) 

 

Drug-Type 

(2/2) 

 

Floral Reversion: 

DKW w/ vitamins + 1 µM 

mT 

Floral Reversion: 

Estimated 18.2 

explants derived from 

one in vitro flowering 

plant 

81% response 

 

Stage 0: N 

Stage 1: N 

Stage 2: Y 

Stage 3: Y 

Stage 4: Y 

   Rooting: 

DKW w/ vitamins 

Rooting: 

44% rooted 

 

 

Lubell-Brand 

et al. (2021) 

Apical and 

axillary nodes  

(SM) 

Drug-Typeb 

(2/2) 

SM: 

MS+ 0.5 mg/L mT +0.1 

mg/L GA3 + modified 

meso components and 

vitamins  

SM: 

2.0 shoots/explant 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

 

   Rooting: 

Ex vitro in rockwool 

Rooting: 

75% rooted 

 

a  Molarity values converted from mg/L. 

b  Authors reported using a high-CBD drug-type C. sativa, % THC not specified.  

As it has been well-established that Cannabis can be cultured in vitro without affecting 

its biochemical properties, contemporary studies have shifted to determining the optimal growth 

and multiplication conditions for each stage of micropropagation, a task complicated by the 

numerous factors, which must be considered when growing a plant in vitro (Figure 1.4). Existing 

Cannabis micropropagation studies have primarily optimized freshly initiated tissues for shoot 

proliferation, opting to focus on PGR combinations that result in rapid shoot proliferation (Table 

1.1) (Chandra et al. 2010; Lata et al. 2016; Smýkalová et al. 2019). Once developed, the shoots 

are rooted on an auxin-rich medium and then transferred back into growth facilities (Stage 3 and 

4; Figure 1.3). Recently, in vitro-ex vitro hybrid methods which incorporate micropropagation to 
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rapidly bulk up explant numbers before returning newly produced explants to the greenhouse 

have been developed with the intention of being used as an alternative to traditional vegetative 

propagation methods at the commercial-scale (Lubell-Brand et al. 2021).  These rapid and high 

throughput approaches to C. sativa micropropagation are useful but neglect to study the long-

term health and maintenance of the explants in culture, evidenced by the relatively few studies 

reporting results from Stage 2 (Table 1.1 and Table 1.2). The result of this is that explants are not 

fully acclimatized to in vitro conditions and consequentially the protocols are only optimized for 

Stages 1,3 and 4 (a 1-3-4 approach) rather than for the long-term conservation and multiplication 

of germplasm in Stage 2 (Figure 1.3 and Table 1.1).  

 

 

  

Figure 1.4  Tissue culture is of healthy explants relies on the carful optimization of multiple 

interrelated factors.  Centre image:  Freshly subcultured vegetative Cannabis explant. 
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Table 1.2  Summary of the published regeneration studies on C. sativa. The table 

summarizes studies that rely on shoot regeneration for the production of C. sativa explants. 

Shoot regeneration refers to the formation of de novo shoots from non-meristematic tissues such 

as leaves, stems, or cotyledons. This includes direct and indirect organogenesis and somatic 

embryogenesis from callus or suspension cultures. Cannabis type is defined in this table as either 

psychoactive “drug-type” (Cannabis; THC > 0.3% in flowering head) or known industrial hemp 

genotypes “fiber-type” (Hemp; THC < 0.3% in flowering head). A breakdown of the cultivars 

(CVs) used in the study and the number which responded to the treatment are included for each 

study. N.S.- Not specified is assigned to data that were not specified, instances of “data not 

shown”, or when data are omitted in the original research article. 

Source 
Explant 

(Response) 

C. sativa type 
(#CVs 

Responded/ 

Used) 

 

Optimal Media Optimal Results 

Stages 

Reported 

 

Mandolino 

and Ranalli 

(1999) 

 

Leaf, 

hypocotyl, 

cotyledon and 

root 

(Callogenesis 

and shoot 

regeneration) 

Fibre-type 

(1/12) 

Callogenesis/ 

shoot regeneration: 

MS + B5 vitamins + 

13.57-45.24 µM 2,4-

D + 0.04-0.44 µM 

BAPa 

Callogenesis/ 

shoot regeneration: 

One tested cultivar 

occasionally gave 

rise to organogenic 

callus from hypocotyl 

tissue. 

% regeneration N.S. 

 

Stage 0: N 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: N 

Slusarkiewicz

-Jarzina et al. 

(2005) 

Juvenile 

leaves, 

petioles, 

internodes and 

axillary nodes 

(Callus 

induction, 

shoot 

induction, and 

rooting) 

Fibre-type 

(5/5) 

Callus induction: 

MS + dicamba (9.05 

and 13.57 µMa) 

 

Callus induction: 

52.3% (5 cv. 

Average; petioles) 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

 

Shoot induction: 

MS + dicamba (9.05 

and 13.57 µMa) 

 

Shoot induction: 

2.5% (cv. Silesia; 

petioles) 

 

Rooting: 

MS + 0.57 µM IAA + 

0.54 µM NAAa 

Rooting: 

69.9% plantlets 

formed roots 
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Table 1.2 Cont. 

Source 
Explant 

(Response) 

C. sativa type 
(#CVs 

Responded/ 

Used) 

 

Optimal Media Optimal Results 

Stages 

Reported 
 

Plawuszewsk

i et al. (2006) 

Axillary nodes 

(Direct 

organogenesis) 

 

Stems and 

roots 

(Indirect 

somatic 

embryogenesis

) 

Fibre-type 

(3/3) 

Callus induction: 

DARIAind+ + NAA 

+ BAP 

(concentrations N.S.) 

 

Callus induction: 

% callusing N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: N 

 Shoot proliferation: 

DARIApro + NAA + 

BAP (concentrations 

N.S.) 

 

Shoot proliferation:  

adventitious shoot 

formation from 

axillary nodes and 

somatic embryo 

formation from stem 

tissue reported 

% N.S. 

 

Somatic 

embryogenesis: 

DARIApro+ + NAA 

+ BAP 

(concentrations N.S.) 

 

Somatic 

embryogenesis: 

N.S. 

Rooting: 

DARIAroot + IAA 

(concentrations N.S.) 

 

Rooting: 

N.S. 

Raharjo et al. 

(2006) 

Leaves, 

flowers, and 

seedling roots, 

stems, and 

shoots 

(Callogenesis, 

callus 

suspension 

cultures) 

Drug-Type 

(0/1) 

Callogenesis: 

MS + 0.56 mM 

mesoinositol + 29.65 

µM thiamine diHCl + 

4.86 pyridoxine HCl 

+ 8.12 µM nicotinic 

acid + 4.52 µM 2,4-

Da 

 

Callogenesis: 

Statistical analysis 

N.S. 

Callusing was 

greatest using flowers 

and seedling shoots 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: Y 

Stage 3: N 

Stage 4: N 

 

Suspension Culture 

(2 stages): 

Stage 1:  MS (as 

above, aqueous; 2 

weeks) 

 

Stage 2:  B5 media + 

9.05 µM 2,4-D + 

2.85 µM IAA + 2.69 

µM NAA + 5.12 µM 

potassiuma 

 

Suspension Culture: 

Continued callus 

growth, no 

regeneration 

Table 1.2  Cont. 
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Source 
Explant 

(Response) 

C. sativa type 
(#CVs 

Responded/ 

Used) 

 

Optimal Media Optimal Results 

Stages 

Reported 
 

Wielgus et al. 

(2008) 

Cotyledons, 

axillary nodes, 

and roots 

(Callus 

induction, 

shoot 

induction, and 

rooting) 

Fibre-Type 

(3/3) 

Callus Induction: 

DARIA (ind+) + 4.65 

µM kinetin + 0.27 

µM NAAa 

 

Callus Induction: 

Best morphogenic 

callus induction: stem 

explants (all 

cultivars) 

Statistical analysis 

N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: N 

 

Shoot induction: 

DARIA (pro+) + 0.89 

µM BAP + 0.16 µM 

NAAa 

 

Shoot induction: 

15.56% with 

cotyledon explants 

(cv. Beniko) 

 

Rooting: 

DARIA (root+) + 

11.42 µM IAAa 

 

Rooting: 

Statistical analysis 

N.S. 

Flores-

Sanchez et al. 

(2009) 

Leaves 

(Callus 

suspension 

cultures and 

somatic 

embryogenesis

) 

Drug-Type 

(1/1) 

Suspension Culture: 

MS + B5 vitamins + 

4.52 µM 2,4-D + 

4.65 µM kinetin 

 

Suspension Culture: 

Growth rate N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: N 

Stage 4: N 

Somatic 

embryogenesis: 

Media composition 

N.S. 

Somatic 

embryogenesis: 

Number of embryos 

N.S 

 

Lata et al. 

(2010a) 

Juvenile leaves 

(Callogenesis, 

shoot 

induction, and 

rooting) 

Drug-Type 

(1/1) 

Callogenesis: 

MS + 0.5 μM NAA + 

1 μM TDZ 

 

Callogenesis: 

93.3% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y Shoot induction: 

MS + 0.5 μM TDZ 

 

 

Shoot induction: 

12.3 shoots/explant 

96.6% response 

 

Rooting: 

½ MS + 2.5 μM IBA 

Rooting: 

10 roots/explant 

96.6% response 
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Table 1.2  Cont. 

Source 
Explant 

(Response) 

C. sativa type 
(#CVs 

Responded/ 

Used) 

 

Optimal Media Optimal Results 

Stages 

Reported 
 

Farag (2014) Juvenile leaves 

(Callogenesis 

and shoot 

regeneration) 

Drug-Type 

(1/1) 

Callogenesis: 

B5 + 2.69 µM NAA 

+ 22.20 µM BAP + 

0.11 mM adenine 

hemisulfatea 

 

Callogenesis: 

50% callusing 

response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: Y 

Stage 3: Y 

Stage 4: Y 

Shoot 

regeneration: 

B5 + 1.44 µM GA3
a 

 

 

Shoot 

regeneration: 

8.5 shoots/callus 

%  regeneration N.S. 

 

Rooting: 

B5 + 8.56 µM IAAa 

Rooting: 

2.75 roots/explant 

100% response 

 

Movahedi et 

al. (2015) 

Cotyledons 

and epicotyls 

(callogenesis+ 

shoot 

regeneration, 

rooting) 

Drug-Type 

(1/1) 

Callogenesis/ 

shoot regeneration: 

MS + 8.88 µM BAP 

+ 2.46 µM IBA 

 

Callogenesis/ 

shoot 

regeneration: 

~2 shoots/epicotyl 

% response N.S. 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: Y 

Stage 3: Y 

Stage 4: Y 

Rooting: 

MS + 0.49 μM IBAa 

Rooting: 

% response N.S. 

 

Chaohua et 

al. (2016) 

Cotyledon 

(callogenesis + 

shoot 

regeneration, 

rooting) 

 

Fibre-Type 

(8/8) 

Callogenesis/ 

shoot regeneration: 

MS + 1.82 μM TDZ 

+ 1.07 μM NAAa 

 

Callogenesis/ 

shoot 

regeneration: 

3 shoots/explant (3-

day-old cotyledons) 

51.7% regeneration 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

Rooting: 

½ MS + 2.46-9.84 

μM IBAa 

Rooting: 

80% response 

 

Galán-Ávila 

et al. (2020) 

Hypocotyl, 

cotyledon and 

first two true 

leaves 

(direct 

organogenesis 

and rooting) 

 

Fibre-Type 

(5/5) 

Organogenesis: 

MS + 1.82 μM TDZ 

+ 1.07 μM NAAa 

 

Organogenesis: 

1.49 

shoots/hypocotyl 

54.17% response 

 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: Y 

Rooting: 

MS + 1.82 μM TDZ 

+ 1.07 μM NAAa 

 

Rooting: 

~18% rooted 
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Table 1.2  Cont. 

Source 
Explant 

(Response) 

C. sativa type 
(#CVs 

Responded/ 

Used) 

 

Optimal Media Optimal Results 

Stages 

Reported 
 

Monthony et 

al. (2020b) 

 

Young leaves 

(callus 

induction and  

shoot 

regeneration) 

Drug-Type 

(10/10) 

Callogenesis: 

MS + 0.5 μM NAA + 

1 μM TDZ 

 

Callogenesis: 

100% response 

across all 10 

cultivars. 

 

Stage 0: N 

Stage 1: N 

Stage 2: Y 

Stage 3: N 

Stage 4: N 

   Shoot regeneration: 

MS + 0.5 μM TDZ 

Shoot 

regeneration: 

Not achieved 

 

 

Zhang et al. 

(2021) 

Seedling 

derived true 

leaves, 

cotyledons, 

and hypocotyls 

Immature 

embryo 

hypocotyls 

Fibre-Type 

(2/2)b 

Callogenesis: 

MS + 8.12 µM 

nicotinic acid +4.86 

µM pyridoxine HCl + 

29.65 thiamine HCl + 

0.55 mM myo-

inositol +4.52 µM 

2,4-D + 1.16 µM 

kinetin +100 mg/L 

casein hydrolysate 

 

Callogenesis: 

31.08% response 

(15-day post-anthesis 

immature embryo 

hypocotyls) 

Stage 0: Y 

Stage 1: Y 

Stage 2: N 

Stage 3: Y 

Stage 4: N 

   Shoot regeneration: 

MS + 2.27 µM TDZ 

+ 1.33 BAP + 1.07 

µM NAA + 1.14 µM 

IAA 

Shoot regeneration: 

6.12 % regeneration 

(15-day post-anthesis 

immature embryo 

hypocotyls) 

 

a  Molarity values converted from mg/L 

b The authors report screening regeneration efficiency of 100 genotypes, however they only provide 

specific regeneration rates for 2 cultivars. 

 

It has been hypothesized that during Stage 1, explants have residual energy and 

endogenous plant growth regulators from the mother plants, resulting in an initial flush of growth 

during the initiation phase, followed by the sporadic growth response that has been observed 

until the cultures stabilize and acclimatize to in vitro conditions (Murashige 1974; Vardja and 

Vardja 2001). Long-term culture decline of Stage 2 explants has been noted by Wróbel et al. 

(2020) who reported a drop of 74-82% in the number of regenerated explants taken from Stage 1 

plants. This initial flush of growth, followed by a culture decline has also been observed by Page 

et al. (2021) and Lubell-Brand et al. (2021), where previously published media compositions 

worked well for culture initiation (Stage 1), producing an initial flush of shoot proliferation, but 

failed to support long term culture proliferation (Stage 2). Culture decline was manifested 
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through high rates of hyperhydricity, chlorosis, callusing, and in some cases death of the cultures 

(Page et al. 2021; Lubell-Brand et al. 2021).  

Feminization of male plants occurs with  in vitro culturing on media optimized for Stage 

1 growth (Page et al. 2021, Figure 1.1A). Feminization of Cannabis plants occurs in male plants 

treated with ethylene, a plant growth regulator produced in response to tissue damage (Galoch 

1978; Arigita et al. 2003; Moshkov et al. 2008; Kumar et al. 2009). Reports of hermaphroditism 

in male Cannabis plants suggests the accumulation of ethylene in the culture vessels over time, 

likely as a response to less-than-optimal media to support Stage 2 growth. These findings 

highlight the current challenge of maintaining plants in vitro long-term (Stage 2) using media 

from studies that have taken a 1-3-4 approach (Figure 1.3). There is a pressing need for further 

optimization of Stage 2 to develop a reliable 5-Stage micropropagation system in Cannabis and 

take full advantage of micropropagation.  

 Optimizing macro- and micronutrients for the culture of in vitro plants represents one of 

the keystones to developing a successful micropropagation system (Figure 1.4) (Phillips and 

Garda 2019). MS-based media are the current standard for C. sativa micropropagation studies 

(Table 1.1); however, few studies have conducted extensive comparisons between MS and other 

basal salts. Recently, a comparison of several basal salt mixtures (MS, Driver and Kuniyuki 

Walnut medium (DKW), B5, and BABI) by Page et al. (2021) demonstrated better performance 

of Stage 2 explant growth using a DKW-based medium. On this medium, explants were healthier 

and had higher multiplication rates than their MS counterparts. DKW and MS are both relatively 

rich basal salts, suggesting that Cannabis requires high nutrient levels. The most notable 

difference between these two basal salts is that DKW contains higher levels of sulphur (~7x), 

calcium (~3x), and copper (10x) (Page et al. 2021). Similarly, increased calcium in modified 

MS-based media was shown by Lubell-Brand et al. to improve culture conditions (Lubell-Brand 

et al. 2021).  Interestingly, DKW was initially developed to address similar long-term declines in 

walnut cultures comparable to what has been observed with Cannabis (Driver and Kuniyuki 

1984). Page et al. (2021) demonstrated that DKW was more suitable for Stage 2 

micropropagation of Cannabis, but their findings likely represent an underestimate of the 

benefits as the study was conducted for only one subculture of Stage 2 plants, while the issues of 

culture decline generally increase over multiple subcultures. Using DKW based media, several 

cultivars of Cannabis have now been maintained for multiple years with no obvious signs of 

decline (Monthony et al. 2020b). Despite the improvement over MS-based media, some signs of 

nutrient deficiency were still observed, and further improvements are possible through 

optimization of basal media.  

Most protocols for micropropagation in Cannabis rely on shoot multiplication from 

existing meristems found in the apical and axillary nodes (Table 1.1). These meristems are 

regions of high cellular plasticity with cells early in their developmental state. Nodal cuttings can 

be grown in vitro, much like vegetative greenhouse propagation. The most successful and 

frequently reported methods for in vitro multiplication of Cannabis are those that rely on PGRs 

to cause shoot multiplication (SM) from a single nodal explant resulting in the proliferation of 

shoots, often described as multiple shoot cultures (MSC) (Table 1.1). The highest yielding SM 

methods report between 9 and 13 explants per node (Lata et al. 2009a, 2016), but used freshly 

initiated tissues from the greenhouse (Stage 1) and did not include an evaluation of Stage 2 
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performance. A review of the literature reveals a notable lack of C. sativa micropropagation 

studies using long-term in vitro grown germplasms, or Stage 2, highlighting the need for future 

study in this area (Table 1.1). 

In contrast to these reports of prolific MSC, some authors have noted that Cannabis does 

not readily produce MSCs, rather it tends to produce a single shoot with a high degree of apical 

dominance and low levels of branching, resulting in a much lower multiplication rate (Table 1.1) 

(Smýkalová et al. 2019; Mestinšek Mubi et al. 2020; Wróbel et al. 2020). A recent study of two 

high-CBD Cannabis cultivars by Mestinšek Mubi et al. (2020) found shoot multiplication 

between 0.59 and 1.78 on TDZ or mT media recipes, which had previously been reported to 

yield between 11 and 13 shoots by other research groups (Lata et al. 2016). Furthermore, these 

media compositions did not improve shoot proliferation over the PGR-free control (MS media) 

in their two tested cultivars (Mestinšek Mubi et al. 2020). Similarly, Wróbel et al. (2020) reports 

that existing nodal propagation protocols result in multiplication rates of 0.9, resulting in a loss 

of plant material. Another alternative to traditional nodal shoot multiplication is the use of 2 node 

explants (Page et al. 2021).  Unfortunately, this alternative reduces the number of explants that 

can be obtained from a single plant, thereby limiting the overall multiplication rate.  

To address this issue, a recent study proposed an alternative approach to Cannabis 

micropropagation in which single shoots are grown for a period of time and the apical meristem 

is removed in culture (Wróbel et al. 2020). Removal of the apical shoot breaks apical dominance, 

allowing the axillary buds to develop into branches. Shoot tips from the developed axillary 

branches are then used as secondary explants for Stage 2 growth and multiplication, with a 

higher survival rate from shoot tips than nodal explants (Wróbel et al. 2020). Using this 

approach, Wróbel et al. (2020) increased the multiplication rate of Stage 2 explants from 0.9 

when micropropagated on MS + 0.25 mg/L TDZ to 3.0 using this modified shoot tip 

micropropagation method on MS + 0.5 mg/L IAA medium. While this approach was effective 

and represents one of the few methods reporting multiplication of Stage 2 cultures (Table 1.1), 

the added step of removing the apical shoot requires more labour and increases the risk of 

contamination. It should also be noted that the explants were initiated into culture from seeds and 

juvenile tissues generally respond better in vitro than mature explants. However, the author 

reports that well established subcultures were used in their experiments and that a minimum of 

ten culture cycles were performed before proceeding to Stage 3 (rooting). Another group 

reported that the addition of an auxin antagonist PEO-IAA could also contribute to breaking 

apical dominance and increase branching in seedling tissues: resulting in a multiplication 

coefficient of up to 1:10 (Smýkalová et al. 2019). This is a promising approach that merits 

further investigation.  

1.5.1.1.1 Floral Reversion:  An Alternative Micropropagation Approach 

As previously highlighted, some of the frequent challenges in Cannabis 

micropropagation include the lack of multiple shoot formation, a strong degree of apical 

dominance leading to low levels of branching, and poor survival of single node explants. As a 

result, many studies using nodal tissues report low multiplication rates ranging from less than 1 

(resulting in loss of stock plants) to about 4 explants per nodal culture (Table 1.1; Richez-

Dumanois et al. 1986; Smýkalová et al. 2019; Mestinšek Mubi et al. 2020; Wróbel et al. 2020; 
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Page et al. 2021). From a practical standpoint, these multiplication rates are not suitable for 

many applications. In order to increase the multiplication rate through shoot proliferation, 

alternative approaches to increase the number of meristems per explant are needed. One potential 

approach is to induce flowering followed by  floral reversion. The inflorescence of the Cannabis 

plant is a highly branched compound racemose inflorescence that contains a large number of 

meristematic regions (Spitzer-Rimon et al. 2019). Initial observations found that some Cannabis 

plants initiate flower development in vitro ( Figure 1.1E), and recently Moher et al. (2020) 

demonstrated that flowering could be reliably induced using a short-day photoperiod similar to 

what is observed in the field. As such, in vitro flowering plants represent an alternative approach 

to increase the number of meristems per plant to potentially increase the multiplication rate.   

The use of inflorescence tissues from C. sativa appears to be a promising alternative 

mode of micropropagation to nodal cultures (Piunno et al. 2019; Monthony et al. 2021a) having 

been well studied in many species (Eapen and George 1997; Phulwaria and Shekhawat 2013; 

Punyarani et al. 2013; Shareefa et al. 2019). Inflorescences tissues that demonstrate the ability to 

return from a flowering phase of growth to a vegetative stage of growth are broadly described as 

undergoing floral or inflorescence reversion (Eapen and George 1997; Tooke et al. 2005; 

Phulwaria and Shekhawat 2013; Punyarani et al. 2013; Shareefa et al. 2019). In vitro PGR-

induced floral reversion is known for a variety of dicots and monocots. In monocots, it is widely 

used in many commercially important crops such as grasses, palms, bananas and grains (Kavas et 

al. 2008; Gubišová et al. 2013; Punyarani et al. 2013; Zayed et al. 2016; Shareefa et al. 2019). In 

dicots floral reversion has been employed less frequently; however, it has been shown in the 

Brassicaceae family and has been employed in conservation efforts of recalcitrant dicots (Eapen 

and George 1997; Cheng et al. 2010; Phulwaria and Shekhawat 2013; Reshi et al. 2014). 

In C. sativa, floral reversion has been little studied. A recent publication provides the first 

known report of regeneration from floral explants of Cannabis (Piunno et al. 2019). This study 

demonstrated in vitro floral reversion in 2 of 3 commercial cultivars when using floral explants 

collected from greenhouse/indoor plants. This study was important as it demonstrated the ability 

of floral explants to produce phenotypically normal shoots but did not determine if they were 

produced from existing meristems or through regeneration from non-meristematic tissues, or if in 

vitro plants could be used as a source of explants (Piunno et al. 2019). The potential use of floral 

tissues from in vitro derived florets could yield an alternative method to existing vegetative 

micropropagation systems, wherein the reverted vegetative explants undergo re-flowering 

creating a continuous micropropagation cycle consisting of flowering, reversion, vegetative 

growth and re-flowering, ideally suited for Stage 2 growth. This alternative method may also 

provide a viable approach for the clonal propagation of day-neutral genotypes, which cannot be 

maintained in a continuous vegetative state of growth. 

1.5.2 Regeneration in C. sativa 

While proliferation of explants from pre-existing meristems, such as the nodal propagation 

methods outlined in Table 1.1, typically results in low rates of mutation and good genetic 

fidelity, de novo regeneration systems (Table 1.2) can offer increased multiplication rates and are 

required for many other biotechnologies (Touraev et al. 1997; Deo et al. 2010; Florez et al. 

2015; Schachtsiek et al. 2018). Vegetative nodes used for shoot proliferation represent a small 
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fraction of the entire tissue composition of the plant and are ultimately limited. Regeneration 

from non-meristematic somatic tissues offers a larger pool of starting materials for 

micropropagation. As a result, de novo regeneration from somatic tissues through embryogenesis 

and organogenesis can greatly increase the number of explants produced in the same time-period. 

As the regulatory landscape evolves to facilitate research, interest in de novo regeneration of 

Cannabis has been increasing, yet the body of literature investigating regeneration systems in 

Cannabis remains limited (Figure 1.5; Table 1.2). A further complicating factor in the body of 

literature is the inconsistent use of the term regeneration, as some publications use it when 

referring to SM/MSCs from tissues containing existing meristems with no clear evidence of 

regeneration (Ślusarkiewicz-Jarzina et al. 2005; Plawuszewski et al. 2006; Lata et al. 2009a; 

Piunno et al. 2019; Wróbel et al. 2020).  

 

Earlier reviews on the state of C. sativa micropropagation and regeneration largely failed 

to underscore the many challenges in the existing body of research. These challenges include 

incomplete and ambiguously reported results (Mandolino and Ranalli 1999; Ślusarkiewicz-

Figure 1.5  Yearly publications and the number of citations for articles matching the search 

TOPIC: (Cannabis sativa OR hemp) AND TOPIC: (regeneration) AND TOPIC: 

(micropropagation OR “in vitro” OR “tissue culture”) on the Web of Science database.  

The search only included peer-reviewed original articles.  Data obtained from Web of Science® 

on April 22, 2021 using Microsoft Edge®.  Data presented may not be a comprehensive 

representation of the available publications and is limited to publications indexed by Web of 

Science®.  
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Jarzina et al. 2005; Plawuszewski et al. 2006; Flores-Sanchez et al. 2009; Farag 2014; Movahedi 

et al. 2015; Piunno et al. 2019), recalcitrance to regeneration (Mandolino and Ranalli 1999; 

Ślusarkiewicz-Jarzina et al. 2005; Wielgus et al. 2008; Farag 2014; Movahedi et al. 2015; 

Galán-Ávila et al. 2020); genotype and tissue-specific responses to regeneration (Mandolino and 

Ranalli 1999; Ślusarkiewicz-Jarzina et al. 2005; Wielgus et al. 2008; Chaohua et al. 2016; 

Galán-Ávila et al. 2020); and a lack of reproducibility of successful protocols in the literature 

(Monthony et al. 2020b; Page et al. 2021). 

1.5.2.1 Incomplete and Ambiguously Reported Results 

Existing micropropagation protocols that rely on regeneration from non-meristematic tissues 

often report low levels of regeneration. Moreover, the rate or frequency of germination is often 

not reported, and ambiguous or no visual evidence is included (Table 1.2). For example, Flores-

Sanchez et al. (2009) reported the induction of somatic embryogenesis from C. sativa suspension 

cultures but they did not provide any data or visual evidence in support of their claims. 

Mandolino et al. (1999) reports ‘occasional’ regeneration from hypocotyl tissues, however, they 

do not report the frequency of shoot production or the percentage of tissues that responded. 

Studies on callus cultures by Ślusarkiewicz-Jarzina et al. (2005) state that on average they were 

able to achieve only 1.35% regeneration. In their study on somatic embryogenesis and 

organogenesis from stem and root tissues, Plawuszewski et al. (2006) report successful 

regeneration in stem-derived callus, but did not specify how much regeneration was achieved. A 

subsequent study published by this research group in 2008 found 14% regeneration from stem 

tissues of the cultivar Bialobrzeskie grown on Daria ind+ medium containing 1 mg/L KIN and 

0.05 mg/L NAA (Wielgus et al. 2008). Other authors have chosen to report callusing data, such 

as Farag (2014) in their study of juvenile leaf callus. However, they do not specify the 

percentage of callus that regenerated, reporting only an average of 8.5 regenerants per callus. 

Movahedi et al. (2015) also do not report the regeneration percentage, describing it as ‘low’ with 

an average of less than one regenerant per seedling-derived callus culture. In a study on the 

regeneration potential of floral tissues, Piunno et al. (2019) report organogenic regeneration from 

florets, but do not specify the percentage of cultures that regenerated. They did not determine if 

this was de novo regeneration or proliferation of existing meristems but hypothesized that it was 

from pre-existing meristems and not de novo regeneration. As discussed above, the latter’s 

hypothesis has since been supported by histological examinations that identified the presence of 

quiescent vegetative meristems within Cannabis inflorescences, and the use of the term 

regeneration is inaccurate (Monthony et al. 2021a). These studies highlight the value of more 

detailed reporting of results in regeneration experiments and showcase how, when reported, 

regeneration rates are often low (Table 1.2). 

1.5.2.2 Genotype and Tissue Specificity 

In tissue culture, the commitment to regeneration is highly dependent on the genotype, 

tissue-type, and physiological state of the material. The variability in the genus Cannabis has 

been demonstrated in genetic and biochemical studies of hemp and drug-type cultivars (Vergara 

et al. 2017, 2021). Hemp produces negligible (<0.3%, w/w) levels of THC (Government of 
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Canada 2015) and has been bred for a high fibre and oil content (Clarke 1999). In contrast, drug-

type Cannabis can contain anywhere from 5 to over 20% (w/w) THC and has primarily been 

bred for indoor production, highlighting the biochemical and morphological variability within 

the species (Mudge et al. 2018). Although Cannabis with a high THC content has historically 

been regarded as drug-type, there is an increasing number of drug-type genotypes which produce 

a much higher ratio of CBD or cannabigerol to THC to meet rising demand for non-THC 

cannabinoids (Schilling et al. 2020).  Not only does Cannabis show chemical variability, but it 

also shows genotypic and tissue-dependent growth responses when cultured in vitro (Mandolino 

and Ranalli 1999; Ślusarkiewicz-Jarzina et al. 2005; Wielgus et al. 2008; Chaohua et al. 2016; 

Galán-Ávila et al. 2020; Zhang et al. 2021).  

As previously discussed in this chapter (See 1.1.2), access to Cannabis for research 

purposes has historically been limited. As such, most US-based federally funded research can 

only be conducted with Cannabis obtained from the NIDA (Eddy 2010; Schwabe et al. 2019). 

Recently, concerns have been raised that NIDA-supplied medical-grade Cannabis is 

biochemically (Vergara et al. 2017) and genetically homogenous and does not accurately 

represent the diversity available commercially (Schwabe et al. 2019). Vergara et al. (2017) 

showed that NIDA-supplied Cannabis has a limited cannabinoid profile and a lower 

concentration of THC compared to legal, dispensary-supplied Cannabis in the United States. 

Genetic evidence has also emerged which shows that NIDA-supplied Cannabis is more closely 

related to hemp than most drug-type genotypes, despite containing moderately high levels of 

THC (Schwabe et al. 2019). Regeneration studies have been predominantly conducted with 

hemp cultivars and these studies have often been more successful than those using true drug-type 

cultivars (Mandolino and Ranalli 1999; Ślusarkiewicz-Jarzina et al. 2005; Plawuszewski et al. 

2006; Chaohua et al. 2016; Smýkalová et al. 2019; Galán-Ávila et al. 2020). The findings that 

NIDA-supplied Cannabis may be more genetically similar to hemp than commercially available 

drug-types underscores the need to test existing regeneration studies on a large, representative 

sample of drug-type cultivars before findings from research using NIDA-supplied Cannabis can 

be assumed to have general applicability.  

The in vitro regenerative potential of tissues varies from species to species and is usually 

determined empirically (Litz 1993). To date, there does not appear to be a consensus on which 

tissues have the greatest regenerative potential in C. sativa.  Early studies of hemp, while 

important in demonstrating the potential for regeneration in hemp, fail to come to such a 

consensus, which would be of benefit to those currently developing regeneration methods in 

drug-type Cannabis.  One of the earliest investigations into regeneration assessed leaf, 

hypocotyl, cotyledon and roots in 12 commercial hemp cultivars (Mandolino and Ranalli 1999). 

Although the authors reported that the four tested tissues underwent callogenesis in all 12 

cultivars, they noted that callus morphology was varied from small, brown callus to high 

amounts of white friable callus depending on cultivar source tissue. Furthermore, the authors 

noted that callus regeneration was “occasional”, reporting regeneration in hypocotyl tissues of 

only one cultivar; providing early evidence that Cannabis response to in vitro culture in a highly 

species-specific manner (Mandolino and Ranalli 1999). In a regeneration study using young 

leaves, petioles, internodes and axillary buds from five commercial polish hemp cultivars, 

Ślusarkiewicz-Jarzina et al. (2005) also found that callusing and regeneration levels were 

cultivar and tissue-dependent. The authors reported that petiole were most responsive to 
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regeneration; however, regeneration from petioles callus did not exceed 2.5% in any of the tested 

cultivars (Ślusarkiewicz-Jarzina et al. 2005). Wielgus et al. (Wielgus et al. 2008) also reported a 

cultivar-specific response in their study on direct organogenesis from stem, cotyledon and root 

tissues in three hemp cultivars. The authors found that ‘seedling stem tissues’ (assumed to be 

hypocotyls) from the cultivar Bialobrzeskie were most responsive, with 14% undergoing direct 

organogenesis, while the other cultivars and tissues did not exceed 2% (Wielgus et al. 2008). The 

use of ‘seedling stem tissue’ as a descriptor further illustrates the problem of ambiguity in 

Cannabis literature which was previously discussed in Chapter 1.5.2.1.  This lack of clarity is 

further highlighted by Farag (2014) reported successful callogenesis and subsequent regeneration 

from seedling-derived leaf tissues.  The author reports an average of 8.5 regenerants per callus, 

although they do not state the percent regeneration.  These early studies on regeneration in hemp 

provide proof that regeneration can be achieved in Cannabis, however they fail to achieve high 

enough rates of regeneration for use in commercial or research settings and do not offer a clear 

indication as to which tissues are more amenable to regeneration.  

While earlier studies on hemp achieved low rates of regeneration, making their methods 

unfeasible for many applications, more recent studies show promise.  A 2020 study by Galán-

Ávila et al. on direct organogenesis of hypocotyl, cotyledon and true leaves in 5 hemp cultivars 

also found that hypocotyls were most responsive across all 5 cultivars. In their study, 49.5% of 

hypocotyl tissues responded across all treatments, compared with only 4.7% of cotyledon and 

0.42% of true leaves (Galán-Ávila et al. 2020). The regeneration response was tissue and 

cultivars dependent, ranging from 2 % to 71% response depending on the source tissue and 

cultivar (Galán-Ávila et al. 2020); however, within hypocotyl treatments, this response range 

showed less variability (32-71% regeneration). The number of shoots produced per explant was 

consistently between 1 and 2 (Galán-Ávila et al. 2020). The findings that hypocotyl tissue is 

highly favourable to regeneration echo the early Cannabis micropropagation studies by 

Mandolino et al. (1999). Similarly, a study published in 2021 by Zhang et al. (2021) provides 

strong evidence for the highly genotypic response associated with regeneration in Cannabis.  

This study assesses regeneration from multiple tissues (Table 1.2), from 100 hemp cultivars, with 

the highest rate of regeneration reported reaching 6.12% in immature embryo hypocotyls. While 

Wielgus, Galán-Ávila and Zhang all reported low regenerative capacity in cotyledons, a study by 

Chaohua et al. (Chaohua et al. 2016) has reported differing results. In their study, Chaohua et al. 

(2016) assessed the efficacy of regeneration in 1 to 6-day-old cotyledon tissues from 8 

commercial hemp cultivars. While regeneration varied from 35.7-54.8% depending on cultivar 

(Chaohua et al. 2016), these reported results highlight the regeneration potential of hypocotyl 

tissues and the contradictory nature of the existing studies on Cannabis regeneration with respect 

to tissue source.  

In contrast to the several aforementioned reports on hemp, only one study examining 

regeneration responses (Table 1.2) across multiple drug-type genotypes has been published to 

date. This study by Piunno et al. (Piunno et al. 2019) assessed the potential of floral tissue as a 

genesis for explant regeneration in 3 commercial medicinal Cannabis genotypes. Their 

publication reported that regeneration was only observed in only 2 of the 3 tested genotypes and 

at “low levels” (which were not further specified) (Piunno et al. 2019). Further research has 

suggested that this was not likely de novo regeneration (Monthony et al. 2021a).  The absence of 
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literature exploring de novo regeneration of drug-type Cannabis remains a roadblock to the 

application of plant biotechnologies and improvement of plant tissue culture in C. sativa.  

1.5.2.3 Recalcitrance to Regeneration 

Recent Cannabis regeneration studies have struggled to obtain high rates of regeneration, 

and shoot proliferation, suggest that Cannabis may be recalcitrant to tissue culture methods 

(Farag 2014; Movahedi et al. 2015; Chaohua et al. 2016; Galán-Ávila et al. 2020; Monthony et 

al. 2020b). Issues with recalcitrance have already been overcome in many species and addressing 

recalcitrance to regeneration is a prerequisite for the effective use of plant biotechnologies. In a 

regeneration study of 5 hemp cultivars, Galán-Ávila et al. (2020) found that only 54% of 

hypocotyl tissues underwent organogenesis, reporting an average of 1.49 shoots/hypocotyl. A 

study of epicotyl tissues conducted by Movahedi et al. (2015) reported similarly low rates of 

shoot multiplication: ~2 shoots per epicotyl and the percent response was not specified. In a 

regeneration study using juvenile leaves, Farag (2014) also neglects to report the % of callus 

cultures that underwent regeneration, reporting only a shoot proliferation of 8.5 shoots/callus 

culture. Chaohua et al. (2016) found that across cultivars, 46.7% of 3-day-old cotyledon tissues 

underwent regeneration on MS media supplemented with TDZ and NAA and the most 

responsive of the 8 tested cultivars produced 3 shoots/explant. The media used by this author 

resembles media used by Lata et al. (Lata et al. 2010a); however, the medium used differed in 

the levels of TDZ and NAA and the starting tissues were different, highlighting the importance 

of tissue type and media composition. These differences are likely the reason Chaohua et al. 

(2016) reports lower regeneration rates than reported by Lata et al. (3 vs. 12.3 shoots/explant 

respectively; Lata et al. 2010a). Media composition has been highlighted as a factor that could 

affect recalcitrance in Cannabis tissue culture by Page et al. (2021). In this study, the authors 

found that commonly favoured MS salts supplemented with TDZ resulted in high levels of 

hyperhydricity, poor explant development and occasional death in 5 commercially available 

cultivars of drug-type Cannabis (Page et al. 2021). These phenotypes were largely reversed 

when the explants were cultured on media using DKW basal salts rather than MS (Page et al. 

2021). Future studies hoping to develop a robust and replicable regeneration methodology are 

needed to determine the extent to which recalcitrance is a species-wide phenomenon and identify 

genotypes of Cannabis that are amenable to regeneration. 

1.5.2.4 Lack of Reproducibility 

Reproducibility of existing methods remains a challenge in both regeneration  (Monthony 

et al. 2020b) and SM systems (Mestinšek Mubi et al. 2020). As previously discussed, and with 

most contemporary US-based studies presenting data from a single cultivar (Lata et al. 2010a; 

Farag 2014; Movahedi et al. 2015; Wróbel et al. 2020), it is likely that this lack of genotypic 

diversity is contributing to the struggle with protocol reproducibility in Cannabis tissue culture. 

The lack of diversity in drug-type Cannabis studies is juxtaposed with regeneration studies on 

commercial hemp varieties which frequently use between 5-12 cultivars, offering findings that 

are more representative of the general biological responses across industrial hemp cultivars 

rather than a single specific cultivar (Table 1.1) (Mandolino and Ranalli 1999; Ślusarkiewicz-

Jarzina et al. 2005; Chaohua et al. 2016; Galán-Ávila et al. 2020).  



 

34 

 

Although many studies report signs of recalcitrance to regeneration, this is not universal. 

The most successful report of regeneration from somatic tissues of medicinal Cannabis was 

published in 2010 by Lata et al., in which they reported indirect regeneration in 96.6% of callus 

derived from young leaf material with an average of 12.3 shoots per culture. Callus induction 

was achieved on MS media with 0.5 μM of NAA and 1.0 μM TDZ followed by a transfer to MS 

media with 0.5 μM TDZ which induced the high levels of regeneration they reported (Lata et al. 

2010a). This protocol reported unprecedentedly high levels of de novo regeneration making it an 

optimal protocol to be used in the application of plant biotechnologies. Until recently, this 

decade-old protocol had not been replicated in any publication by an independent research group 

or used for subsequent biotechnological development by the original authors. A 2020 replication 

study testing this protocol across 10 SSR-characterized Cannabis cultivars found that callus was 

formed but no regeneration was observed (Monthony et al. 2020b). The contradictory findings 

between these two studies raise concerns about the applicability of existing tissue culture 

methods across genotypes and/or their reliability.  

Strong cultivar-specific responses have been noted in Cannabis tissue culture and this 

likely contributes to the lack of reproducibility in both shoot proliferation and regeneration-based 

systems (Chaohua et al. 2016; Campbell et al. 2019; Piunno et al. 2019; Codesido et al. 2020; 

Monthony et al. 2020b; Page et al. 2021). As Cannabis research becomes more accessible, the 

implications of drawing sweeping conclusions based on single-cultivar studies have come under 

scrutiny (Schwabe et al. 2019; Monthony et al. 2020b) and evidence has called into question the 

genotype-independent responses implicit in many of these single-cultivar studies (Page et al. 

2021). It will be the goal of future studies to establish complete and detailed methodologies 

applied across a broad genotypic sample to overcome the recalcitrance in the species or at least 

to identify amenable cultivars to overcome the challenges currently faced in the tissue culture of 

Cannabis. 

1.6 The Potential of Protoplast-to-plant Regeneration in C. sativa 

As has been outlined in the previous sections, see Table 1.2, and by Monthony et al. (2020b, 

2021b), the approaches to inducing explant regeneration in C. sativa have relied on regeneration 

of explants either directly or via a callus phase in vitro.  These have not been successful and 

reliable enough to be used for application in plant biotechnologies (as reviewed in Schachtsiek et 

al. 2018).  Considering the poor outcomes of existing methods there is a greater need for 

exploration of alternative methods for regenerating Cannabis; preferably one that is easily 

compatible with a range of new plant breeding technologies (NPBT) and ideally one that can 

achieve high rates of regeneration.  

Protoplast to plant regeneration systems are incredibly versatile allowing for the many 

different end uses and could be a promising avenue for the regeneration of Cannabis and the 

application of NPBT.  The end uses of protoplasts include the production of stable transformants, 

transient gene expression for the study of various genetic and biochemical phenomena, organelle 

transformation for uses in plastome engineering and the formation of inter- or intraspecific 

somatic hybrids (Davey et al. 2005). Transient expression systems in protoplasts are well 

established in model species and allow for a rapid and straightforward study of gene expression, 
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promoter regulation and the characterization of gene functions which has greatly contributed to 

elucidating signal transduction pathways (Sheen 2001; Beard et al. 2021).  Transient gene 

expression systems are used in tandem with fluorescence-activated cell sorting (FACS) for rapid 

cell sorting and high throughput assays of cell populations allowing researchers to screen a wide 

rang of biochemical and transcriptional changes in response to a given treatment (Bargmann and 

Birnbaum 2009).  A transient gene expression system in Cannabis protoplasts could be of 

interest to those studying Cannabis’ biochemistry, where relatively little is known about 

regulation of cannabinoid and terpene synthesis.  Transient gene expression studies could 

improve our understanding of the genes underpinning the production of these metabolites and 

accelerate the development of Cannabis with higher levels of these minor (but medically 

relevant) secondary metabolites.  As research on Cannabis becomes increasingly accessible, a 

evident target for NPBT such as CRISPR/Cas9(clustered regularly interspaced short palindromic 

repeats/CRISPR associated protein 9)/Cas9-mediated gene editing is the THCA synthase would 

allow for the production of THC-free germplasm (Beard et al. 2021).  At present, there is no 

scientific consensus on the benefits of most cannabinoids (Levinsohn and Hill 2020); however, 

considering the widely touted anecdotal benefits of Cannabis and ongoing research into their 

therapeutic uses, it is foreseeable that Cannabis engineered to produce an increased amount of 

minor cannabinoids and terpenes becomes an area of exciting scientific interest.   

Unfortunately the application and widespread development of NPBT in C. sativa requires 

successful isolation, culture, and regeneration of protoplasts (Jones et al. 2015) and the body of 

literature detailing protoplast isolation in Cannabis is virtually absent. To date, there are three 

reports of protoplast isolation from C. sativa (Morimoto et al. 2007; Lazič 2020; Beard et al. 

2021).  Of these reports, Beard et al. (2021) explored transient gene expression in Cannabis by 

measuring expression of a transiently expressed fluorescent auxin inducible promoter (Beard et 

al. 2021).  These promising results in protoplasts, coupled with two recent studies demonstrating 

agrobacterium mediated transient transformation of Cannabis tissues (Deguchi et al. 2020; 

Sorokin et al. 2020), underscore the growing interest in Cannabis transformation.  However, 

none of the aforementioned methods have reported a system for the culture of protoplast, which 

is key to being able to regenerate genetically modified plants.  Isolation of totipotent protoplasts 

which will undergo regeneration is dependent on several factors including the source tissue, 

culture medium and environmental factors (Davey et al. 2005; Beard et al. 2021).  Despite 

protoplast systems having been developed in over 400 species, many species remain recalcitrant 

(Jones et al. 2015).  Although it remains to be seen if Cannabis protoplasts will be recalcitrant to 

regeneration, the challenges with existing regeneration methods outlined in this chapter suggests 

that recalcitrance will likely be problematic in a protoplast-to-plant systems.  Therefore, the 

design of a protoplast isolation method should incorporate known techniques that have been 

shown to reduce recalcitrance of plants to protoplast isolation. One way to overcome 

recalcitrance in protoplast isolation and culture in recalcitrant species is increasing the 

digestibility of the cell wall.  The use of substrate analogues which competitively inhibit 

phenylpropanoid biosynthetic enzymes has shown promising results in other species and could 

facilitate protoplast isolation in Cannabis (Jones et al. 2012, 2015). 
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1.6.1 AIP a PAL inhibitor 

Cellulose and lignin are the two main constituents of the plant cell wall.  Lignin is the 

second most abundant constituent of plant cell walls, providing them with strength and rigidity 

(Weng and Chapple 2010). Lignin’s strength comes from its structure, which is a large polymer 

consisting of randomly linked monolignol subunits held together by covalent bonds and highly 

cross-linked with hemi-cellulose making up the plant cell wall (Wang et al. 2013).  The three 

main monolignol subunits of lignin:  p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S), are 

formed from p-coumaryl-, coniferyl- and sinapyl alcohols which are all derived from the 

common precursor phenylalanine in the phenylpropanoid pathway (Weng and Chapple 2010; 

Wang et al. 2013; Fornalé et al. 2016).  Phenylalanine ammonia lyase (PAL) catalyzes the first 

committed step of this pathway by carrying out the elimination of ammonia from (s)-

phenylalanine to produce (e)-cinnamic acid (Figure 1.6; Zoń et al. 2004).  PAL is a critical 

enzyme at the beginning of the plant phenylpropanoid pathway, serving as a branch point for the 

production of not only lignin precursors, but also plant secondary metabolites with roles in 

protection against UV damage and pathogen defense (Korkina 2007).  Through polymerization 

and cross-linkages the downstream products of PAL give plant cell walls incredible strength and 

have made PAL the target of many research projects aiming to better understand cell wall 

biosynthesis and how to potentially facilitate cell wall breakdown.   

 

Figure 1.6  The phenylpropanoid pathway is regulated by PAL and its downstream 

products represent important plant cell wall constituents.  A) The branch point of the 

phenylpropanoid pathway is regulated by PAL.  AIP can competitively inhibit the deamination 

of phenylalanine and subsequent production of e-cinnamic acid and p-coumaric acid, important 

constituents in the production of lignin, tannins and plant pigments. B) Ferulic acid, a 
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downstream product of p-coumaric acid which forms cross linkages with polysaccharide chains 

and lignin has also been an important cell wall strengthening constituent.   

 

Interest in inhibiting the activity of PAL in tissue culture is multi-faceted, with much of 

the focus having been on oxidative browning. Oxidative browning of plant tissues is a frequently 

encountered problem in vitro, affecting many species.  Browning can affect in vitro cultures by 

reducing capacity for regeneration (Laukkanen et al. 2000), reducing shoot proliferation 

(Uchendu et al. 2011) and causing necrosis and death of explants (Tóth et al. 1994; Aliyu 2005; 

Tabiyeh et al. 2006; Krishna et al. 2008). Browning is caused by the accumulation of phenolic 

compounds such as ferulic, cinnamic, coumaric acids (Figure 1.6) and their downstream products 

associated with high oxidative stress (Laukkanen et al. 2000). The problems caused by tissue 

browning have been described as one of greatest constraints in the tissue culture of many tree 

fruits, nuts and woody trees (Tóth et al. 1994; Laukkanen et al. 2000; Tabiyeh et al. 2006).  

Common management strategies for the reduction of browning have included storage of cultures 

in the dark (Krishna et al. 2008), frequent subculturing (Aliyu 2005), the use of activated 

charcoal or other adsorbents (Uchendu et al. 2011) and the addition of common antioxidants to 

the tissue culture media (Tóth et al. 1994; Krishna et al. 2008).  These approaches have been 

centered around the idea of removing the accumulation of toxic compounds rather than 

preventing the biochemical mechanism involved in oxidative stress response.  The problem of 

browning is pervasive in many species and some researcher have approached the topic by 

studying how to successfully limit the activity of key enzymes in this stress response pathway, 

notably PAL.   

There have been a number of approaches to  limit the activity of PAL.  Genetic disruption 

by mutating the PAL pathway leads to weaker cell walls and as a result, increased pathogens 

susceptibility and increased vulnerability to enzymatic cell wall digestion (Yao Kening et al. 

1995; Facchini et al. 1999). However, the main disadvantages of PAL knockouts is that the 

changes to the phenylpropanoid pathway are permanent and have a lasting effect on plant 

morphology and health.  Enzyme inhibitors targeting the phenylpropanoid pathway represent a 

temporary way to reduce the strength of cell walls.  Plant grown on media with PAL inhibitors 

have improved growth (Jones and Saxena 2013) and recalcitrant protoplasts cell walls are more 

digestible in enzyme solutions (Jones et al. 2015).  One of the most successful inhibitors of PAL 

is a structural analogue of phenylalanine, 2-aminoindane-2-phosphonic acid (AIP; (2-amino-2,3-

dihydro-1H-inden-2-yl) phosphonic acid).  AIP competitively inhibits PAL activity, both in vitro 

and ex vitro.   Early ex vitro studies on the postharvest browning in lettuce (Lactuca sativa L.), 

found that AIP reduces the accumulation of PAL downstream products, 5-caffeyoylquinic and 

dicaffeyoultartaric acids by 92 and 98%, respectively (Peiser et al. 1998a).  AIP reduces the 

characteristic brown spots associated with russet spotting in lettuce, a physiological disorder 

caused by exposure to high levels of ethylene (Peiser et al. 1998b).  These data obtained from ex 

vitro studies on lettuce suggested that PAL activity was required for the production of phenolic 

associated with browning responses observed in plants ex vitro.   

Inhibition of PAL reduces production of two important downstream metabolites involved 

in cell wall strengthening, ferulic and p-coumaric acids.  Aqueous solutions of ferulic acid or 
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coumaric acid prevent the enzymatic digestion of cell walls in tobacco (Jones et al. 2012).  In 

Zea mays L., morphological changes induced by high levels of AIP such as stunted shoot growth 

and abnormal root development can be reversed by supplementation of ferulic acid, highlighting 

the importance of ferulic acid in normal cell wall development (Jones et al. 2013).  Although 

prolonged exposure to AIP can cause morphological changes in some species, Ulmus americana 

L. explants transferred from AIP-supplemented media onto basal media are devoid of any 

deleterious effects caused by AIP, owing to the reversible nature of this competitive inhibitor 

(Jones et al. 2015).  Although high levels of AIP can have undesirable temporary effects on plant 

morphology, inclusion of AIP in tissue culture media has desirable effects in some species.   For 

example, AIP  prevents browning in callus cultures of U. americana and Miscanthus x giganteus 

J.M.Greef, Deuter ex Hodk. (Jones et al. 2012; Downey et al. 2019) and increases the 

regeneration percentages of somatic embryos in the latter (Downey et al. 2019).  Due to the 

downstream effects of AIP on the production of cell wall constituents, enzymatic degradation of 

cell walls for protoplast isolation can be accelerated.  Jones et al. (2012) achieved a 6-fold 

increase in protoplast isolation in response to treatment of elm callus cultures with AIP and 

reported a 90% viability for isolated protoplasts.  Increases in callus growth and protoplast 

isolation due to AIP treatment are attributed to a reduction in phenolics, specifically the 

aforementioned ferulic and p-coumaric acids whose absence weakens cell walls to enzymatic 

digestion (Jones and Saxena 2013). The incorporation of AIP into culture media has facilitated 

the development of protoplast-to-plant regeneration systems required for the application of many 

plant biotechnologies (Jones et al. 2015). To date, the use of AIP in Cannabis protoplast 

isolation has not yet been explored; however, it represents an enticing possibility in accelerating 

the development of efficient protoplast-to-plant regeneration systems.  
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2 Hypotheses & Objectives 

2.1 Exploring Alternatives to Existing Vegetative Micropropagation 

Methods Using Floral Reversion 

Existing literature has demonstrated the highly successful use of floral reversion in 

commercially important crops and recalcitrant species, and recent findings from our lab indicated 

that C. sativa may shows the capacity to undergo floral reversion.  As such my first hypothesis 

is:   

Floral-reversion can be used as a viable alternative to existing vegetative 

micropropagation methods in C. sativa. 

In light of early findings in our lab which hint that floral tissue in Cannabis may have 

regenerative potential, I have set four objectives to address my first hypothesis: 

1. Compare the regeneration response obtained from single florets and units of multiple 

florets.  

2. Use histological sampling methods to determine the tissues and regeneration process 

occurring during floral reversion. 

3. Assess the efficacy of cytokinins, 6-benzylaminopurine (BAP) and meta-topolin (mT) 

at inducing shoot proliferation from floral explants. 

4. Assess the incorporation of inflorescences into alginate-based synthetic seeds for use 

in ex vitro environments.  

2.2 Exploring Recalcitrance of Cannabis sativa to de novo Regeneration in an 

Existing High-Multiplication Methodology 

Many of the most successful protocols for regeneration of C. sativa have been conducted 

using only a single cultivar of NIDA supplied Cannabis and have not undergone multi-lab 

validation (Lata et al. 2009b, 2010a, 2016).  With NIDA supplied Cannabis’ lineage being called 

into question by forthcoming research (Schwabe et al. 2019) and no new publications making 

use of the highly successful regeneration protocols relying on leaf explants outline by Lata et al. 

(Lata et al. 2010a).  I have put forth the following hypothesis:  

The leaf-to-explant regeneration method proposed by Lata et al. (2010a) is highly 

genotype specific and will result in a genotype specific response when tested on a range 

of commercial genotypes.  

To address this hypothesis, I have set the following research objectives: 

1. Conduct a replication of the protocol outlined in Lata et al. (2010a) using 10 drug-

type genotypes of C. sativa. 

2. Compare the results obtained with the expected results demonstrated by Lata et al. 

(2010a) and highlight potential differences between the replicated study and the 

original which could account for observed differences. 
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3. Provide phylogenetic evidence for the diversity of the population of 10 genotypes 

used in the replication study. 

2.3 Incorporation of 2-aminoindan-2-phosphonic Acid Improves Protoplast 

Isolation from C. sativa Hypocotyl Cultures in the Development of a 

Protoplast Isolation and Culture Method 

In Cannabis there is a growing interest in the development of regeneration systems which 

can be readily used with transformed tissues.  Despite the existence of existing methods which 

report regeneration, these have not been successfully adapted to plant biotechnology pipelines 

and new systems should be explored.  Protoplast isolation systems in recalcitrant species, have 

been facilitated by improving the digestibility of plant cell walls using phenylpropanoid 

inhibitors such as AIP. The incorporation of AIP into protoplast-to-plant regeneration systems in 

many recalcitrant species has proven successful in regenerating explants, but have not yet been 

fully developed in Cannabis.  Given the potential of protoplasts to be used in regeneration and in 

the application of plant biotechnologies, I have hypothesized:  

The isolation and regeneration of protoplasts from C. sativa is achievable, and can be 

enhanced by reducing phenylpropanoid accumulation in the source tissues. 

 

In the pursuit of this hypothesis I have set the following research objectives: 

1. Quantify the effect of AIP treatment on protoplast digestibility, as measured through 

protoplast yield.  

2. Determine the effect of subculture frequency of C. sativa callus cultures on protoplast 

yield. 

3. Quantify changes in total soluble phenolics in C. sativa callus culture in response to 

AIP treatment. 

4. Determine the effect of culture density on protoplast culture and cell division.  
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3 Exploring Alternatives to Existing Vegetative Micropropagation 

Methods Using Floral Reversion 

The following chapter including the tables and figures herein has been published in the 

Journal of In Vitro Cellular & Developmental Biology- Plant.  The bibliographic information is 

included below: 

Monthony AS, Bagheri S, Zheng Y, Jones AMP (2021) Flower power: floral reversion as a 

viable alternative to nodal micropropagation in Cannabis sativa. In Vitro Cell Dev Biol - 

Plant 21:1–9. https://doi.org/10.1007/s11627-021-10181-5 

I want to specifically acknowledge Sara Bagheri’s help with the preparation and analysis of the 

histological samples, her help and instruction was critical to expanding the scope of this study 

and teaching me how to prepare and analyze histological samples. I would also like to thank 

Susan Lapos and the team at the Ontario Veterinary College’s Animal Health Laboratory for 

their histological support and expertise. 

3.1 Abstract 

The legalization of recreational and medicinal Cannabis sativa L. has been gaining global 

momentum, therefore increasing interest in Cannabis micropropagation as growers look for 

large-scale solutions to germplasm storage and clean plant propagation. Mother plants used in 

commercial propagation are susceptible to pests and disease and require considerable space.  

Although micropropagation can produce disease-free starting material in less space, current 

published in vitro methods are not robust and few report high multiplication rates. Furthermore, 

these micropropagation methods rely on photoperiod-sensitive plants maintained in a perpetual 

vegetative state.  Current methods are not adaptable to long-term tissue culture of day-neutral 

cultivars, which cannot be maintained in perpetual vegetative growth.  In this study, we 

developed a micropropagation system which uses Cannabis inflorescences as starting materials. 

This study used two Cannabis cultivars, two plant growth regulators (PGR; 6-benzylaminopurine 

and meta-topolin) at different concentrations, and two different numbers of florets. Here we 

show that floral reversion occurs from meristematic tissue in C. sativa florets and that it can be 

used to enhance multiplication rates compared to existing in vitro methods. Floret number was 

shown to impact the percent reversion, with pairs of florets reverting more frequently and 

producing healthier explants than single florets, whereas cultivar and PGR had no effect on 

percent reversion.  Compared with our previously published nodal methods, the current floral 

reversion method produced up to eight times more explants per subculture. Floral reversion 

provides a foundation for effective inflorescence-based micropropagation systems in Cannabis. 

3.2 Introduction 

Tissue culture of Cannabis sativa L. has become a topic of increasing interest as Canada 

and many United States jurisdictions have legalized recreational and/or medicinal uses of 

Cannabis, mirroring a broader global trend. Micropropagation of Cannabis offers several 

advantages over traditional vegetative propagation methods used by licensed producers operating 



 

42 

 

in greenhouses and indoor growth facilities.  In vitro storage of germplasm is highly space 

efficient compared to maintaining mother plants for stem cuttings, which can occupy up to 15% 

of available floor space in a commercial growth facility (Monthony et al. 2021b; Lubell-Brand et 

al. 2021).  In addition, propagation and maintenance of photoperiod-insensitive cultivars of 

Cannabis under normal greenhouse conditions is especially challenging as they cannot be 

maintained in a perpetual vegetative state required to maintain mother plants (Piunno et al. 

2019).  In vitro growth systems also offer a source of axenic, disease-free tissues and are a pre-

requisite to the implementation of plant biotechnologies.  Cannabis micropropagation protocols 

have largely been developed using meristematic tissues from axillary or apical nodes (Richez-

Dumanois et al. 1986; Ślusarkiewicz-Jarzina et al. 2005; Plawuszewski et al. 2006; Lata et al. 

2009c, b, 2016; Smýkalová et al. 2019; Wróbel et al. 2020; Page et al. 2021).  Despite the fact 

that some publications report promising accounts of multiple shoot cultures (MSCs) from nodal 

tissues (Lata et al. 2009c, b, 2016), low levels of shoot proliferation rates and multiplication rates 

are more common (Richez-Dumanois et al. 1986; Ślusarkiewicz-Jarzina et al. 2005; 

Plawuszewski et al. 2006; Smýkalová et al. 2019; Wróbel et al. 2020; Page et al. 2021).  The 

limited success of MSCs have been attributed in part to strong apical dominance in the shoots 

which reduces branching and multiple stem formation (Smýkalová et al. 2019; Wróbel et al. 

2020).  Recent work has highlighted the concerns surrounding the reproducibility and the 

variability between published works in the area of C. sativa tissue culture (Monthony et al. 

2020b; Page et al. 2021). 

One alternative to nodal culture is the use of Cannabis inflorescences as starting material 

for multiplication.  Floral reversion is a process in which floral tissues revert to a vegetative state 

and has been demonstrated in vitro across species from many taxa (Eapen and George 1997; 

Phulwaria and Shekhawat 2013; Punyarani et al. 2013; Shareefa et al. 2019).   In the 

development of cell suspension cultures, Raharjo et al. (2006) found that Cannabis flowers were 

more responsive to callus formation than leaves; however, the regenerative potential of flowers 

was not investigated in this study.  A recent publication by Piunno et al. (2019) provided the first 

known report of in vitro shoots recovered from floral explants of C. sativa. In this study low 

rates of vegetative shoots were produced from floret clusters sourced from greenhouse-grown 

inflorescences in two high- THC cultivars of C. sativa.  The cellular development which 

characterizes floral reversion have been differentially described depending on the species studied 

(Zayed et al. 2016).  In some species floral reversion occurs from existing meristems (Sen et al. 

2013); by contrast  reversion can also be  a result of de novo regeneration (Poluboyarova et al. 

2014; Zayed et al. 2016).  The mode of floral reversion has implications in plant biotechnology 

where early transient gene expression studies have shown the potential to express transgenes in 

floral tissues (Deguchi et al. 2020).  Despite observing reversion and normal subsequent growth 

of vegetative plants, Piunno et al. (2019) did not identify the developmental pattern of floral 

reversion in Cannabis. 

Existing literature has demonstrated the successful use of floral reversion in 

commercially important crops and species recalcitrant to traditional propagation methods.  In 

vitro floral reversion has been used to overcome challenges faced by traditional multiplication 

protocols, which can be limited by low multiplication rates, high levels of contamination and a 

limited amount of suitable plant material for propagation (Gubišová et al. 2013; Zayed et al. 

2016; Shareefa et al. 2019). In many cases, inflorescences have been more successful than other 
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explant sources, making floral reversion an important tool to overcoming recalcitrance and for 

the rapid production of clonal, disease-free elite-cultivars (Zayed et al. 2016; Shareefa et al. 

2019).  It is known that many plants do not flower in vitro, but a recent study by Moher et al. 

(2020) found that flowering rates exceed 75% under a 12-h photoperiod in in vitro grown 

Cannabis explants.  The authors also found that flowering occurs rapidly, with a majority of 

explants flowering in under 20 days (2020).  Considering the strong flowering response observed 

in vitro and the challenges of replicability, multiplication rate and apical dominance experience 

using in vitro nodal cuttings, I hypothesized that floral reversion using inflorescences from in 

vitro plants can provide an alternative approach to vegetative micropropagation of C. sativa.   

The objectives of this study are to: i) Optimize floral reversion for micropropagation by 

comparing the effect of floret number and cytokinins on the efficacy of the process and; ii) 

Identify the source of tissues responsible for reversion through histological sampling.  In this 

study we show that pairs of florets increase the probability of reversion, and result in larger 

explants and that reversion occurs from existing meristem regions in the inflorescences.  Based 

on high florets density of C. sativa inflorescences, we propose that floral reversion can improve 

the number of plants produced per tissue culture cycle when compared with nodal shoot 

proliferation methods.  

3.3 Materials & Methods 

3.3.1 Plant Material 

In vitro maintained female plants of two high-THC cultivars of C. sativa, U82 and U91 

(Hexo Corp, Gatineau, Canada; Monthony et al. 2021b)  were used as sources of in vitro florets.  

These were maintained on DKW (2470, PhytoTech Labs, Lenexa, KS, USA) basal medium 

(Driver and Kuniyuki 1984) as reported by Page et al. (2021).  To induce flowering, in vitro 

explants maintained in GA-7 vessels (Magenta LLC, Lockport, IL) were transferred to a 12/12 

(dark/light) photoperiod.  Plants were grown under Photoblasters (WeVitro Inc., Guelph, 

Canada) approximately 50 µmol s-1 m-2 as described by Moher et al. (2020)  for approximately 2 

months at 25 oC prior to floret dissection.  Single (Figure 3.1A) and pairs (Figure 3.1D) of florets 

(hereafter referred to as ‘singles’ and ‘pairs’) were dissected using scalpel and forceps under 

axenic conditions using a digital dissecting microscope (Koolertron, Shenzhen, China) in a 

laminar flow hood (Design Filtration Microzone, Stittsville, Canada). 
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3.3.2 Media preparation 

Culture media consisted of DKW salts with vitamins (D2470, PhytoTech Labs), 3% 

sucrose (w/v), 0.6% agar (w/v) (Fisher Scientific, Hampton, NH) dissolved in distilled water and 

the pH was adjusted to 5.7 with 1 N NaOH. Media were amended with plant growth regulators 

(PGRs) from 1 mM stock solutions stored at 4 oC for a final concentration of 0, 0.01, 0.1, 1.0 and 

10 µM of either BAP (Fisher Scientific, Hampton, NH) or meta-topolin (mT, Fisher Scientific, 

Hampton, NH).  BAP was added prior to pH adjustment and autoclaving.  Due to its heat labile 

nature, mT was added via filter sterilization to media after it was autoclaved and cooled to 

approximately 60 oC. The media were autoclaved for 20 min at 121 °C and 18 PSI.  

Approximately 25 mL of the autoclaved media were dispensed into sterile 100 x 20 mm Petri 

dishes (VWR International, Mississauga, Canada) in a laminar flow hood (Design Filtration 

Microzone, Stittsville, Canada). 

Figure 3.1  Various stages of floral reversion from single and pairs of florets.  Single (A) and 

pair (D) of freshly dissected (day 0) florets from Cannabis sativa L. cultivar U91.  Scale bar 1 

mm.  B) 8 week single florets from U91 cultured on DKW media with 1 µM BAP. C) 6 week 

single florets from U91 cultured on DKW media with 1 µM meta-Topolin (mT).  E) 8 week pairs 

of florets from U91 cultured on DKW media with 1 µM 6-benzylaminopurine (BAP). F-6 week 

pairs of florets from U91 cultured on DKW media with 1 µM mT.  Scale bar for B, C, E and F is 

1 cm.  



 

45 

 

3.3.3 Experimental design 

To assess the efficacy of BAP on reversion in single and pairs of florets in both C. sativa 

cultivars (U82 and U91) a 5×2×2 cross-classified factorial experiment with a completely 

randomized design with three factors was used.  The main effects were cultivar (U82 and U91),  

concentration of BAP in μM (0.0, 0.01, 0.1, 1.0 and 10), and floret number (single florets vs. 

pairs of florets).  Each treatment consisted of 4 experimental units (Petri dishes; n=4), each with 

4 floral explants (sampling units).  The explants (floret pairs or singles) were maintained on the 

prepared semi-solid media containing the appropriate concentration of BAP in a controlled 

atmosphere walk-in growth chamber, under LED lighting (Figure A. 1) using a 16-h photoperiod 

at 25 °C with a light intensity of approximately 50 µmol s-1 m-2 measured using a LI-180 

Spectrometer (LI-COR, Lincoln, NE), until reverted vegetative explants began to show signs of 

crowding in the Petri dishes (8 weeks).   

The second experiment assed the effect of mT on reversion in single and pairs of florets 

in C. sativa cultivar U91.  The experiment was a 5×2 cross-classified factorial experiment with a 

completely randomized design with two factors.  The main effects were concentration of mT in 

µMolar (0.0, 0.01, 0.1, 1.0 and 10), and floret number.  The explants were maintained on the 

prepared semi-solid media containing mT in a controlled atmosphere walk-in growth chamber as 

previously described, until reverted vegetative explants began to show signs of crowding in the 

Petri dishes (6 weeks). 

The average number of healthy florets which could be isolated was determined by 

counting the number of healthy florets dissected from 11 flowering explants.  Explant fresh 

weight was determined at the end of the experiment by removing the initial florets and any callus 

formed on the reverted explant and then weighing each reverted explant on a balance (Quintix® 

2102-1S, Sartorius, Göttingen, Germany).  Response rate was determined by counting the 

number of florets that reverted and dividing by the total number of florets on each Petri dish (a 

floret pair is considered as one explant).  To obtain canopy area per explant, each Petri dish was 

photographed at the end of the experiment and the canopy area of each explant was determined 

by dividing the total canopy area in the photograph by the number of responsive explants.  

Canopy area measurement were performed using ImageJ software (v1.53a, National Institute of 

Mental Health, Bethesda, MD).  Briefly, images were cropped using the freehand selection tool 

to only include responding explants.  The image background was removed (Process> Subtract 

background).  Canopy area was selected by colour thresholding for green (Image>Adjust>Color 

Threshold) and measured (Analyze>Measure).  Shoot proliferation rate was determined by 

dividing the number of vegetative explants subcultured from each Petri dish by the number of 

floral explants which underwent reversion in each Petri dish. A floral multiplication index (ifloral; 

Equation (3.1), representing the average number of plants produced per cycle of 

micropropagation, was calculated using the average number of florets obtained from the 

flowering parent explant (a), the average number of shoots produced per responding explant 

(shoot proliferation rate, b) and the average number of explants that reverted for each treatment 

(percent reversion) expressed as a fraction (c).   

𝑖𝑓𝑙𝑜𝑟𝑎𝑙 = 𝑎 × 𝑏 × 𝑏 (3.1) 
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3.3.4 Rooting and ex vitro acclimatization 

Following the reversion period, explants were transferred from Petri dishes to GA-7 

vessels (Magenta LLC, Lockport, IL) with approximately 50 mL of basal DKW medium 

consisting of DKW salts with vitamins (D2470, PhytoTech Labs), 3% (w/v) sucrose (w/v), 0.6% 

agar (w/v) (Fisher Scientific) in distilled water and pH adjusted to 5.7 with 1 N NaOH.  Explants 

were maintained under a vegetative photoperiod (16 h light; 8 h dark) at 25 °C with a light 

intensity of approximately 50 µmol s-1 m-2.  Explants developed roots within 1 month of 

subculture. Proportion of explants rooted were determined by counting the number of explants 

with at least one root > 5 mm in the culture vessel and dividing by the total number of explants 

in each culture vessel.  

3.3.5 Histological sampling & microscopy 

Freshly dissected and 7-day old floral explants maintained on DKW basal media were 

fixed in 10% buffered formalin (ACP Chemicals Inc., Saint-Leonard, Canada).  Samples were 

subsequently processed for paraffin embedding following the Standard Protocol for Formalin‐

Fixed Paraffin Embedded Tissue (FFPE) at the Animal Health Laboratory, Guelph, Ontario, 

Canada following Winegard et al. (2014).  Sectioning was performed at 4 μm and staining was 

done with methylene blue.  Slides were observed under bright field using an Axio Zoom.V16 

microscope (Carl Zeiss Microscopy GmbH, Jena, Germany), and images were acquired and 

processed using Zen 2.3 Blue Edition (Carl Zeiss Microscopy GmbH. Jena, Germany). 

3.3.6 Experimental Design and Statistical Analysis 

To assess the efficacy of BAP at inducing reversion in single and pairs of florets in both 

C. sativa cultivars (U82 and U91) a 2x2x5 factorial experiment with a completely randomized 

design was used with the following statistical model: 

𝑦 = μ + 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟 + 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 + 𝐵𝐴𝑃 +  𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟 × 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 + 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟 × 𝐵𝐴𝑃
+ 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 × 𝐵𝐴𝑃 + 𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑟 × 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 × 𝐵𝐴𝑃 +  𝑒 

(3.2) 

Where y is the measured response variables (response rate, canopy area, explant mass) 

Where µ is the overall mean of the response variable 

Where Cultivar, Floret Number and BAP are the fixed effects 

Where e is the residual error 

To assess the efficacy of mT at inducing reversion in single and pairs of florets C. sativa 

cultivar U91 a 2x5 factorial experiment with a completely randomized design was used with the 

following statistical model: 

𝑦 = μ + 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 + 𝑚𝑇 + 𝐹𝑙𝑜𝑟𝑒𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 × 𝑚𝑇 +  𝑒 (3.3) 

Where y is the measured response variables (response rate, canopy area, explant mass) 
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Where µ is the overall mean of the response variable 

Where Floret Number and mT are the fixed effects 

Where e is the residual error 

All data were analyzed using SAS University Edition (SAS Studio 3.8; SAS Institute 

Inc., Cary, NC)  Residual analyses were carried out for all response variables to check for 

normality.  Canopy area and explant mass were normally distributed datasets and did not require 

subsequent adjustments prior to analysis.  Due to a very narrow distribution of the data for 

multiplication rate, all data were log normalized prior to analysis, and subsequently back 

transformed after analysis.  Prior to analysis, the percentage reversion data were transformed 

using an arcsine square root transformation, this was chosen over a logit transformation as the 

datasets for response were highly clustered at 0 and 1, and the arcsine square root model shows 

less dramatic variance at the end of the distribution.  Rooting frequency (%) was analyzed using 

a binomial distribution (DIST= BINOMIAL, METHOD=QUAD) with a logit link to account for 

its non-Gaussian nature.  An analysis of variance (ANOVA) was performed for all response 

variables using PROC GLIMMIX and means comparisons were obtained using the LSMEANS 

statement (α=0.05).  Multiple comparisons were accounted for by a post-hoc Tukey-Kramer 

Test. Visual presentation of the SAS data and calculation of the % response means was done 

using Microsoft Excel® (Microsoft Corp., Redmond, WA).   

3.4 Results 

3.4.1 Floral reversion 

Floret number significantly affected the percent reversion of explants to the vegetative 

state in both the BAP and mT experiments (Table 3.1 and Table 3.2).  In both experiments, pairs 

were approximately three times more likely to revert than single florets.  Across all BAP treated 

explants (0 µM to 10 µM), an average 55% of floret pairs reverted as compared to only 18% of 

single floret.  The BAP treatment with the highest percentage reversion was 1 µM BAP using 

pairs of florets which achieved an average of 69% reversion (Figure 3.2A).  The results of the 

BAP experiment (Table 3.1) showed that cultivar did not affect the percent reversion.  As such, 

only cultivar U91 was used to test the effect of mT on floral reversion in the subsequent 

experiment.  Reverting florets from cultivar U91 treated with mT displayed a similar trend as in 

the BAP treatment, where pairs of florets showed approximately 2.5 times more percent 

reversion  between the singles and pairs of floret treatment averages.  Treatment of pairs of 

florets at 1 and 10 µM mT achieved the highest percentage reversion with 81% of florets 

reverting (Figure 3.2B). Although the percent reversion was affected by the floret number, the 

number of shoots produced per explant was not affected by any of the fixed effects (Table B. 1, 

Table B. 2 and Table B. 3), with each treatment producing between 1.5 and < 2 vegetative shoots 

per responding explant. Each flowering in vitro plant produced an average of 24 ± 6 healthy 

florets (or 12 pairs) for use in the experiments.   

Table 3.1  Results of the F-test from the ANOVA for the percentage of Cannabis sativa 

florets which reverted (response variable). The 2×2×5 factorial designed tested the effects of 
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cultivar, 6-benzylaminopurine ([BAP]) and floret number and their interactions on the 

percentage of florets which underwent floral reversion.  

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 59 51.89 <0.0001 

[BAP] 4 59 2.05 0.0987 

Cultivar 1 59 2.40 0.1265 

Floret Number x [BAP] 4 59 2.06 0.0979 

Floret Number x Cultivar 1 59 1.87 0.1766 

[BAP] x Cultivar 4 59 1.81 0.1382 

Floret Number x [BAP] x Cultivar 4 59 0.70 0.5968 

 

Table 3.2  Results of the F-test from the ANOVA for the percentage of Cannabis sativa 

florets which reverted (response variable). The 2×5 factorial designed tested the effects of 

meta-topolin concentration ([mT]) and floret number and their interactions on the percentage of 

florets which underwent floral reversion.   

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 30 27.50 <0.0001 

[mT] 4 30 2.57 0.0581 

Floret Number x [mT] 4 30 0.95 0.4478 

 

 

Figure 3.2  Percent reversion as a function of Cannabis sativa L. floret number and 

concentration of 6-benzylaminopurine (BAP; A) and meta-Topolin (mT; B).  The interaction 

between Floret and [BAP] or [mT] were not significant as determined by an Analysis of 

Variance (Table 1 and Table 2); however, 1 µM treatments showed the highest percentage of 

responding florets in both experiments. Percentage reversion reported in (A) is an average of 

both tested cultivars: U82, U91 where for each bar n=8.  For mT only cultivar U91 was tested, 

n=4. Treatment averages represent the means of 0-10 µM reversion percentages for single and 

for pairs of florets. Bars are mean ± standard error.   
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A multiplication index was developed (Equation (3.1) using values from the treatment 

with the highest % reversion (1 µM mT) as a way of comparing the theoretical multiplication 

potential of this method with a previously published nodal shoot proliferation method (Page et 

al. 2021).  The floral multiplication index represents the number of shoots that can be obtained 

(to transfer ex vitro or induce flowering to repeat the cycle) from a single flowering plant after 

one micropropagation cycle using floral reversion (Figure 3.3). The values used to calculate the 

floral multiplication index (Equation (3.1) from the 1 µM mT treatment were:  51% reversion for 

singles and 81% for pairs, a shoot proliferation value of 1.5, and the average number of healthy 

florets produced per explant (24 singles/12 pairs).  The floral multiplication index was calculated 

to be 18.2 plants per explant for single florets and 14.7 plants per explant for floret pairs at the 1 

µM mT concentration.  

 

Figure 3.3  The proposed Cannabis sativa L. micropropagation cycle using floral reversion.  

1. Flowering: Culture of mature vegetative explants under a 12-h photoperiod to trigger in vitro 

flowering.  2. Dissection: Single or pairs of florets are dissected. 3. Induction:  Florets are 

transferred to DKW based media to begin floral reversion. 4. Reversion:  Normal vegetative 

growth occurs, indicating reversion. 5. Maturation:  Reverted explants cultured on DKW will 

root and can be used again for in vitro flowering or moved ex vitro. 6. Acclimatization:  Reverted 

explants can be transferred to ex vitro conditions for hardening.   
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Floret number and the choice of PGR played a role in impacting the size of the reverted 

explants as measured using canopy area and explant mass. In BAP treated explants, shoots that 

developed from pairs of florets produced larger canopy areas and greater fresh weights than 

shoots reverted from single florets (Figure 3.4A). The average fresh weight of the BAP treated 

florets (0 µM to 10 µM) was 155 mg in singles compared to 232 mg in pairs (Table B. 4 and 

Figure 3.4A). The difference in canopy area between singles and pairs in the BAP treated plants 

was similar to the difference in fresh weight with average areas of 1.12 cm2 for singles and 2.41 

cm2 for doubles; (Table B. 5 and Figure 3.4A).  BAP treatment also affected the explant mass 

(Table B. 4) with 10 µM BAP resulting in an 85% increase relative to the 0 µM control whereas 

0.1 µM BAP resulted in a 9.5% decrease in mass relative to the 0 µM control.  BAP alone, did 

not have an effect on canopy area (Table B. 5).  The interaction between the effects of floret 

number and BAP did not alter  the canopy area or explant mass; however, cultivar affected the 

canopy area (Table B. 5), with explants of U82 producing 1.6 times larger canopies as compared 

to U91.  This difference in explant size did not, however, impact the ex vitro acclimatization, 

rooting and growth (Figure 3.5).  
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The mT and BAP trials were not run in tandem and as such, were not directly compared; 

however, qualitative observations found that mT leads to a more vigorous flush of initial growth 

in reverting explants compared to those grown on BAP.  Earlier signs of crowding, stress and 

nutrient deficiency such as yellowing leaves, compared to BAP treatments (Figure 3.1B, C, E 

and Figure 3.6) resulted in mT treated explants being subcultured after 6 weeks (compared with 

8 weeks for BAP treated explants) to avoid stunted growth or explant death. The interaction 

between floret number and mT positively affected the explant mass (Table B. 6 and Figure 3.4B) 

and the canopy area (Table B. 7 and Figure 3.4C).  The 10 µM mT treatment resulted in reverted 

explants with the largest masses compared with the control, with singles producing explants with 

Figure 3.4  Fixed effect (canopy area and mass) responses to florets number, BAP and mT 

concentration. A) Fixed effect averages from BAP treated Cannabis sativa L. florets showing 

how both canopy and explant mass are significantly increased over 8 weeks in explants reverted 

from floret pairs.  Bars bearing different letters are significant at p <= 0.01.  Yellow bars 

correspond to mean explant mass across all BAP concentrations in milligrams and blue bars 

indicate mean canopy area across all BAP concentrations in cm2.  Error bars are the standard 

error of the mean (n = 20). B) The significant interaction between floret number and mT 

concentration resulted in an increase in mass at higher mT concentrations after 6 weeks of 

culture.  Error bars are the standard error of the mean (n = 4). C) The significant interaction 

between floret number and mT concentration also resulted in an increase in canopy area at higher 

mT concentrations after 6 weeks of culture. Error bars are the standard error of the mean. Bars 

bearing the same letter within either 1 Floret or 2 Florets are not significantly different at p < 

0.05 as determined by a Tukey-Kramer multiple comparisons test (n=4).  
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the greatest mass (Figure 3.4B).  Despite a large explant mass and high % reversion at 10 µM 

mT, explant development showed more morphological abnormalities than the control:  These 

explants were shorter and more compact with curled leaves and produced more callus than BAP 

treated explants (Figure 3.6). Callogenesis was observed at 1 and 10 µM concentrations of BAP 

and mT; however, these calluses were not organogenic and formed after the emergence of 

vegetative shoots (Figure 3.6).  Canopy area showed a similar trend as explant mass with 10 µM 

mT producing larger canopy areas per explant than the 0 µM mT control (Figure 3.4C). 
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Figure 3.5  In vitro rooted Cannabis sativa L. plants were acclimatized and established ex 

vitro in commercial growth facilities in a soilless substrate. U82 (A) and U91 (B) are pictured 

after six week of ex vitro acclimatization.  Images (A) and (B) were edited to remove 

confidential text information from the labels. Scale bar:  5 cm.  A representative side and bottom 

view of U82 (C) and U91 (D) explants rooting in vitro on basal DKW media without auxin 

supplementation within 3 months of reversion. Scale bar:  1 cm.  E) Percent rooting in the tested 

cultivars. Means with the same letter were not significantly different at p ˂ 0.05 as determined by 

a Tukey-Kramer multiple comparisons test.  



 

54 

 

3.4.2 Rooting and ex vitro acclimatization 

Explants were transferred from the reversion media to basal DKW media without the 

inclusion of auxins once signs of nutrient deficiency and/or crowding of Petri dishes was 

observed (6 or 8 weeks). Both cultivars rooted with 44% of U91 and 29% of reverted U82 

explants producing roots.  Rooting percentage between the tested cultivars did not differ. All 

explants transferred to ex vitro conditions were grown under T5 fluorescent lights at 150 to 200 

µmol m-2 s -1 with 50% relative humidity at 25 ℃ and showed normal morphological growth 

(Figure 3.5). 
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3.4.3 Histology 

Histological sampling was performed to determine whether shoot proliferation occurred 

de novo or from existing meristems. Samples were taken from freshly dissected florets (Figure 

3.7) and florets cultured on DKW basal media for 7 day (Figure 3.8). Histological sampling of 

freshly dissected florets revealed the presence of meristem at their base (Figure 3.7).  

Histological sampling of 7 day old floral undergoing reversion showed that this meristem region 

Figure 3.6  At 10 µM of 6-benzylaminopurine (BAP) and of meta-Topolin (mT), 

morphology of the reverted vegetative Cannabis sativa L. explants was abnormal, with 

notable callus production after reversion had occurred.  High concentrations of BAP 

impaired reversion, while high concentrations of mT caused vigorous but morphologically 

abnormal growth. A) 6 week single U91 at 10 µM mT  B) 6 week pair U91 at 10 µM mT C) 8 

week single U91 at 10 µM BAP D) 8 week pair U91 at 10 µM BAP E) 8 week single U82 at 10 

µM BAP and F) 8 week pair U82 at 10 µM BAP.  Scale bar = 1 cm. 
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had undergone further development, revealing the presence of distinct vegetative meristems 

subtending the floral explant (Figure 3.8).  These vegetative meristems were flanked by floral 

meristems (Figure 3.8C and E) and were closely located to the excision area for the preparation 

of single florets used in this experiment (Figure 3.7C).  The floral meristems which flank the 

vegetative meristems were further developed than the vegetative meristems that they flanked 

(Figure 3.8C and E).  

 

Figure 3.7  Cross-section of a single freshly dissected floret.  A) Single freshly dissected 

floret.  Dashed line shows the typical incision site when dissecting single florets. Scale bar 0.5 

mm. B) The same freshly dissection floret prior to embedding and histological sampling. C) 

Enlarged view the base of the floret shows a small meristem (dashed arrow) located at the base 

of the floret next to the typical excision site (dashed line). Scale bar = 100 µM.  
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3.5 Discussion 

Floral reversion has been widely used for micropropagation of species recalcitrant to 

tissue culture, as well as in conservation efforts directed at threatened species (Appleton et al. 

2012; Reshi et al. 2014; Kumar et al. 2015).  This technique has achieved improved 

multiplication rates over conventional methods in important food crops such as banana, coconut 

and date palms, (Punyarani et al. 2013; Zayed et al. 2016; Shareefa et al. 2019).  However, floral 

Figure 3.8  Pair of florets undergoing floral reversion 7 days post culture. A) Floral and 

vegetative meristem (black square) at the base of a pair of female C. sativa florets. Scale bar = 1 

mm. B) The same 7-day-old floret prior to embedding and histological sampling.  C) Enlarged 

view of the black box in A) showing the two floral meristems (dashed arrows) flanking two 

vegetative meristems (solid arrows) located at the base of excised florets from C. sativa. Scale 

bar = 100 µM. D) A second less developed cluster of immature vegetative and floral meristems 

highlighted by the black dashed box, enlarged from A). Scale bar = 100 µM. E)  Immature 

vegetative meristem (black solid arrow) flanked by two floral meristems (dashed arrows) 

enlarged from D).  Scale bar = 100 µM.  



 

58 

 

reversion has not been well explored in C. sativa.  Until recently only one published report 

explored the use of Cannabis floral tissue in micropropagation, using greenhouse derived floral 

tissues cultured on MS media supplemented with thidiazuron (TDZ; Piunno et al. 2019).  In this 

previous work, the reversion response was sporadic and only observed in 2/3 of cultivars tested. 

Additionally, though the cellular mechanism by which vegetative explants were produced was 

not explored, the authors hypothesized that reversion is due to existing meristems rather than de 

novo regeneration (Piunno et al. 2019).  The present study aimed to expand upon these findings 

by using in vitro floral tissues and elucidating the cellular development leading to shoot 

production. 

In the study by Piunno et al. (2019) reversion was induced from clusters of florets 

varying in size from three to five florets.  In the current study, single and pairs of florets were 

used rather than large clusters to increase the potential number of explants per inflorescence and 

to facilitate the subsequent histological study of the regenerating tissues.  Although the results 

indicate that single florets resulted in a greater multiplication index than in pairs, other factors 

should be considered in deciding which is most suitable for adoption in tissue culture methods.  

Dissection of pairs is less labour-intensive than single florets, while only suffering from a 

marginal decrease in multiplication rate (14.7 vs. 18.2).  Ultimately, for floral reversion to be 

adopted as an alternative to vegetative methods, dissection and labour inputs need to be reduced 

and the use of larger clusters or entire inflorescences should be investigated.  The results 

presented herein, also indicate that floral reversion in Cannabis can lead to significantly 

improved multiplication rates compared to many published methods which rely on shoot 

proliferation from vegetative tissues (Figure 3.9).  In comparison with vegetative methods 

developed in our lab, the lower multiplication figures reported by Page et al. (2021) using nodal 

tissues are likely impacted, in part, by the shorter timeframe of 35 to 43 days per cycle compared 

to the approximately 12 week timeframe for the proposed floral reversion cycle (Figure 3.3) and 

future studies will help shorten the floral reversion timeframe.  This method also offers a 

comparable multiplication rate to that reported by Lata et al.’s high multiplication shoot 

proliferation method reported in 2009 (Figure 3.9).  Our findings highlight the potential benefits 

of using floral reversion in a large-scale tissue culture setting, and we propose that floral 

reversion from floret clusters and investigation into automation of the explant preparation are 

pragmatic next steps in the optimization of this protocol for large-scale use.  
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Floral reversion has largely been shown to occur via organogenesis (Kavas et al. 2008; 

Appleton et al. 2012; Phulwaria and Shekhawat 2013; Punyarani et al. 2013; Poluboyarova et al. 

2014; Kumar et al. 2015; Asker 2016); however, in some cases the mode of floral reversion 

remains unclear (Zayed et al. 2016; Shareefa et al. 2019).  Floral reversion via indirect 

organogenesis is a viable alternative to traditional culture methods for a wide range of species 

including Cenchrus ciliaris L. (buffel-grass), Arnebia hispidissima (Lehm.) DC. (Arabian 

primrose), Triticum durum Desf. and Triticum aestivum L. (Kavas et al. 2008; Phulwaria and 

Shekhawat 2013; Kumar et al. 2015).  In these species, floral reversion via indirect 

organogenesis requires the inclusion of auxins and cytokinins for callus induction and 

subsequent regeneration of vegetative tissues.  Inclusion of TDZ, which has both auxin and 

cytokinin-like activity (Guo et al. 2011) promotes callus induction in C. sativa inflorescences, 

but yields low frequency of floral regeneration (Piunno et al. 2019). As a result, the current study 

focused on the proliferation of shoots using the cytokinins mT and BAP, rather than the 

induction of callus. 

Figure 3.9  A comparison explant production using floral reversion from pairs (teal) and single 

florets (red) and other published methods after 10 micropropagation cycles.  Methods which were 

selected for comparison reported explant multiplication through shoot multiplication methods as 

outline in Table 1.1.  The methods chosen for comparison were the most recently published and those 

which reported the highest multiplication rates in the literature.    
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Floral reversion can occur via direct organogenesis through the formation of adventitious 

shoots and meristemoids from the base of the floral organs (Punyarani et al. 2013; Poluboyarova 

et al. 2014; Asker 2016).  Histological sampling by Punyarani et al. (2013) revealed that shoot 

primordia with apical meristems, leaf primordia and procambium strands developing directly 

from the base of the floral explant in Musa ssp. In Allium altissimum L. shoots proliferate from 

the base of inflorescences with development of meristem centers occurring at the junction 

between the filament and tepal (Poluboyarova et al. 2014).  Additional studies have suggested 

direct regeneration based on growth of shoots from the base of floral organs in vitro, but lack 

histological data validating these claims (Appleton et al. 2012; Asker 2016) and it is possible that 

reversion could be occurring from existing meristems in these cases.  In contrast, our histological 

data provide evidence for the presence of existing meristems responsible for reversion at the base 

of freshly dissected florets.  Histological sampling was carried out on freshly dissected florets as 

well as at the first signs of swelling and growth from single and pairs of florets at 7 day post-

culture.  Sampling revealed the presence of meristems at the base of the freshly dissected florets 

(Figure 3.7) and histology of 7-day-old tissues reveals a distinct vegetative meristem flanked by 

floral meristems subtending the base of the ovary and the bracts (Figure 3.8).  We propose that 

this basal meristematic region is the genesis point for the observed shoot growth during floral 

reversion.  Complete floral reversion, characterized by normal vegetative growth of the explant, 

appears to occur following a transitional period from the flowering stage to the ensuing 

vegetative growth stage during the first two weeks post-excision from the flowering in vitro 

mother plant.  During this period, the newly excised florets would often produce one to two new 

florets along the elongating stem, prior to reverting to complete vegetative growth.  This 

transitional growth can also be observed in whole plants grown ex vitro when a flowering plant is 

transferred to long days to “re-veg”, or when cuttings are taken from flowering plants. 

Histological samples from freshly dissected (day 0) florets reveal the existence of a meristematic 

region with apparent juvenile floral meristems; however, no vegetative meristems could be 

distinguished (Figure 3.7C). 

We hypothesize that in this transition period existing proto-floral meristems continue 

development and reach maturity followed by the subsequent development of a vegetative 

meristem from the meristematic region at the base of the florets.  The transition period ends with 

the change to vegetative growth from the meristem, typically within 2 weeks, thereby completing 

floral reversion.  Alternatively, these meristems may develop adventitiously after excision from 

the flowering mother plant as a result in the disruption of the levels of endogenous plant growth 

regulators therefore triggering direct organogenesis.  However, floral reversion occurred in the 

control treatments in the absence of plant growth regulators in this study, making de novo 

regeneration an unlikely candidate mechanism for floral reversion in C. sativa.  The Cannabis 

inflorescence’s architecture supports the hypothesis that reversion is occurring from existing 

meristem regions.  Cannabis inflorescences are indeterminate, developing what growers refer to 

as “buds”:  floral structures consisting of densely packed florets along a branching system 

characterized by increasingly short inter-node lengths as the inflorescence continues to grow 

(Small 2017; Spitzer-Rimon et al. 2019).  The presence of nodes subtending these floret clusters 

allows for the continued development of phytomers (Spitzer-Rimon et al. 2019), a distinguishing 

characteristic of indeterminate inflorescences that provide a meristematic regions which could 

serve as a genesis point for reversion under favorable conditions.   
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A study by Spitzer-Rimon et al. (2019) found that each Cannabis inflorescence phytomer 

is made up of a pair of florets.  In the present study pairs and single florets were used as source 

explants for reversion. In our hands, a smaller percentage of florets reverted when they 

originated from dissected single florets.  These findings may be attributed to damages sustained 

from dissection by the basal region housing the vegetative meristem responsible for shoot 

growth.  In contrast, floret pairs which are held together by extra basal tissue following 

dissection, offer increased protection of this meristem region which consequentially led to higher 

percentage of reverting explants.  As such we suggest that the lower response rates observed in 

single florets are due to the higher likelihood of a removal, or damage sustained by the 

meristems during the dissection process.  

mT  yields high percent responses and  promotes multiple shoot formation in nodal 

multiple shoot cultures.  Lata et al. (2016) found that mT supplementation between 1-4 µM 

resulted in 100% response rate and ~13 shoots per nodal explant.  In the present study, 1 µM mT 

treatment is associated with a maximum 81% reversion (pairs), despite producing fewer than 2 

shoots per floral explant.  These differences could be attributed to numerous factors, most 

importantly the difference in tissue source (in vitro florets vs. greenhouse-derived nodes).  

Responses to mT in C. sativa tissue culture have not, however, been universally successful.  A 

recently published study by Wróbel et al. (2020) reported response rates of < 4% and shoot 

proliferation rates of < 2 shoots/explant in response to mT treatment of nodal segments and shoot 

tips.  Similarly,  mT does not improve the response rate in axillary bud cultures of C. sativa 

(Codesido et al. 2020). Explants grown at 10 µM mT produced morphological abnormalities and 

showed signs of hyperhydricity, despite showing an increase in mass and canopy area over the 0 

µM control in both singles and pairs.  Morphological abnormalities attributable to hyperhydricity 

are known to occur in C. sativa tissue cultures, and are suggested to be a result of nutrient 

imbalances and PGRs side-effects (Chaohua et al. 2016; Page et al. 2021).  Despite low number 

of shoot proliferated from the florets, the potential number of explants that can be produced from 

a flowering in vitro explant is much higher than in a vegetative explant due to the floret-dense 

structure of the inflorescences (Spitzer-Rimon et al. 2019).  In the present study, we used 1 µM 

mT treatments to calculate a floral multiplication index between 14.7 and 18.2, representing the 

estimated number of plantlets can be produced from a single in vitro flowering plant.  These 

calculations highlight this method as a competitive option when compared with current nodal 

propagation methods (Figure 3.9).  Improvements to the shoot proliferation stages through 

extensive screening of PGRs could make this method a vastly superior choice for many 

micropropagation needs when compared with contemporary nodal culture methods.  

Piunno et al. (2019) reported low reversion rates despite the inclusion of TDZ in the 

medium, which has successfully promoted shoot proliferation in other Cannabis tissues as well 

as in many other species (Lata et al. 2009b, 2010a; Monthony et al. 2020a).  In the current study, 

we chose the synthetic cytokinin BAP as an alternative to TDZ.  BAP is widely incorporated in 

floral reversion media (Eapen and George 1997; Phulwaria and Shekhawat 2013; Punyarani et 

al. 2013) and has been shown to promote shoot proliferation in non-floral tissues of other plant 

species (Jafari et al. 2011).  In contrast with mT, the inclusion of BAP did not increase the 

canopy size, explant fresh weight, multiplication rate or the percentage of floret explants which 

reverted.  While BAP alone may not enhance reversion, many studies report the use of BAP in 

combination with a second synthetic cytokinin and low levels of IAA (Eapen and George 1997; 
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Gubišová et al. 2013; Reshi et al. 2014), and the use of a multi-PGR media for floral reversion in 

C. sativa is an important avenue for future exploration as this new Cannabis micropropagation 

technique is further developed. 

3.6 Conclusion 

In this study we elucidate the developmental origin of floral reversion in C. sativa and 

show that pairs of florets are more likely to undergo reversion than single dissected florets.  In 

addition, we show that floral reversion improved our previously achieved multiplication rate 

using nodal cultures and we suggest that with further optimization of shoot proliferation and 

reduction of labor, floral reversion can exceed the potential for multiplication achieved using 

apical and axillary nodal cultures.  We present the first histological evidence that reversion 

induced in C. sativa florets comes from existing meristems located in the floral tissues.  We 

propose that the greater likelihood of reversion in pairs of florets is due to the vegetative 

meristems remaining intact during the dissection of pairs of florets.  Our findings highlight the 

feasibility of developing floral reversion protocols and provide a roadmap for other groups 

wishing to assess floral reversion as viable alternatives to traditional vegetative 

micropropagation (Figure 3.3).  The exploration of the effects of cultivar, PGR and floret number 

presented herein will aid future researchers in the development of robust floral reversion 

protocols in the species.   
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4 Exploring Recalcitrance of Cannabis sativa to de novo 

Regeneration in an Existing High-Multiplication Methodology 

The following chapter including the tables and figures herein has previously been accepted 

for publication in PLOS ONE. The bibliographic information for the pre-print is included below: 

Monthony AS, Kyne ST, Grainger CM, Jones AMP (2020) Recalcitrance of Cannabis sativa to 

de novo regeneration; a multi-genotype replication study. bioRxiv. 

https://doi.org/10.1101/2020.06.23.167478 

I want to specifically acknowledge Christopher Grainger for his help showing me how to do the 

DNA extraction and SSR analysis and Sean Kyne for his help performing the SSR analysis and 

data presentation.  

4.1 Abstract 

Cannabis sativa is relatively recalcitrant to de novo regeneration, but several studies have 

reported shoot organogenesis or somatic embryogenesis from non-meristematic tissues. Most 

report infrequent regeneration rates from these tissues, but a landmark publication from 2010 

achieved regeneration from leaf explants with a 96% response rate, producing an average of 12.3 

shoots per explant in a single drug-type accession.  Despite the importance regeneration plays in 

plant biotechnology and the renewed interest in this crop the aforementioned protocol has not 

been used in subsequent papers in the decade since it was published, raising concerns over its 

reproducibility. Here we attempted to replicate this important Cannabis regeneration study and 

expand the original scope of the study by testing it across 10 drug-type C. sativa genotypes to 

assess genotypic variation. Calli were induced in all 10 genotypes, but callus growth and 

appearance substantially differed among cultivars, with the genotype most responsive to 

callogenesis producing 5.5 times the callus mass of the least responsive genotype.  The shoot 

induction medium failed to induce shoot organogenesis in any of the 10 cultivars tested, instead 

resulting in necrosis of the calluses.  The findings of this replication study raise concerns about 

the replicability of existing methods.  However, some details of the protocol could not be 

replicated due to missing details in the original paper and regulatory issues, which could have 

impacted the outcome. These results highlight the importance of using multiple genotypes in 

such studies and providing detailed methods to facilitate replication. 

4.2 Introduction 

Plant tissue culture techniques provide the foundation for advanced biotechnologies such 

as protoplast regeneration systems, microspore culture for double haploid production, 

transgenics, genome editing, and other important tools which have yet to be fully explored in 

Cannabis sativa L.  Due to prohibition, early micropropagation studies of Cannabis were limited 

in number and scope, with the majority of research relying on a single drug-type genotype or on 

less regulated industrial hemp cultivars (C. sativa with <0.3% w/w THC in the flowering heads) 

(Government of Canada 2015).  These early studies found that both drug-type Cannabis (high-

THC; >0.3% w/w THC) and industrial hemp can be maintained in vitro (Richez-Dumanois et al. 
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1986; Ślusarkiewicz-Jarzina et al. 2005; Chandra et al. 2010) and that plants derived from in 

vitro grown C. sativa display comparable chemical and physical profiles to greenhouse-grown 

counterparts (Richez-Dumanois et al. 1986), with no significant effect on the cannabinoid 

contents of high-THC genotypes (Chandra et al. 2010; Piunno et al. 2019).  Regulations 

surrounding the production and consumption of Cannabis have since relaxed, creating an 

increased need and opportunity to explore the application of plant biotechnologies in the 

Cannabis industry.  However, without robust and reproducible in vitro regeneration systems the 

widespread application of plant biotechnologies remains unfeasible.   

The majority of C. sativa, micropropagation studies rely on shoot multiplication from 

existing meristems found in the apical and axillary buds (Monthony et al. 2021b).  Numerous 

protocols report regeneration from meristematic tissues at levels greater than 70% (Lata et al. 

2009c; Chandra et al. 2010; Smýkalová et al. 2019; Wróbel et al. 2020), with the most effective 

of these protocols relying on existing meristems found in the nodal tissues of vegetative cuttings.  

In vitro cultures of these tissues can be used to establish MSC, which have been reported to 

produce upwards of 9 to 13 shoots from a single nodal segment (Chandra et al. 2010; Smýkalová 

et al. 2019).  Unfortunately, most existing protocols are based on a single high-THC genotype of 

C. sativa.  Often the most successful methods have used the genotype MX from the University of 

Mississippi (Lata et al. 2009a, c, 2010b, a).  Recent evidence suggests that micropropagation 

protocols developed using a single genotype of C. sativa may not be transferable to other 

genotypes, culminating in dramatically lower multiplication rates (Page et al. 2021).  Notably, 

most micropropagation protocols published in the United States are developed with Cannabis 

supplied by the University of Mississippi, who is funded through the National Institute on Drug 

Abuse (NIDA) as the sole licensed facility to supply Cannabis for research purposes in the 

United States (Vergara et al. 2017; Schwabe et al. 2019).  There is mounting evidence that 

NIDA supplied Cannabis may not be representative of the broader population of Cannabis 

which can be obtained from commercial producers (Vergara et al. 2017, 2021; Schwabe et al. 

2019), and given this apparent discrepancy it is unknown if methods developed using NIDA 

supplied Cannabis will work effectively for commercially relevant genotypes.  

Plant biotechnologies such as inter-specific hybridization via protoplast fusion or targeted 

genome editing using CRISPR-CAS9 have been well established in many commercially 

important plant species.  However, these technologies have not been successfully applied in C. 

sativa due to a lack of reliable and robust regeneration protocols that are required to regenerate 

plants from somatic cells or protoplasts (Schachtsiek et al. 2018).  In addition to applications in 

biotechnologies, regeneration from somatic tissues would increase multiplication rates due to the 

wider range of responsive tissues compared to MSCs, and could be valuable for 

micropropagation.  Although most published methods using non-meristematic tissue of Cannabis 

report low levels of regeneration (Mandolino and Ranalli 1999; Ślusarkiewicz-Jarzina et al. 

2005; Plawuszewski et al. 2006; Wielgus et al. 2008; Movahedi et al. 2015; Piunno et al. 2019; 

Galán-Ávila et al. 2020), a three-part regeneration system reported by Lata et al. (Lata et al. 

2010a) has shown success in leaf explants from a high-THC genotype, MX.  In this protocol, the 

authors report optimized callogenesis on MS medium (Murashige and Skoog 1962) with 0.5 μM 

of NAA and 1.0 μM TDZ.  Regeneration was most successful by transferring cultures to MS 

medium with 0.5 μM TDZ, resulting in 96.6 % of cultures responding with an average of 12.3 
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shoots per culture (Lata et al. 2010a). Rooting was subsequently achieved on medium consisting 

of half-strength MS salts and 2.5 μM IBA (Lata et al. 2010a).   

As with many shoot induction methods, this protocol was only tested on MX, but the authors 

suggest their methodology may be suitable for both male and female plants of any other 

genotype in the species (Lata et al. 2010a).  Despite the publication of this protocol over a 

decade ago and the implications it has for advances in Cannabis biotechnology, it has not been 

replicated in subsequent publications by any independent research groups or the original authors. 

There has been an increasing awareness of what is dubbed the ‘reproducibility crisis’ in scientific 

literature and over 50% of biologists have reported that they have failed to reproduce published 

research (Baker and Penny 2016).  This crisis has been attributed to structures in academia that 

base hiring of faculty, promotion and tenure on the novelty, impact and volume of published 

literature and to journals who strive to publish “ground-breaking” research often resulting in the 

refusal to publish validation or replication studies, especially those studies showing negative 

results (Baker and Penny 2016; Smaldino and McElreath 2016; Munafò et al. 2017). The 

incentivization of novel results arising from clean research narratives has been linked to 

incomplete reporting of methodologies and the omission of negative results (Munafò et al. 2017) 

and with a rising number of retractions occurring each year (Steen et al. 2013) there is a case for 

more accountability through replication studies and ‘open data’ initiatives.  These 

aforementioned incentives promote novel results with succinct storylines at the expense of robust 

reporting of methodologies and conducting replication studies.  Publication of replication studies 

is necessary and can prove especially beneficial to emerging fields such as Cannabis 

micropropagation where the body of literature is limited, and existing studies are based on a 

narrow genetic base from relatively few research groups.  

As the regulatory landscape evolves to facilitate research in this nascent field, there is 

growing interest in Cannabis regeneration (Figure 1.5) and an increasing need for reliable 

methods.  Despite growing interest, the number of drug-type genotypes used in protocol 

development has historically been very low (Lata et al. 2010a; Farag 2014; Movahedi et al. 

2015; Piunno et al. 2019) and only recently have five or more genotypes been included in a 

single study (Codesido et al. 2020; Page et al. 2021).  In stark contrast, regeneration studies on 

commercial hemp varieties can boast up to 12 genotypes and has identified significant genotypic 

variability (Mandolino and Ranalli 1999). Generalizing conclusions based on single-genotype 

studies has faced scrutiny, and this is particularly poignant given the chemical and genetic 

differences identified between the genotypes used for research purposes and commercially 

relevant germplasm (Vergara et al. 2017, 2021; Schwabe et al. 2019).  Despite growing evidence 

of the diversity of Cannabis, there have been limited in vitro attempts to assess the effects of this 

genetic diversity on replicability of existing tissue culture methods (Page et al. 2021).  The 

objective of this study was to replicate the Lata et al., 2010 methods as closely as possible across 

10 different genotypes to assess the reproducibility of this protocol and to provide insight into 

the variability in genotypic response. 
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4.3 Materials & Methods 

4.3.1 Regeneration from Leaf-Derived Explants 

4.3.1.1 Plant Material 

All leaf material was sourced from in vitro Cannabis shoots maintained within a long-

term in vitro germplasm at the University of Guelph.  All explants used in this experiment were 

from Stage 2 in vitro grown shoots maintained as described previously (Monthony et al. 2021b; 

Page et al. 2021).  The plants were in a state of vegetative growth for at least 6 months and 

routinely subcultured every 4-6 weeks.  The clonal genotypes used in the study (GRC, U22, U31, 

U37, U38, U42, U61, U82 and U91) were obtained from Hexo Corp. (Gatineau, Quebec) and the 

heterogenous seed-derived genotype (RTG) was obtained from RotoGrow (Bolton, Ontario). 

Prior to the experiments all plants had been maintained on semisolid medium composed of DKW 

nutrients (PhytoTech Labs, Lenexa, KS, USA), 3 % (w/v) sucrose and 6 g/L agar in a controlled 

atmosphere growth chamber, under a 16-hr photoperiod at 25 °C. These plants were maintained 

in We-V boxes (We Vitro Inc., Guelph, ON) each containing between 8 and 12 female explants.  

To ensure consistent sampling,  leaf explants were taken from young, fully expanded leaves 

found no lower than 3 nodes below the apical tip of the shoot.  The first experiment included two 

drug-type genotypes: GRC and RTG. After these two genotypes failed to regenerate, the protocol 

was repeated using a more comprehensive genetic pool of 10 unique genotypes. For the second 

replication of the experiment, GRC and RTG were selected again, alongside 8 additional clonal 

genotypes: U22, U31, U37, U38, U42, U61, U82 and U91.    

4.3.1.2 Media Preparation 

The control medium (MS-0) consisted of Murashige & Skoog (Murashige and Skoog 

1962) (MS; M524 PhytoTech Labs) nutrients, 3% (w/v) sucrose, 0.8% (w/v) type E agar (Sigma-

Aldrich, St. Louis, MO), and pH adjusted to 5.7 using 1 M NaOH and 1 M HCl (Lata et al. 

2010a). The callus induction medium (hereafter referred to as LT-C) consisted of MS (M524; 

PhytoTech Labs) nutrients, 3% (w/v) sucrose, 0.8% (w/v) type E agar (Sigma-Aldrich), 0.5 µM 

NAA (Sigma-Aldrich), and 1.0 µM TDZ (Caisson Laboratories, Inc., Smithfield, UT) adjusted to 

a pH of 5.7 (Lata et al. 2010a).  The shoot induction medium (hereafter referred to as LT-S) 

consisted of MS (M524; PhytoTech Labs) nutrients, 3% (w/v) sucrose, 0.8% (w/v) type E agar 

(Sigma-Aldrich), 0.5 µM TDZ (Caisson) and adjusted to a pH of 5.7 (Lata et al. 2010a).  Each 

glass culture vessel (9.05 cm high × 5.8 cm diameter baby food jars; PhytoTech Labs) contained 

25 mL of media which were sterilized by autoclaving for 20 minutes at 121°C and 18 PSIG.   

4.3.1.3 Callogenesis  

Callogenesis was carried out on LT-C media, along with MS-0 as a negative control.  

Since some details of explant preparation and culture methods were not specified in the original 

protocol published by Lata et al. (2010a), decisions were made based on the information 

provided (See Table 4.1 for specific comparison of methods).  Leaf explants were excised into 1 

cm2 squares using a sterile scalpel in a biological safety cabinet. All leaf explants were taken 

along the central axis of the leaflet, so as to include mid-rib tissues (Figure 4.2A) and excluded 
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petioles.  The abaxial side of one explant was carefully placed onto the medium in each glass jar 

culture vessel and gently tapped down to the surface of the media to maximize contact and 

mitigate unwanted movement while handling. Ten explants of each genotype were assigned to 

each treatment (n=10). The capped jars were wrapped twice with Micropore™ tape (3M™, St. 

Paul, MN), randomized, and placed together in a controlled atmosphere growth chamber, under a 

16-hr photoperiod at 25 °C.  Photosynthetically active radiation (PAR) and light spectral data 

(Figure A. 1) were obtained using an Ocean Optics Flame Spectrometer (Ocean Optics, FL, 

USA).  The average PAR of the experimental area (Figure A. 2) was 48.74 ± 3.53 μmol s-1 m-2. 

Explants were maintained under these conditions for 8 weeks and checked weekly for callus 

development.  Callus mass and percent response were measured after 8 weeks of culture on LT-

C and prior to moving calluses to the shoot initiation medium.  

Table 4.1  Experimental conditions used in the current study and compared with those 

reported by Lata et al. (2010a).  N.S.- not specified; N/A- not applicable.* Values reported as 

standard error of the mean.  

Experimental 

Condition 
Current Study Lata et al. (2010) Comment 

Plant material and Preparation 

Genotype 

Clonal Genotypes:  

U22, U31, U37, U38, 

U42, U61, U82, U91 

and GRC 

 

Heterogenous (seed 

derived) Plants: RTG 

Clonal Genotype: 

MX 

MX described as a 

high THC elite 

female clone (Lata et 

al. 2010b, a). 

 

See Fig 3. for the 

genotypes used in the 

current study. 

Explant Source 

 

Young, fully 

expanded in vitro 

leaves, found no 

lower than 3 nodes 

below the shoot apex. 

Young ex vitro leaves 

from plants grown in 

a controlled 

environment growth 

room. 

Criteria for selecting 

leaves (location, ages, 

etc.) N.S. in Lata et 

al. (2010). 

Explant Type and 

Preparation: 

Young leaves, cut 

into squares using 

sterile disposable 

scalpels. 

Young leaves 

Explant preparation 

not specified in Lata 

et al. (2010). 

Explant Size: 100 mm2 0.5-10.0 mm N/A 
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Table 4.1 Cont. 

Experimental 

Condition 
Current Study Lata et al. (2010) Comment 

Culture Conditions 

Light Type: LED Fluorescent 

Type of fluorescent 

not stated by Lata et 

al. (2010) 

Photoperiod: 16 h 16 h N/A 

Light Intensity: 

 

48.74 ± 3.53 μmol s-1 

m-2 
~ 52 μmol s-1 m-2 N/A 

Light Spectrum: 

 
See Figure A. 1 N.S. 

Light spectra were 

not provided by Lata 

et al. (2010) 

Vessel Type: 

5.8 cm × 9.05 cm 

baby food jars with 

magenta B caps. 

4 cm × 9.5 cm baby 

food jars with 

magenta B caps. 

N/A 

Media Composition and Preparation 

Basal Salt: 

Murashige and 

Skoog’s medium 

(Product ID: M524; 

PhytoTech Labs) 

Murashige and 

Skoog’s medium 

(supplier unknown) 

N/A 

Plant Growth 

Regulators 

0.5 µM NAA 

(Sigma-Aldrich) 

1.0 µM TDZ 

(Caisson 

Laboratories, Inc.) 

0.5 µM NAA 

1.0 µM TDZ 

(Sigma-Aldrich) 

 

N/A 

Gelling Agent 
0.8% (w/v) type E 

agar (Sigma-Aldrich) 

0.8% (w/v) type E 

agar (Sigma-Aldrich) 
N/A 

pH 5.7 5.7 N/A 

Sterilization 
20 minutes at 121°C 

and 18 PSIG. 

Media was sterilized. 

(conditions N.S.) 
N/A 

 

4.3.1.4 Shoot Initiation and Rooting 

To initiate shoot organogenesis from the calluses, 8-week-old calluses cultured on LT-C 

were moved to baby food jars containing 25 mL of LT-S medium and maintained under the 

previously described conditions. Control explants from the callogenesis phase (grown on MS-0) 

were subcultured to baby food jars containing 25 mL of new MS-0 media following 8 weeks of 

culture.  In the original study by Lata et al. (2010a), callus cultures were maintained on LT-S 

until shoots exceeded 2.5 cm in height at which point they were moved to a root induction 

medium (Lata et al. 2010a).  In the present study, no calluses underwent shoot regeneration 

within the 4 months that they were maintained on LT-S and calluses which had died (Figure 
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4.2B), or had stopped growing were considered to be non-responsive and destroyed after four 

months (for more information see: “4.4.2 Recalcitrance of Cannabis to Shoot Induction 

Medium”).   

4.3.2 Simple Sequence Repeat (SSR) Analysis of Cultivars 

4.3.2.1 Plant Material 

Fresh stem tissue obtained from in vitro grown explants was used for all DNA extractions.  

For each clonal genotype (U22, U31, U37, U38, U42, U61, U82, U91 and GRC) three separate 1 

cm stem segments, each obtained from three separate clonal explants were pooled. Due to the 

heterozygous nature of the RTG plants, a 2 cm segment was taken from each of the twelve in 

vitro explants used in both experiments and each of these 12 samples were processed separately.  

The approximate weight of each of these fresh tissue samples was 100 mg.  

4.3.2.2 DNA Extraction 

DNA extraction was performed using NucleoSpin® Plant II Mini (Macherey-Nagel, Dürin, 

Germany) as per manufacturer’s instructions with minor modifications.  The following 

modifications were made to the manufacturer’s procedure:  PL1 and RNase A buffers were 

added to tissue samples in a 2 mL microcentrifuge tube prior to homogenizing. Samples were 

homogenized using a SPEX SamplePrep 1600MiniG® homogenizer (SPEX, Metuchen, NJ) at 

1500 rpm for 1 minute.  Following homogenization samples were briefly centrifuged to settle the 

lysate.  Samples were gently resuspended and incubated for 15 minutes at 65 °C and extraction 

was subsequently performed as per manufacturer’s instructions. Extracted DNA was stored at -

20 °C prior to SSR analysis.  

4.3.2.3 SSR Genotyping 

Purified DNA was thawed at 4 °C and gently vortexed prior to quantification. DNA 

concentration and purity were measured with a NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific, Waltham, MA).  Eleven SSR markers (Table 2) developed by Alghanim & Almirall  

were used for genotyping (Alghanim and Almirall 2003).  PCR amplification was performed 

based on the Schuelke method (Schuelke 2000).  Each PCR reaction consisted of: 3 µL 20% 

trehalose, 4.92 µL of molecular-grade H2O, 1.8 µL 10X PCR buffer (MgCl2), 3 mM dNTP mix, 

0.12 µL of 4 μM M13-tailed forward primer, 0.48 µL of 4 μM reverse primer, 0.48 µL of 4 μM  

“universal” M13 primer labeled with VIC fluorescent dye (Applied Biosystems, Foster City, 

CA), 0.2 µL of 5.0 U µL-1 taq polymerase (Sigma Jumpstart™, Sigma-Aldrich, St. Louis, MO), 

and 3 L of template DNA for a total reaction volume of 15 µL.  Amplification reactions were 

performed using thermocyclers (Eppendorf MasterCycler®, Hauppauge, NY).  The conditions of 

the PCR amplification are as follows: 94 °C (5 min), then 30 cycles at 94 °C (30 s)/56 °C (45 s) 

/72 °C (45 s), followed by 8 cycles at 94 °C (30s)/53 °C (45S)/ 72 °C (45 s), followed by a final 

extension at 72 °C for 10 minutes. Following the PCR reaction, plates were held at 4 °C at the 

cycle’s end and subsequently stored at -20 °C until sequencing.  Fragment analysis of the 

completed PCR products was done using an Applied Biosystems® 3500 Genetic Analyzer 

(ThermoFisher, Waltham, MA).  A dye-labeled size standard (GeneScan 500-LIZ, Life 
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Technologies, Burlington, ON, Canada) was used as the internal size standard, and PCR 

fragment sizes were determined using a DNA fragment analysis software (GeneMarker, 

SoftGenetics LLC, State College PA).   

4.3.2.4 SSR Data Processing 

SSR data was analyzed and sorted using GeneMarker (SoftGenetics LLC, State College 

PA).  Results of the SSR allele-call analysis were organized via Microsoft Excel (Microsoft 

Corp., WA, USA) and imported into GraphicalGenoTyping (GGT 2.0, Wageningen University, 

NL) and a relative genetic distance matrix was developed to compare pair-wise distance values. 

This matrix was visually represented as a NJ dendrogram (Figure 4.1). 

 

 

Figure 4.1  NJ dendrogram depicting relative genetic relatedness across selected cultivars.  

A visual representation of the relative genetic distance matrix presented as a NJ dendrogram. 

Data was analyzed using GeneMarker, organized in Excel, and visualized using GGT. Nine 

genotypes were clonal:  U22, U31, U37, U38, U42, U61, U82 and U91.  RTG, which was seed 

derived, used a random sample of ten explants which were numbered chronologically (RTG 1-

10). 
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4.3.3 Experimental Design and Statistical Analysis 

Regeneration experiments were two-way cross-classified factorials with a completely 

random design testing two factors: genotype and media.  The first experiment was a 2×2 factorial 

design testing two genotypes (GRC and RTG) against the previously described media MS-0 and 

LT-C according to the methods laid out by Lata et al. (Lata et al. 2010a).  The experiment was 

replicated as a 10×2 two-way cross-classified factorial with the inclusion of 8 additional 

genotypes (U22, U31, U37, U38, U42, U61, U82, U91) in addition to GRC and RTG.  Both 

analyses were carried out according to the following statistical model: 

 

𝑦 = μ + 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 + 𝑚𝑒𝑑𝑖𝑎 + 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 × 𝑚𝑒𝑑𝑖𝑎 +  𝑒 (4.1) 

Where y is the measured response variables (callus mass, percent regeneration) 

Where µ is the overall mean of the response variable 

Where genotype and media are the fixed effects 

Where e is the residual error 

Each treatment consisted of 10 experimental units (glass culture vessels; n=10), each 

containing one explant (sampling unit).  All statistical analyses were performed using SAS 

Studio software (v9.4, SAS Institute Inc., Cary, NC, USA).  The ANOVA was performed using 

PROC GLIMMIX and a means comparison of the callus mass of responding treatments was 

obtained using the LSMEANS statement (α=0.05).  Missing data (due to contaminated cultures) 

were replaced with ‘.’ in the dataset and were not processed by PROC GLIMMIX. Multiple 

comparisons were accounted for by a post-hoc Tukey-Kramer Test. Visual presentation of the 

SAS data were prepared using Microsoft Excel® (Microsoft Corp., WA, USA).   

4.4 Results & Discussion 

4.4.1 SSR Reveals Selected C. sativa Genotypes as Distinct 

 SSR analysis identified all 10 genotypes as genetically unique (Figure 4.1), and organized 

into three predominant clusters. As expected, the most closely related samples were found within 

the seed-derived lineage of RTG-X, however samples RTG-7 and RTG-8 were identified as 

outliers and support the argument that Cannabis seed is highly heterogeneous. Clustering 

patterns also suggest genetic relatedness between U3X and RTG-X groups. The information 

displayed in (Figure 4.1) demonstrates that the material used in this study represents genetically 

distinct genotypes of C. sativa. 

4.4.2 Recalcitrance of Cannabis to Shoot Induction Medium  

The aim of this study was to replicate the regeneration protocol from leaf derived callus as 

published by Lata et al. (2010) and assess its robustness across multiple genotypes as closely as 

possible.  However, it should be noted that some aspects of the published method could not be 
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accurately replicated due to a lack of detail in the original method and some regulatory 

restrictions, and these differences could have impacted the outcome.  A comprehensive 

comparison of methods is presented in Table 4.1.  In our hands, callus was successfully induced 

in all 10 genotypes (Figure 4.2C-E), however the subsequent transfer of calluses to shoot 

induction medium failed to initiate shoot organogenesis in any of the 10 tested genotypes (Figure 

4.2F-H).  As such, it can be concluded that either this method is not suitable for inducing de novo 

regeneration across different genotypes, or that one or more of the details that could not be 

accurately replicated (Table 4.1) are critical for success.  Regardless, these data highlight 

previous observations that Cannabis is a relatively recalcitrant species (Andre et al. 2016; Galán-

Ávila et al. 2020; Wróbel et al. 2020; Monthony et al. 2021b; Page et al. 2021) and care must be 

taken to include multiple genotypes and detailed descriptions of experimental designs to ensure 

reproducible methods.  
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When calluses developed on LT-C medium were transferred to LT-S medium (Lata et al. 

2010a), no shoot organogenesis was observed and callus health declined.  This was characterized 

by browning of medium and calluses, and death within four months of transfer (Figure 4.2F-H).  

The callus induction rate was 100% across all 10 tested genotypes grown on the LT-C medium 

(Table B. 8), which is comparable to the callusing rate reported by Lata et al. (Lata et al. 2010a). 

Callus formation was observed as soon as one week after induction in the earliest genotype, with 

Figure 4.2  Explant and callus morphology over the course of callus and shoot induction 

phase of the replication study.  A) Representative photograph illustrating the size, colour and 

portion of the leaf used as leaf explants for callus induction.  Midribs but not petioles are 

included during the dissection of the ~ 1 cm2 leaflet. B) Necrotic callus of C. sativa cv. RTG 

after 4 months on LT-S medium. C) Cream coloured, friable callus formed from the mid rib of 

the still green leaf explant (pictured) of C. sativa cv. U91, one month after culture LT-C medium. 

D) Green, nodular callus of C. sativa cv. U61, one month after culture LT-C medium. E) Friable 

callus of C. sativa cv. RTG, two months after culture on LT-C medium, prior to transfer to shoot 

induction medium. F) Callus browning in C. sativa cv. U61 two months after transfer of callus 

onto LT-S medium. G) Some two-month-old callus on LT-S media showed only slight signs of 

browning with creamy and green nodular callus still present, pictured: cv. U82. H) Browning 

was ubiquitous across all cultivars following four months on LT-S medium, as seen by in cv. 

U82. I) Control leaf explants cultured on MS-0 media failed to callus, as shown by brown and 

dead leaf explant from cv. GRC. Scale bar in all photographs = 0.5 cm. 
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all genotypes producing callus within two weeks.  All genotypes continued to grow callus during 

the two-month callus induction phase (Figure 4.2C-E).  No callus formation was observed in any 

leaf explants of the 10 genotypes cultured on the control medium (MS-0) and within 2-month of 

transfer onto fresh MS-0, all control explants turned brown and died (Figure 4.2I).   

Callusing in the absence of PGRs is uncommon in Cannabis. Similarly, Lata et al. (2010) 

reported no callusing on MS medium without PGRs. Callus formation and appearances have 

previously been shown to vary across C. sativa genotypes.  Early work from Mandolino & 

Ranalli (1999)  found that embryonic callusing was possible in leaf tissues of 12 hemp 

genotypes.  However, leaf tissues failed to regenerate in most cases, with only hypocotyls from 

one of the 12 tested genotypes regenerating (Mandolino and Ranalli 1999).  Ślusarkiewicz-

Jarzina et al. (2005) similarly reported that callogenesis frequency and appearance varied in their 

screening of explant tissues for organogenic potential in 5 hemp genotypes.  They reported that 

young leaves are most responsive to callusing with 52% of explants responding, however only 

1.35% of the calluses regenerated (Ślusarkiewicz-Jarzina et al. 2005).  The results of our study 

confirm that the tested LT-C medium was more effective than previous methods at inducing 

callogenesis, reaching 100% response across all 10 tested genotypes.  This high response rate 

compared to previous callogenesis studies on hemp could indicate that drug-type genotypes are 

more responsive to callusing than some industrial hemp genotypes, or that the medium itself is 

more effective, and future studies to understand how industrial hemp and drug-type genotypes 

vary in their callogenesis response are warranted.  

Little is known about the effect of genotype on callogenesis and regeneration of drug-type 

C. sativa.  To our knowledge, this study represents the largest attempt to replicate an existing C. 

sativa regeneration protocol, and expands upon the original paper’s scope by incorporating 10 

SSR-characterized genotypes of C. sativa.  Although we found that callusing was obtained on 

LT-C medium across all 10 tested genotypes, rates of callogenesis were genotype specific 

(Figure 4.3 and Figure A. 3).  The average mass of callus differed significantly among genotypes 

with the most responsive, U61 producing ~4.5-fold more callus than the least responsive 

genotype, RTG (Figure 4.3).  Callus appearance also varied across genotypes from a friable 

creamy colour (Figure 4.2C) to hard nodular green callus (Figure 4.2D).  These differences were 

apparent within a month of callus induction.  Callus growth persisted for the duration of the 

callus induction phase (2 months; Figure 4.2E). Our findings that callus formation is not uniform 

across the genotypes tested suggests that the response is not universal across C. sativa genotypes, 

which could also reflect regenerative capacity.  Piunno et al. (2019) tested regeneration potential 

from three drug-type genotypes and achieved callogenesis and low levels of regeneration in 2/3 

of the genotypes, but was unclear from this initial report if this was de novo regeneration or 

proliferation of existing meristems (Piunno et al. 2019).  A subsequently published study showed 

that shoot proliferation from C. sativa inflorescences occurs from existing meristematic tissues 

rather than occurring via de novo (Monthony et al. 2021a). A genotype effect was also 

demonstrated by Wielgus et al.(2008) in industrial hemp, who demonstrated that while a 

callogenesis response existed across the species, the ability to regenerate was genotype specific 

(Wielgus et al. 2008).  These findings were echoed by Chaohua et al., who found that the 

regeneration response was partly genotype dependent (Chaohua et al. 2016). 
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High callusing levels are not uncommon in Cannabis despite low to no regeneration.  It 

has been suggested that these high callusing levels are due to elevated levels of endogenous 

auxins, further supported by the strong apical dominance and rooting capacity of the species 

(Smýkalová et al. 2019). Regeneration of explants from somatic tissue requires the right auxin: 

cytokinin ratio.  High endogenous levels of auxin may contribute to callus production across 

the10 tested genotypes, but no regeneration occurred; however, further research is required to 

evaluate this hypothesis  The variability in cultivars response to MS media with TDZ for 

callogenesis and regeneration was recently demonstrated by Chaohua et al. (2016) whose 

callogenesis and shoot induction protocol used MS medium supplemented with TDZ and NAA 

for both callogenesis and shoot induction, rather than separate callogenesis and shoot induction 

media as proposed by Lata et al. (2010a). Media reduces the shoot induction period previously 

reported by Lata et al. from 2 months to 4 weeks, however rates of regeneration are considerably 

lower (Chaohua et al. 2016). Work by Page et al. (2021) has shown that the use of DKW basal 

salts with TDZ (Driver and Kuniyuki 1984) may promote increased levels of callogenesis in 

some Cannabis genotypes, suggesting that the interaction between media composition and 

genotype may affect the formation of callus and subsequent regeneration potential. Smýkalová et 

al. (2019) and Wróbel et al. (2020) have also suggested that frequent subculture is required in 

Figure 4.3  Average callus mass (g) produced by a 1 cm by 1 cm leaf square following 2 

months on LT-C media.  All 10 genotypes showed a callus response.  Control media contained 

no PGRs and did not induced callus in any of the genotypes. Same letters indicate that means 

were not significantly different at p=0.05 as determined by a Tukey-Kramer multiple 

comparisons test.  Error bars represent standard error of the mean, n=10. 
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order to maintain the regenerative potential of callus cultures of Cannabis; however, as no 

mention of subculturing during callus or shoot induction phases was made in the author’s 

original work, they were not performed in this replication study (Lata et al. 2010a).  

Within 2 months of culture onto the LT-S medium calluses began producing phenolic 

compounds in the media (Figure 4.2F), a response indicative of stress.  It is important to note that 

a smaller number of explants showed a plateau in growth and no signs of stress (Figure 4.2G).  

By 4 months on the LT-S media, most calluses showed signs of necrosis and tissue browning 

(Figure 4.2H), while those not producing phenolics were considered to be non-responsive to the 

shoot induction treatment as replicated from Lata et al. (2010a) and were destroyed.  The 

possibility remains that frequent subculturing, as suggested by Smýkalová et al. (2019) and 

Wróbel et al. (2020) may have reduced the stress of cultures and helped promote regeneration in 

this study.  Although outside of the scope of this replication study, we suggest that future C. 

sativa regeneration studies assess the effect of subculturing on regeneration from somatic tissues.   

4.5 Limitations of This Study 

The hallmark of a reproducible protocol is the thorough and complete reporting of the 

materials and methods.  As has already been mentioned, efforts were made to replicate the 

conditions described by Lata et al. (2010a), however; a number of critical details were omitted in 

the original publication, making a complete replication of the study impossible. These included 

the frequency of subculture (if any) during the stages of growth, light spectra used, growth 

conditions of the source plants, and details on explant preparation (Table 4.1).  Light spectra 

have been shown to play an important role in the induction regeneration from calluses in many 

species (D’Onofrio et al. 1998; Morini et al. 2000; Ascencio-Cabral et al. 2008; Mengxi et al. 

2011) and inclusion of spectral information is important to the accurate replication of a study on 

the induction of explant regeneration from somatic tissues (see Figure A. 1 and Figure A. 2 for 

further information on the light spectrum used and how PAR was measured).  Tissue type plays 

an important role in regeneration and the methods presented in the 2010 protocol did not include 

sufficient details about the preparation of the leaf explants:  neglecting to specify which tissue 

types, such as mid-ribs or petioles, were included in leaf explants; how the leaf explants were 

excised, and what position within canopy of the source plant they were collected from.  As with 

any multi-lab replication, there are conditions which cannot be accounted for and this is 

particularly true for heavily regulated plants such as Cannabis.  For example, the MX genotype 

from NIDA and the University of Mississippi used by Lata et al. (2010a) was omitted in this 

study, as it is not commercially available.  Regardless of this omission, the authors of the 2010 

study suggest that their methods were robust and should work for Cannabis in general (Lata et 

al. 2010a).  However, this suggestion is inconsistent with emerging evidence from genetic, 

morphological and chemical studies of Cannabis showing considerable variation within 

commercially available Cannabis populations (Vergara et al. 2017, 2021; Schwabe and 

McGlaughlin 2019; Jin et al. 2021).  Furthermore, recent evidence has highlighted that NIDA 

supplied genotypes are chemically and genetically distinct from many commercially available 

drug-type Cannabis genotypes (Vergara et al. 2017, 2021; Schwabe et al. 2019).  Together, these 

factors raise questions about the applicability of this protocol in commercially relevant drug-type 

genotypes.  
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Another potential cause for the observed recalcitrance could be the use of in vitro grown 

leaves rather than leaves collected from a controlled environment setting (Lata et al. 2010a).  In 

vitro grown leaves were used in the present study due to legal restrictions preventing the use of 

greenhouse leaves in our research facilities at the time.  This discrepancy could also contribute to 

the recalcitrance, but further research is needed.  The outcome of this replication study may have 

also been influenced by what in vitro plant researchers have described anecdotally as “the local 

effect”, wherein in vitro plant growth and responses vary between locations, lab environments or 

seasons despite the fact that they are maintained in vitro under controlled conditions.  These local 

effects are speculated to be responsible for reducing the efficacy of well established methods 

when replicated in different locations.  Although care was taken in the current study to closely 

replicate the methods set out by Lata et al. (2010a) it is possible that any one, or several of the 

differences we have highlighted (Table 4.1) could be critical for success and that regeneration 

could be achieved if they were addressed.  As such, the lack of reproducibility found here could 

be a result of minor differences in our methodology instead of, or along with genotypic 

variability. 

Despite these differences, we highlight that the protocol is difficult to reproduce and 

suggest that many genotypes of C. sativa may show recalcitrance to existing regeneration 

protocols.  Recalcitrance of select genotypes to in vitro regeneration has been well documented 

across multiple agronomically important crops such as cotton, cereals and legumes and many 

studies have attempted to elucidate the underlying cause (Khan et al. 2010; Ochatt et al. 2010; 

Hossein Pour et al. 2020).  Despite decades of research, the factors involved in genotype specific 

recalcitrance in some species still elude researchers, forcing breeders to rely on backcrossing 

with more competent genotypes for the introduction of traits into recalcitrant cultivars of high 

agronomic value.  As the development of future C. sativa regeneration protocols continues, 

incorporation of multiple genotypes is paramount to understanding the scope of recalcitrance in 

the species and potentially identifying responsive genotypes for breeding purposes.     

4.6 Conclusion 

This replication study is the first independent validation of the methods put forth by Lata et 

al. (2010a) and expands beyond the scope of the original study by testing the method’s 

replicability across 10 genetically unique drug-type Cannabis genotypes.  We show that the most 

successful callus induction medium (MS with 1.0 μM TDZ+0.5 μM NAA) proposed by Lata et 

al. effectively induced callus growth in all 10 tested drug-type Cannabis genotypes, although the 

callus growth and quantity was found to be species-specific.  Despite the successful induction of 

callus using their 2010 method, we were unable to successfully initiate regeneration by 

transferring callus to MS medium supplemented with 0.5 μM TDZ in any of the 10 tested 

genotypes. The failure of this part of the method, which originally reported regeneration levels 

exceeding 96%, raises doubts about the original authors’ claims that this protocol can be used on 

any genotype of the species.  These findings suggest that regeneration of Cannabis from somatic 

tissues is highly genotype specific.  As new evidence emerges showing the genetic and chemical 

nonuniformity of the species, we suggest that the development of methods meant for the entire 

genus using single genotypes may no longer represent a viable path forward in Cannabis tissue 

culture.  
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5 2-aminoindan-2-phosphonic Acid Improves Protoplast Isolation 

from C. sativa Hypocotyl Callus Cultures  

5.1 Abstract 

Regeneration of C. sativa remains unreliable and infrequent. Conventional methods for 

the regeneration and transformation of Cannabis have not achieved the reliability and 

replicability needed to be integrated into research and breeding programs.  Protoplast systems are 

effective for gene expression studies, transformation and genome editing technologies, and opens 

the possibility of somatic hybridization to create interspecific hybrids. To date, protoplast have 

been isolated from leaf tissues, but no steps toward regeneration have been reported.  The present 

study aims to test the efficacy of using a callus culture system for protoplast isolation and to lay 

the groundwork for a protoplast-to-plant regeneration system.  Using hypocotyl-derived callus 

cultures of C. sativa cv. Finola, which are known to have regenerative potential, the efficacy of 

protoplast isolation and initial cell division were assessed. In this study, the effect of AIP in 

callus culture media and the effect of subculture frequency on protoplast yield were assessed. 

This study found that inclusion of AIP at 1 mM resulted in a 334% increase in protoplast yield 

compared with AIP-free media, representing the first known use of AIP in Cannabis tissue 

culture. Inclusion of AIP led to a 28% decrease in total soluble phenolics and 52% decrease in 

tissue browning compared to the control medium. Lastly, a two-phase culture system for 

protoplast regeneration was tested.  At a concentration of 2.0×105  protoplasts per mL, division 

was observed, providing the first know report of cell division from Cannabis protoplasts and 

setting the stage for future development of a protoplast regeneration system.   

5.2 Introduction 

The increased interest in C. sativa tissue culture research has unearthed a variety of 

challenges with growing this species in vitro. Considerable genetic variability coupled with 

unknown pedigrees driven by clandestine breeding programs has been suggested to cause the 

highly variable outcomes in C. sativa regeneration and raises concerns about recalcitrance in the 

species (Monthony et al. 2020b, 2021b).  Tissue culture of commercial species offers numerous 

advantages such as germplasm preservation, pathogen and disease removal and is a necessary 

tool in the application of plant biotechnologies (Page et al. 2021).  However, the success of 

tissue culture is predicated on the ability to reliably tailor and adapt established tissue culture 

methods for different populations of a species.  In Cannabis, methods that can be reliably applied 

across different genotypes have not yet been standardized in the literature (Monthony et al. 

2020b, 2021b).  Despite some tissue culture methods reporting high micropropagation (See 

Table 1.1; Lata et al. 2009c, a, 2016; Monthony et al. 2021a) and regeneration rates (See Table 

1.2; Lata et al. 2010a), these methods have not been adapted to other C. sativa genotypes or used 

by other research groups.  Furthermore, limited attempts to apply some of these methods have 

been less successful than the original reports (Wróbel et al. 2020; Monthony et al. 2021b; Page 

et al. 2021).  The question highlighted by these findings - what constitutes representative 

genetics for Cannabis?- has been the subject of recent investigations exploring variability at the 

chemical (Vergara et al. 2017), microsatellite (Schwabe and McGlaughlin 2019; Schwabe et al. 

2019) and whole genome level (Vergara et al. 2021) of research grade Cannabis.  In short, these 
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research groups have highlighted that much of the Cannabis produced through the National 

Institute on Drug Abuse (NIDA) for federally funded research in the United States, is chemically 

and genetically divergent from the Cannabis available for general consumption in the US 

(Vergara et al. 2017, 2021; Schwabe et al. 2019), and presumably, elsewhere in the world where 

Cannabis is legalized for consumption. These genetic and chemical differences have yet to be 

linked to morphological and biological differences which may impact the growth of the plant, 

this remains an important area of interest and likely signal different developmental and 

biochemical behaviours that will also tie into the response of plants in vitro. 

Current regeneration methods for Cannabis have proven unreliable. Research related to 

somatic embryogenesis in Cannabis is ongoing and recent work may offer a more reliable 

alternative to the existing published plant regeneration methods, however regeneration rates 

remain relatively low (Hesami and Jones 2021).  Should upcoming advances in plant 

regeneration prove successful, there will be a pressing need for Cannabis tissue culture protocols 

that can be reliably used in a plant transformation pipeline (Schachtsiek et al. 2018; Monthony et 

al. 2021b).  One approach is the development of a protoplast-to-plant regeneration system. 

Protoplasts offer researchers the ability to engage in single-cell studies, through transient gene 

expression and the potential to induce stable transformations using CRISPR-Cas9 systems 

(Beard et al. 2021).  Protoplast systems have become especially important in offering a rapid 

way to screen potential gRNAs for use in CRISPR-Cas9 genome editing at the single-cell level 

(Brandt et al. 2020) and studies on signalling cascades (Zhao et al. 2016).  CRISPR-mediated 

transformation of protoplasts has been successfully demonstrated in many commercial crops 

including grape, apple, tomato, tobacco, bamboo, rice and wheat (Malnoy et al. 2016; Lin et al. 

2018; Brandt et al. 2020).  Lately, CRISPR methods in which the sgRNAs (single guide RNA) 

and Cas9 complexes are synthesized and assembled in vitro and delivered as ribonucleoproteins 

(RNPs) into single protoplasts instead of plasmid delivery has gained popularity as researchers 

try and find ways to engage in genetic modification of crops while circumventing the red tape 

arising from regulations around GMOs (Malnoy et al. 2016; Lin et al. 2018; Brandt et al. 2020). 

An equally enticing application for protoplasts is in the generation of somatic hybrids (fused 

nuclei) or cytoplasmic hybrids (cybrids) via protoplast fusion (Bruznican et al. 2021).   

Protoplast fusion can be achieved by chemical or electrical means and can produce inter- or 

intra-specific hybrids, promising a whole host of benefits such as increased disease/pathogen 

resistance and the generation of novel plant hybrids with new commercial or medicinal value 

(Bruznican et al. 2021). Citrus, like Cannabis, is highly heterozygous which made traditional 

breeding practices challenging for citrus.  Somatic hybridization from protoplasts has been 

instrumental in providing massive gains in citrus breeding programs overcoming sexual 

compatibility between distantly related species, producing recombinant hybrids progeny with 

desired traits and even allowing for the fusion of sterile clones (Grosser and Gmitter 1990). 

However, for most of these applications there is a pre-requisite to establish a reliable protoplast 

to plant regeneration system, which has not been reported in Cannabis. 

Despite its use in many other plant species, protoplast isolation and culture in Cannabis is 

in its infancy. The first report of Cannabis protoplast isolation was by Morimoto et al. (2007); 

however, these were not cultured or regenerated as they were used in a study of cell death.  This 

remained the only report of protoplast isolation in Cannabis for over a decade until two recent 

reports of protoplast isolation methods were published (Lazič 2020; Beard et al. 2021). Beard et 
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al. (2021) established transient gene expression using a high-CBD cultivar called ‘Cherry x Otto 

II: Sweetened, however, there were no attempts to regenerate the obtained protoplasts.  

Transformation of protoplasts has been readily reported, but isolation and regeneration represent 

the main bottlenecks in the protoplast-to-plant process (Lin et al. 2018).  While protoplasts have 

been isolated from leaf tissue, regeneration is difficult from these tissues and subsequent cell 

division and regeneration may be more feasible using more responsive tissues such as hypocotyls 

(Galán-Ávila et al. 2020; Zhang et al. 2021). Isolation can be impacted by a number of factors, 

but topmost is the digestibility of the cell wall.  Plant cell walls are strengthened in large part by 

lignin (Weng and Chapple 2010; Wang et al. 2013; Fornalé et al. 2016).  Specifically, ferulic and 

chlorogenic acid have been identified as compounds that interfere with enzymatic digestion (Butt 

1985).  Targeted approaches to reduce lignin precursors produced by PAL have identified several 

competitive enzyme inhibitors including AIP.  The use of AIP in preventing oxidative browning 

in plant tissues has been linked to its inhibitory activity of PAL, and consequentially the 

reduction of monolignol subunits (Weng and Chapple 2010; Wang et al. 2013; Fornalé et al. 

2016).  The reduction in the accumulation of these phenolic compounds is postulated to improve 

cell wall digestibility. This reduction improved protoplast yield and subsequent regeneration of 

morphologically normal explants in American elm callus (Jones et al. 2012, 2015; Jones and 

Saxena 2013), whereas previous studies using American elm protoplasts from tissues such as 

leaves and cotyledons failed to divide past the first cell division or produce any plants (Lange 

and Karnosky 1981; Redenbaugh et al. 1981).  To date, the effects of AIP have not been 

explored in C. sativa plant culture or protoplast isolation.  

The development of a protoplast-to-plant regeneration system from callus creates an 

alternative path to regenerating transformed tissues, which has thus far been unsuccessful in 

Cannabis.  This study starts the initial groundwork required to develop such a method.  In 

addition to acting as an alternative regeneration system, protoplast systems have been used to 

expand our understanding of cellular development and elucidate biochemical pathways by 

enabling rapid screening of cells using through high throughput single cell studies.  Perhaps the 

most exciting use of protoplasts is somatic hybridization which could help Cannabis breeders 

develop novel inter- and intra-specific hybrids.  The advantages of a protoplast-to-plant 

regeneration system for breeding, cellular biology and biotechnology could help accelerate the 

pace of research and development in C. sativa. 

5.3 Materials & Methods 

5.3.1 Callus Culture Initiation 

Callus cultures were prepared from etiolated hypocotyl of 3-week old C. sativa cv. 

‘Finola’ seedlings.  To generate seedlings, achenes (referred to as seeds henceforth) were surface 

sterilized in 10% commercial bleach (v/v; 5.25% sodium hypochlorite; Clorox, Brampton, ON) 

and 0.1% (v/v) Tween 20 for 12 minutes, followed by three washes with sterilized deionized 

water each for 5 min in a laminar airflow cabinet (Design Filtration Microzone, Stittsville, 

Canada).  Sterile seeds were induced on germination medium as reported by Hesami et al. (2021; 

in print).  This medium consisted of 0.43× MS basal salt mixture with the van der Salm 

Modification (M5541, PhytoTech Labs, Lenexa, KS, USA; Van der Salm et al. 1994), 2.3% 
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(w/v) sucrose and 0.6% (w/v) agar (Fisher Scientific, Hampton, NH, USA).  Seeds were 

germinated in the dark for 3 weeks.   

Etiolated hypocotyls from the germinated seedlings were used to establish callus cultures.  

Callus induction media consisted of LT-C media (Lata et al. 2010a; Monthony et al. 2020b) and 

a modified LT-C media (hereafter referred to LT-AIP) containing 1 mM AIP (hydrochloride salt; 

AmBeed, Arlington Heights, IL, USA). Using a scalpel, 1 cm long segments of hypocotyl were 

placed onto ~30 mL of either LT-C or LT-AIP medium in deep dish Petri dishes (VWR 

International, Mississauga, Canada).  Petri dishes were sealed with PVC film and stored in the 

dark at 25 ℃ in a controlled environment growth chamber for 6 weeks to induce callus growth.  

After 6 weeks, calluses were subcultured and kept for another two weeks for a total callus 

initiation time of 2 months.  Following this period, LT-C and LT-AIP calluses were separated 

into two sub-groups, each containing 5 replicates (Petri dishes; n=5), of 4 callus cultures 

(pseudoreplicates) which were either subcultured onto fresh media weekly (every 7 days) or bi-

weekly (14 days) for 2 weeks prior to being used for protoplast isolation. 

5.3.2 Enzyme Preparation 

Enzyme solution used for protoplast digestion was prepared fresh for each digestion as 

described in Yoo et al. (2007) with minor modifications.  Briefly, a solution of 20 mM MES 

containing 0.4 mannitol and 20 mM KCl was prepared from stock solutions (Yoo et al. 2007) 

and adjusted to pH 5.7 using 1M KOH/HCl.  The solution was transferred to a beaker and heated 

to 70 ℃ with gentle stirring for 3-5 minutes.  Thereafter, the solution was  cooled to 55℃ and 

cell wall digesting enzymes were added incrementally until completely dissolved, taking care to 

avoid clumping of the powder or frothing of the solution. The enzymatic solution consisted of 

1.25% (w/v) Cellulase “Onozuka” R-10 (Yakult Pharmaceutical Ind. Co., Ltd., Tokyo, Japan), 

0.3% (w/v) Macerozyme R-10 (Yakult Pharmaceutical Ind. Co., Ltd.) and 0.075% (w/v) 

Pectolyase Y-23 (Kyowa Chemical Products Co., Ltd., Osaka, Japan) as reported by Beard et al. 

(2021).  The solution was incubated at 55 ℃ for 10 min to inactivate DNAses and proteases, and 

to enhance enzyme solubility. The enzyme solution was then cooled to room temperature (~25 

℃) and an aqueous solution of calcium chloride dihydrate (1M) was added to a final 

concentration of 10 mM.  Lastly, bovine serum albumin (BSA) was added from a 10 % (w/v) 

stock to achieve a final concentration of 0.1%; the enzyme solution was then brought to the final 

volume (60 mL) using distilled water and filter sterilized using a 0.2 µm nylon syringe filter.   

5.3.3 Determining Digestion Efficacy in Response to AIP and Subculture Frequency 

To assess the effects of AIP and subculture frequency on protoplast yield, a series of 

small volume protoplast digestions were performed, and the protoplast yield was quantified.  For 

each digestion, approximately 100 mg of the newest, watery, pale to cream coloured callus was 

digested in 5 mL of enzyme solution. An additional 100-300 mg of the same callus was reserved 

for total phenol analysis (see 5.3.4 Quantification of Total Phenolics and Browning).  Selected 

tissue was made into a soft paste by chopping the callus tissue with sterile razor blades.  The 

tissue slurry was then digested.  Enzymatic digestion occurred in 6-well, cell-culture grade, 

sterile polystyrene plates in the dark for 16 hours on an orbital shaker, operating at 75 rpm at an 

ambient temperature of 25 ℃.  Digests were performed for all 5 replicates of each treatment and 



 

83 

 

were repeated on a second day two weeks later for a final sample size of n=10 with each 

replicate representing a digest performed with callus sampled from a unique callus culture.  

Following the 16 hour digestion, the digests were observed under an inverted microscope 

(Axiovert 200; Carl Zeiss Canada Ltd., Toronto, Canada) to check for contamination and general 

quality.  Subsamples from each digest were assessed for protoplast density using a 

hemocytometer on a compound light microscope.  

5.3.4 Quantification of Total Phenolics and Browning 

5.3.4.1 Extract Preparation 

Extract preparation was adapted from the methods presented in Jones and Saxena (2013).  

A representative callus culture sample (i.e., using the same criteria as for digestions) was 

selected from each plate of callus (n=5), from the weekly and bi-weekly subcultured cultures 

maintained on LT-C media and LT-AIP media.  Callus samples were between 100 and 300 mg 

(depending on the amount of callus growth) and were accurately weighed using an analytical 

balance (Quintix® 124-1S, Sartorius, Göttingen, Germany) and flash frozen using liquid 

nitrogen.  For each treatment, calluses were sampled on 2 separate occasions at a 14 day interval 

for a total of 10 replicates. Flash frozen tissues were lyophilized for 24 hours (FreeZone 4.5 L 

Model 77510; Labconco, Kansas City, MO, USA).  Following lyophilization, the freeze-dried 

sample weight (hereafter referred to as ‘dry weight’) was recorded using the same analytical 

balance. Samples were finely ground in 2 mL snap cap microcentrifuge tubes using a SPEX 

SamplePrep 1600MiniG® bead homogenizer (SPEX, Metuchen, NJ, USA) at 1000 rpm for 40 

seconds.  Subsequently an aliquot of extraction solvent (1:1:1 distilled water: methanol: acetone) 

was added to each tube such that the dry weight to solvent ratio was 1:10. Samples were then 

vortexed for approximately 30 seconds, and transferred to a sonicating water bath for 1 hour.  Ice 

was added to the sonicating water bath to maintain a temperature of 27 ± 3 ℃ throughout the 

sonication process. Tubes were then removed from the sonicating water bath and centrifuged for 

6 minutes at 17700 g (Accupsin Micro 17, Fisher Scientific). The supernatant was removed and 

transferred to a new 0.5 mL snap cap microcentrifuge tube, and re-centrifuged to further separate 

any particulate.  The supernatant was collected again and used for phenolic assays.  

5.3.4.2 Extract Analysis 

Total phenols in callus was estimated using a modified Folin-Ciocalteu (F-C) assay with 

a gallic acid (Sigma-Aldrich, St. Louis, MO) standard curve (Singleton et al. 1999; Jones and 

Saxena 2013; Kupina et al. 2019).  On each day of the analysis, a stock solution of gallic acid (2 

mg/mL) was prepared in extraction buffer from which a 7 point standard curve in the range of 50 

to 1000 µg/mL of gallic acid was prepared (Figure A. 4). Analysis was conducted as described in 

Jones and Saxena (2013), with minor modifications.  To each well of a 96-well flat bottomed 

microplate (C3370, Corning Inc., Corning, NY, USA), 100 µL of F-C Reagent (MP 

Biomedicals, Santa Ana, CA, USA) was transferred followed by the addition of a 10 µL aliquot  

of the extract. Wells containing extraction buffer alone served as the no sample control (blank). 

Wells containing varying concentrations of gallic acid standard were also prepared similarly. 

Lastly, 80 µL of aqueous 0.25 M Na2CO3 was added to each well and any bubbles were carefully 

removed under a gentle vacuum.  The plate was incubated in the dark for 1 hour at 30 ℃ in a 
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microplate spectrophotometer (Epoch 2, BioTek, Winooski, VT, USA).  Following incubation, 

the plate underwent 20 seconds of orbital mixing and the absorbance was measured at 765 nm 

(Kupina et al. 2019).  

Absorbance at 340 nm was measured as a proxy for tissue browning as previously 

reported in Jones and Saxena (Jones and Saxena 2013). Ferulic acid (Sigma-Aldrich) was used as 

a standard to estimate the total phenolic content of the previously isolated extracts. On each day 

of the analysis, a stock solution of ferulic acid (2 mg/mL) was prepared in extraction buffer from 

which a 7 point standard curve in the range of 50 to 1000 µg/mL of ferulic acid was prepared 

(Figure A. 4).  Using a 96-well plate (Corning Inc.) 190 µL of extraction buffer was added to 

each well.  Subsequently, 10 µL aliquots of sample extracts, standards, or sample blanks were 

added to the wells.  The plate underwent 20 seconds of orbital mixing and the absorbances at 340 

nm of the samples were measured at 30 ℃ in a microplate spectrophotometer (BioTek).  The 

coefficient of determination for the standard curves showed strong linearity (R2>0.99) for each 

standard curve between 50 µg/mL and 1000 µg/mL in both assays (Figure A. 5, Table B. 10 and 

Table B. 11).   

5.3.5 Protoplast Isolation and Culture  

Callus tissues from each treatment were selected and prepared as described above (see 

5.3.3 Determining Digestion Efficacy in Response to AIP and Subculture Frequency).  Each 

digest was carried out in a 10 mm Petri dish (VWR International) with 15 mL of enzyme 

solution used for every 300 mg of callus tissues digested. Following the 16 hour digestion, 

protoplast purification was performed according to the methods outlined by Beard et al. (2021) 

with minor modifications. Plates were observed under an inverted microscope (Axiovert 200) to 

verify that digestion had occurred and to check for contamination. Petri dishes were moved to a 

sterile laminar flow hood and the filtrate was filtered twice, first using a 70 µm and then a 40 µM 

cell strainer. The filtrate was transferred to an appropriately sized screw cap tube and spun at 

1000 RPM (~178 G) for 10 minutes in a hanging bucket centrifuge (IEC HN-SII General 

Purpose Centrifuge, Needham Heights, MA, USA). Centrifuging the enzyme solution was 

prepared as described in 5.3.2 Enzyme Preparation, however the enzyme addition step was 

excluded (solution hereafter referred to as the matrix solution). 

Following centrifugation, the supernatant was removed, and the pellet was resuspended 

in 3 mL of matrix solution.  Purification of protoplasts was carried out using an OptiPrep 

(Sigma-Aldrich; 60% (w/v) iodixanol in water; density 1.32 g/mL) density gradient  (Figure 

5.1A). The protoplast suspension was added at a proportion of 3 mL of suspension to 2 mL of 

filter sterilized OptiPrep working solution (WS; 0.4 M mannitol in OptiPrep), resulting in a 40% 

OptiPrep solution.  The OptiPrep WS was gently mixed with the protoplast suspension until 

homogenous using a sterile serological wide-mouthed pipette. Once homogenous, this mixture 

was transferred to an appropriately sized screw cap tube and was overlayered with 3 mL of a 

20% OptiPrep solution (0.6 mL OptiPrep WS +2.4 mL matrix solution).  A final layer consisting 

of 3 mL of the matrix solution was added before centrifugation at 178 G for 10 minutes. 

Following centrifugation, the band containing the protoplasts at the interface between the 20% 

and 0% OptiPrep layer (Figure 5.1A) was carefully collected using a wide-mouthed micropipette 

tip and the volume of the band removed was recorded (Vband). A 30 µL aliquot of the band was 
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sampled and protoplasts were counted using a hemocytometer under a compound light 

microscope to determine their concentration (a).  The total number of protoplasts (btotal) from the 

band was used to determine the protoplast yield (yproto), measured in protoplasts per gram of 

fresh callus weight (wfresh) as shown in equations (5.1 and (5.2 respectfully.   

𝑏𝑡𝑜𝑡𝑎𝑙 = 𝑎 × 𝑉𝑏𝑎𝑛𝑑 (5.1) 

𝑦𝑝𝑟𝑜𝑡𝑜 =  𝑏𝑡𝑜𝑡𝑎𝑙 × 𝑤𝑓𝑟𝑒𝑠ℎ (5.2) 

A 100 µL aliquot was stained for cell viability with 2 mg/mL fluorescein diacetate (FDA; 

Sigma-Aldrich) at a ratio of 60 µL FDA/mL sample and incubated in the dark for 10 minutes. 

Viability was assessed by counting the ratio of live protoplasts to total protoplasts in three 

randomly selected locations on the prepared slide, using an inverted epifluorescence microscope 

equipped with a FITC/Bodipy/Fluo 3/DiO Filter Set (Chroma, Bellows Falls, VT, USA).  

The protoplast band was then suspended in an equal volume of KM5/5 media comprised 

of Kao and Michayluk (KM) salts and vitamins (Kao and Michayluk 1975) containing 10 % 

(w/v) mannitol, 1% (w/v) sucrose, 500 mg/L MES, 5 µM BA and 5 µM NAA adjusted to a pH of 

5.7 and centrifuged for 10 minutes at 178G.  Following centrifugation, the supernatant was 

removed, and the protoplasts pellet was resuspended in a volume equal to twice the target culture 

density using the KM5/5 media.  This was mixed with an equal volume of 1.6% (w/v) low 

melting point SeaPlaque agarose solution (Mandel Scientific, Guelph, ON, Canada) maintained 

at 38 ℃ to reach the desired protoplast density.  This mixture was well mixed using a wide 

mouth pipette and transferred drop-wise to a 6-well tissue culture grade polystyrene plate with 

one drop (~100 µL)  in each well.  To each well, 1.5 mL of sterile KM5/5 media (with or without 

10 µM AIP) was added after the agarose beads had solidified (~20 minutes). The cultures (Figure 

5.1B) were maintained in the dark in a controlled environment growth chamber at 25 ℃ and 

monitored regularly for cell division.  A range of protoplast concentrations in the low melting 

point agarose beads were tested ranging from 0.5×105 to 2.0×105 protoplasts/mL.  
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5.3.6 Experimental Design & Statistical Analysis 

Determination of digestion efficiency (outlined in Chapter 5.3.3) was designed as a two-

way cross-classified factorial with a completely random design, which tested two factors:  

frequency of subculture and the effect of including AIP in the media and measured their effects 

on the protoplast yield (a proxy for the digestion efficiency).  The factorial design was conducted 

according to the following statistical model:  

𝑦 = μ + 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑢𝑏𝑐𝑢𝑙𝑡𝑢𝑟𝑒 + 𝐴𝐼𝑃 + 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑢𝑏𝑐𝑢𝑙𝑡𝑢𝑟𝑒 × 𝐴𝐼𝑃 +  𝑒 (5.3) 

Where y is the measured response variables (protoplast yield, total soluble phenolics,  and 

browning) 

Where µ is the overall mean of the response variable 

Where genotype and media are the fixed effects 

Where e is the residual error 

Figure 5.1  Protoplast purification using density gradient separation and culture of 

protoplasts in a two phase culture system. A) OptiPrep density gradient post centrifugation.  a) 

Top layer of the gradient containing only the matrix solution (0% OptiPrep) b) Protoplasts 

accumulate at the interface between the 0% and 20% OptiPrep gradients, this is the band that is 

collected for downstream applications and culture. c) The 20% OptiPrep  gradient.  The % refers 

to the % (w/v)  iodixanol in water. OptiPrep is formulated at 60% iodixanol in water and is 

diluted to achieve lower densities.  d)  The 40% OptiPrep solution which contained the original 

protoplast suspension after the digestion.  Following centrifugation this layer contains a pellet of 

cell debris at the bottom of the centrifuge tube (e).  Protoplasts suspended in low melting point 

agarose beads in 1.5 mL of KM5/5 media supplemented with 0 µM and 10 µM AIP.  
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Protoplast yield (protoplasts per gram of callus fresh weight) was determined for each 

culture across all treatments on two separate weeks for a total of 10 replicates per treatment 

(n=10).  All statistical analyses were performed using SAS Studio software (v9.4, SAS Institute 

Inc., Cary, NC, USA).  The ANOVA was performed using PROC GLIMMIX.  Data was treated 

with a negative binomial distribution (DIST=negbin) and a log link function (link=log).  The 

means comparison of the yield as obtained using the LSMEANS statement (α=0.05).   Missing 

data were replaced with ‘.’ in the dataset and were not processed by PROC GLIMMIX. Multiple 

comparisons were accounted for by a post-hoc Tukey-Kramer Test. Visual presentation of the 

SAS data were prepared using Microsoft Excel® (Microsoft Corp., WA, USA).   

Optical density readings were obtained as described in 5.3.4 and quantified from a 

regression curve generated from a 7 point gallic acid, or ferulic acid standard curve to measure 

total soluble phenolics or browning, respectively (see Figure A. 5) for representative standard 

curves for both assays).  Standard curves were run in triplicate and were distributed evenly 

across the microplate.  A new standard curve was prepared and run with each microplate.  Eleven 

sample blanks were run on each plate and were distributed throughout the plate to account for 

intra-plate variation in the readings (see Figure A. 6 for sample plate layout). Samples were 

quantified in µg/mL gallic acid (F-C assay) or ferulic acid (browning assay) and converted to 

µg/g of fresh weight for data analysis. The effects of media and subculture frequency were 

assessed on total soluble phenolics (expressed as ug of gallic acid equivalents (GAE) per gram of 

fresh callus weight) and on tissue browning (expressed as ug of ferulic acid equivalents (FAE) 

per gram of fresh callus weight) were assessed using ANOVA with a post-hoc Tukey-Kramer 

Test as outlined above.  Prior to analysis data were checked for normality.  An analysis of 

residuals for the browning assay revealed that the variance was not homogenous.  A correction to 

the R-side using the variation within each media treatment was performed to make it fixed-effect 

specific. Analysis of residuals for the F-C assay showed normality and homogenous distribution 

and was processed as-is. The Kendall tau-b rank correlation between the yield (protoplasts per 

gram fresh weight) total phenolics (as measured by the F-C and browning assays) was obtained 

using the CORR procedure in SAS Studio software (v9.4).   

5.4 Results  

5.4.1 Callus Culture Initiation, Digestibility and Protoplast Yield 

Callus cultures were successfully established on LT-C and LT-AIP media within 2 

months.  Beginning at week 10 after callus establishment, routine isolations were performed on a 

weekly or bi-weekly basis as described in 5.3.1.  Callus growth remained vigorous throughout 

the duration of the experiment, with LT-C calluses frequently appearing browner and firmer than 

calluses grown on LT-AIP media (Figure 5.2).  Media affected the protoplast yield (see Table B. 

9), with the LT-AIP media resulting in a 334% increase in protoplast yield (Figure 5.3A) 

compared to the LT-C treatments.  Microscopic observations of the callus digests derived from 

LT-AIP treatments also showed fewer large clusters of undigested cells compared to LT-C 

callus; conversely, LT-AIP digests had many single undigested cells in addition to protoplasts 

(Figure 5.4).  Subculture frequency and its interaction with media did not affect the average yield 

(Table B. 9).  



 

88 

 

 

 

 

Figure 5.2  Callus cultures grown on LT-AIP media (left) showing larger and lighter tissues 

than those growing on LT-C media (right).  Scale bar = 2.5 cm.  
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Figure 5.3  LT-AIP improves average protoplast yield compared with LT-C, while also 

reducing phenolic accumulation in callus tissues.  A) Inclusion of 1 mM AIP in callus culture 

medium resulted in almost 4.5 times the number of protoplasts than in the AIP-free control LT-C 

medium (538964 protoplasts/g vs. 123955 protoplasts/g).  Yield is expressed in protoplasts per 

gram of fresh callus weight (fw). Bars represent the mean protoplast yield obtained from the 

digest of 10 distinct callus cultures.  Means sharing the same letter were not significantly 

different at p ˂ 0.05 as determined by a Tukey-Kramer multiple comparisons test.  Error bars 

represent the standard error of the mean (n=20).  B) F-C assay and browning assay averages 

compared between media types.  Both total soluble phenolics (blue) measured in µg of GAE 

(gallic acid equivalents) using the F-C assay and tissue browning (red) measured in µg of FAE 

(ferulic acid equivalents) at an OD340 decrease in tissues grown on the AIP containing media 

(LT-AIP). Error bars are the standard error of the mean phenolic concentration for each media 

treatment as quantified in GAE or FAE. Bars bearing the same letter are significant at p<=0.05.  
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Figure 5.4  Representative photos taken of digests following 16- hour enzymatic digestion.  

Protoplasts are visible (yellow circle) amongst undigested cells and cellular debris.  B) Digest of 

callus from LT-C, subcultured weekly, no protoplasts are visible, yield for this digest: 0 

protoplasts/g fw.  C) Digest of callus from LT-AIP, subcultured weekly, protoplasts are visible in 

red circles, yield for this digest: 2,079,002 protoplasts/g fw. D)  Digest of callus from LT-C, 

subcultured bi-weekly, a single protoplast is visible in a red circle, yield for this digest: 0 

protoplasts/g fw.  E)  Digest of callus from LT-AIP subcultured bi-weekly, protoplasts are visible 

in red circles, yield for this digest: 195,313. 
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5.4.2 Total Soluble Phenolics and Tissue Browning 

To determine whether media and subculture frequency affected the accumulation of 

phenolic compounds known to strengthen cell walls, total soluble phenolics and tissue browning 

were measured.  Total soluble phenolics in callus samples were measured as GAE with the F-C 

assay.  The media type impacted the total soluble phenolics.  Total soluble phenolics in callus 

grown on LT-AIP media were approximately 28% lower than in the LT-C cultured callus (Figure 

5.3B). Total soluble phenolics were not affected by the frequency of subculture nor the 

interaction between media and subculture frequency (Table B. 11).  Similar to the F-C assay, the 

340 nm assay showed that the inclusion of AIP in the medium reduced browning.  Specifically, a 

52% reduction in browning associated with phenolics was observed in the LT-AIP treatment 

compared with the LT-C sourced callus (Figure 5.3B).  Browning attributed to soluble phenolics 

was not affected by the frequency of subculture, nor the interaction between media and 

subculture frequency (Table B. 13).  Lastly, a Kendall tau-b ranked correlation (Table B. 14) 

between protoplast yield and total soluble phenolics determined by the F-C assay revealed a 

weak negative correlation between these two variables.  Similarly, there was a weak negative  

correlation between yield and tissue browning.  Both the F-C assay results and the tissue 

browning assay results showed a moderate positive correlation with each other.    

5.4.3 Protoplast Viability and Culture 

Protoplasts for culture were obtained from large callus digests.  These digests maintained 

the 100 mg callus to 5 mL enzyme ratio as used in Chapter 5.3.3. However, the digests were 

scaled up to 600 mg of fresh weight and 30 mL of enzyme to achieve large enough volumes of 

protoplasts, with 2-3 of these digests performed each week depending on the availability of 

sufficient callus.  The protoplast yield from LT-AIP-derived callus in the large digests was 206% 

greater than the protoplast yield from the LT-C treatment (Table 5.1). Viability of the protoplasts 

was not significantly different between treatments and was greater than 90% in both cases (Table 

5.1).   
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Table 5.1  Average yield and average viability pooled from weekly and biweekly digests 

used for determining viability and protoplast isolation for culture.  Digests used to isolate 

sufficient protoplasts for cell culture were larger than those outlined in section 5.4.1, at 600 mg 

tissue per 30 mL of enzyme digest.  Viability was determined from FDA stain of cells.  

Media Yield (protoplasts/g fw) Viability (%) 

LT-C 2.87×104 ± 1.10×104 95.5 ± 2.6 

LT-AIP 8.78×104 ± 3.9×104 92.1 ± 5.3 

Due to the lower yield of the LT-C treatment, protoplasts were only cultured from the 

LT-AIP treatment. The culture densities tested were 0.5×105, 1.0×105, and 2.0×105 

protoplasts/mL. The low melting point agarose beads were cultured in KM5/5 media with and 

without 10 µM AIP.  Protoplasts cultured at a density of 2.0×105 showed signs of early cell 

division, which was not observed at lower densities (Figure 5.5).  Within 6 days of culture, 

bulging of the cell membrane and formation of peanut and pear-shaped cells were apparent, and 

initial dividing cells were observed.  Within three weeks of culture, small clusters of cells (i.e., 

microcalli) had formed (Figure 5.5E); however, around three weeks protoplast growth stalled and 

cells were no longer viable.  Cells cultured in KM5/5 with 10 µM AIP at a density of 2.0×105 

protoplasts appeared to initiate cell division sooner than those in media without AIP.  Cultures 

grown at 0.5×105 showed no response while cultures at 1.0×105 showed limited cell division 

which was not sustained beyond one week. Most of the protoplast preparations contained trace 

amounts of cellular debris; however, these cells and debris did not appear to undergo division in 

the beads.   
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5.5 Discussion 

The findings of this study represent an important first step in developing a protoplast-to-

plant regeneration system, which in the long-term can play an important role in the development 

various of Cannabis biotechnologies. To date, protoplast isolation in Cannabis has been explored 

in a select few publications (Morimoto et al. 2007; Lazič 2020; Beard et al. 2021; Zhang et al. 

2021) and protoplast transformation studies have relied exclusively on leaf tissues (Beard et al. 

2021; Zhang et al. 2021).  Leaf tissues are abundant and facile to obtain for protoplast isolation 

and a large number of methods have been optimized using leaves in other species (Yoo et al. 

2007; Bargmann and Birnbaum 2009).  Although leaf tissues provide a ready source of 

protoplasts for gene expression studies, they do not always have the best regenerative potential.  

In American elm, protoplasts isolated from leaves initiated low levels of cell division, but do not 

continue into microcalli or plants (Lange and Karnosky 1981; Redenbaugh et al. 1981; Butt 

Figure 5.5  Protoplasts cultured in low melting point agarose beads.  A) 6-day post culture 

protoplasts in KM5/5 media at a protoplast density of 1.0×105 protoplasts per mL, show no signs 

of cell division.  Scale bar = 100 µm.  B) 6-day post culture protoplasts in KM5/5 +10 µM AIP at 

a protoplast density of  2.0×105 protoplasts per mL shows pear shaped cell.  C) 6-day post 

culture protoplasts in KM5/5 +10 µM AIP at protoplast density of 2.0×105  protoplasts per mL 

cell wall beginning to divide (center right) and next to it a protoplast (center left).  D)  6-day post 

culture protoplasts in KM5/5 +10 µM AIP at protoplast density of 2.0×105  protoplasts per mL.  

Right shows a protoplast dividing, left an intact protoplast. E) 19-day post culture dividing 

protoplast micro callus in KM5/5 +10 µM AIP at protoplast density of 2.0×105  protoplasts per 

mL. B, C, D and E) scale bar = 50 µm.  
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1985; Jones et al. 2012).  In contrast, callus derived protoplasts initiated cell division at higher 

rates in less time, and ultimately regenerated whole plants (Jones et al. 2015).  As such, for a 

protoplast-to-plant regeneration system to succeed in recalcitrant species such as C. sativa, callus 

tissues are an ideal starting point.  To the author’s knowledge, this chapter presents the first 

demonstration of protoplast isolation from callus cultures of Cannabis sativa, the first 

application of AIP in the species, and the first time Cannabis protoplast division has been 

reported in culture.   

Callus induction in Cannabis has been readily achieved across a wide range of genotypes 

(Monthony et al. 2020b), but inducing cell differentiation and regeneration remains a challenge 

in Cannabis.  A report on protoplast isolation from Cannabis leaves by Zhang et al. (2021) 

highlighted that yields are relatively low in comparison to other species such as Arabidopsis or 

members of the Solanaceae family, and studies have highlighted that modifications to existing 

methods are necessary to improve protoplast isolation (Beard et al. 2021; Zhang et al. 2021).  As 

callus from Cannabis hypocotyls have higher regenerative potential than other Cannabis tissues 

(Chaohua et al. 2016; Galán-Ávila et al. 2020; Zhang et al. 2021), the presents study explores 

the potential of juvenile hypocotyl derived callus instead of leave mesophyll tissues as a source 

of protoplasts.  The method for enzymatic digestion and protoplast purification presented in this 

study is a modification of the isolation method from leaf tissues outlined by Beard et al. (2021).  

Here, the effects of AIP in callus culture medium are explored as a means of improving 

protoplast yield when compared with AIP-free medium.  In addition, it was hypothesized that 

inclusion of AIP would lead to reduced accumulation of total phenolics and tissue browning in 

the callus cultures, which has previously been associated with improved protoplast yield (Jones 

et al. 2012, 2015; Jones and Saxena 2013).  The current study found that protoplast yield 

increased by 334% over the control as a result of the inclusion of AIP in the medium (LT-AIP; 

containing 1 mM AIP; Figure 5.3A). The use of AIP to make callus cultures amenable to 

protoplast isolation has been well studied in Ulmus americana, where protoplast yields from leaf 

tissues and their subsequent capacity for regeneration had been demonstrated (Jones et al. 2015).  

In these studies, protoplast isolation increased as a result of AIP’s competitive inhibition of the 

phenylpropanoid pathway (Jones et al. 2012, 2015).  Inhibition of this pathway has been shown 

to reduce the production of cell wall strengthening monolignol subunits of lignin causing cell 

walls to be more easily broken down during the enzymatic digestion; therefore, releasing more 

protoplasts.  This study uses the improved enzyme composition reported by Beard et al. (2021) 

that included pectolyase, which they found, significantly increased protoplast yield when 

compared to the pectolyase-free enzyme mixture.  While the yield reported here did not achieve 

Beard et al. (2021)’s yield of  2.27 × 106 protoplasts per gram of fresh leaf tissue, however it 

provides a source of protoplasts from an alternative tissue type that may be more suitable for 

some applications.  The improvements offered by the inclusion of AIP suggest that targeting cell 

wall composition is another viable avenue for improving existing Cannabis protoplast isolation 

methods.  The discrepancy between yield reported here and in the method proposed by Beard et 

al. (2021) are likely due to different starting source of tissue (hypocotyl callus vs. leaf tissues) 

and the C. sativa genotype.   

In the present study, the accumulation of phenolic compounds was estimated using two 

assays:  The F-C assay and a ‘browning assay’ which measures the absorbance of aqueous 

extracts at 340 nm.  These assays were chosen as they previously have been shown to reliably 
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measure the accumulation of phenolic compounds in plant tissues and have provided the ability 

to track relative changes in those compounds as a result of treatment effects (Peiser et al. 1998b; 

Jones and Saxena 2013; Downey et al. 2019).  Both assays showed that callus grown on media 

containing AIP accumulated fewer total soluble phenolics and compounds associated with tissue 

browning.  The F-C assay for total soluble phenolics showed that AIP treated callus accumulated 

28% less soluble phenolics compared with the control, and the browning assay similarly showed 

that the accumulation of browning was 52% lower in AIP grown tissues than in the control.  A 

previous study in callus cultures of Artemisia annua grown on AIP also recorded a drop in 

phenolics as measured using these assays, however the reduction in phenolics and browning 

were larger than the reductions reported here.  The larger reduction of phenolics and tissue 

browning in Artemisia callus compared with the present study is likely a result of numerous 

factors such as different starting material for the callus, different species and different PGRs used 

to induce and maintain callogenesis. However, this discrepancy could also reflect the limitation 

of the assays used to quantify tissue browning and soluble phenolics. The F-C assay is a popular 

assay for the quantification of phenolic content and has been validated extensively by the AOAC 

(Kupina et al. 2019).  The assay indirectly estimates total phenols based on their oxidation under 

alkaline conditions and the subsequent reaction of the superoxide anion radicle (O2
•-) with the F-

C reagent, the resulting product has a strong absorption between 750 and 765 nm which can be 

quantified (Gülçin 2012). However, phenolic compounds have differing properties and chemical 

compositions which can alter their response to this assay. Furthermore, many non-phenolic 

compounds can reduce the F-C reagent, including aromatic amines, ascorbic acid and proteins 

(Gülçin 2012; Lester et al. 2012).  As a result, the indirect measurement and interference in the 

F-C assay have been shown to cause under-reporting of total phenolic compounds when 

compared with a more targeted HPLC guided approach (Lester et al. 2012).  This limitation of 

the F-C assay could account for the observed 28% reduction in total soluble phenolics between 

LT-C and LT-AIP media, compared with the 52% reduction in browning observed in the 

browning assay, which more directly measures phenolics based on their absorptive profiles 

(Jones and Saxena 2013).  Although this method is also susceptible to interference from non-

phenolic compounds such as carotenoids and chlorophyll, the culture of callus in the dark makes 

the accumulation of such compounds at high levels much less likely.  Interference from other 

compounds in the assays may also have obscured the relationship between the total soluble 

phenolics and protoplast yield, explaining why the correlation between yield and a reduction in 

phenolics was weak to moderate (Table B. 14).   

Interestingly, the frequency of subculture had no impact on protoplast yield, or the 

accumulation of quantifiable phenolics as measured by both assays, despite qualitative 

observations that calluses subcultured weekly were generally ‘healthier’ in appearance than those 

subcultured bi-weekly.  This similarity in yield and the quantified phenolics for both subculture 

frequencies could indicate that the bio-availability of AIP in the culture medium remained high 

enough to maintain a steady state of competitive inhibition even after two weeks.  An alternative 

explanation is that an initial swift uptake of AIP paired with a long persistence of the competitive 

inhibitor in vivo results in high endogenous concentrations of AIP over the two-week culture 

period.  Since previous studies have found that AIP-induced phenotypes revert when plants are 

no longer exposed to AIP, it can be assumed that the inhibitor eventually degrades or increased 

production of PAL in the absence of more AIP leads to restoration of the normal phenotype 

(Jones et al. 2015).  A study of AIP in vivo using radiolabelled AIP could offer further insight 
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into the long-term persistence of AIP in tissues and might provide useful insights which would 

facilitate a more precise use of this expensive compound in tissue culture.  From the results of 

this study, it is apparent that the relatively high exposure of Cannabis calluses to AIP at 1 mM 

provided sufficient inhibitor to reduce PAL activity for the duration of the longer two-week 

culture period.  

Successful protoplast culture and regeneration conditions are highly species-specific and 

numerous factors must be considered to achieve regeneration.  These include the availability of 

macro and micronutrients, PGRs, agar type and concentration, osmolarity and cell density (Kao 

and Michayluk 1975; Lörz et al. 1983; Jones et al. 2015; Lazič 2020; Beard et al. 2021; Zhang et 

al. 2021).  The present study chose to focus on the inclusion of AIP in the culture and 

regeneration medium as well as the protoplast density in the low melting-point agarose bead.  

Several studies have highlighted the importance of cell density for inducing division and 

eventual regeneration in protoplast (Kao and Michayluk 1975; Schween et al. 2003; Jones et al. 

2015).  Here we report the initial stages of protoplast division in cultures at a density of 2.0×105 

protoplasts/mL, but was not observed at lower densities.  Initial protoplast activity prior to 

division was characterized by irregular cell wall morphology such as bulging as well as the 

formation of pear and peanut shaped cells (Figure 5.5). Protoplasts cultured in a KM5/5 medium 

with 10 µM AIP (cell density: 2.0×105), appeared to be more active (internal cell matrix moving) 

in the days immediately following isolation, than those in KM5/5 without AIP.  Previous work 

using the same low melting point agarose beads culture system found that a density of 2.0×105 

was optimal for cell division and eventual regeneration in American elm (Jones et al. 2015). In 

the present study, small clusters of cells were produced at a concentration of 2.0×105 within the 

first three weeks of culture, but no sustained cell division or viability was observed beyond three 

weeks.  The reasons for culture decline after 3-weeks are not apparent; however, a number of 

factors could have played a role.  Protoplast densities in the range of 105 cells per mL are 

frequently cited as a favourable density for protoplast division (Lörz et al. 1983; Schween et al. 

2003; Khentry et al. 2006; Jones et al. 2015) and while the density of 2.0×105 resulted in initial 

cell divisions, sustained cell division in Cannabis may require a higher protoplast density. 

Considering the highly sensitive nature of protoplasts, the presence of cell debris in the final 

protoplast isolate may have also affected the regeneration and efforts to improve the gradient 

purification should be explored.  OptiPrep gradients which rely on a layers with a greater 

OptiPrep concentration have use for successful protoplast isolation of algae (Huddy et al. 2013) 

and sucrose based gradients have been widely used for isolation and regeneration studies in a 

wide range of monocot and dicots (Yoo et al. 2007; Jones et al. 2015; Zhang et al. 2021).  Media 

type and PGR composition is also key to protoplast regeneration.  Only KM5/5 media was 

investigated for protoplast regeneration in the present study, and while KM basal salts have been 

shown to promote protoplast growth at low densities (Kao and Michayluk 1975), these results 

suggest that the formulation does not promote sustained cell division.  Modification of the PGRs 

used in this study could improve cell division and regeneration.  In addition, it is important to 

note that many basal salts commonly used in other species are not as successful in Cannabis 

(Page et al. 2021).  Taken together, these findings indicating that screening basal salt in 

combination with different PGRs represents a pragmatic next step on the road to achieving 

sustained protoplast division and eventual regeneration.   
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5.6 Conclusion 

The results presented here demonstrate that protoplast isolation from C. sativa callus 

cultures is possible and can be significantly increased with the inclusion of AIP in semi-solid 

callogenesis media.  A competitive inhibitor of PAL, AIP prevents the accumulation of the 

phenolic precursors to lignin, resulting in a weakened cell wall in plants.  Cell walls with reduced 

phenolic content, are more susceptible to enzymatic degradation and this method has been 

previously cited as a way of improving protoplast isolation in other recalcitrant species.  

Presently, we have demonstrated that the inclusion of AIP, in addition to promoting increased 

protoplast yield, results in a direct reduction in tissue browning and total soluble phenolic 

accumulation as measured indirectly using two assays: The F-C assay and the 340 nm tissue 

browning assay.  The results of these assays suggest that the mode of action of AIP is conserved 

in Cannabis. However, a more targeted approach to identify specific phenolic content changes 

warrants future exploration and may help deepen our understanding of why the yield and the 

assay results only shows a weak to moderate negative correlation. Lastly, this study presents 

early cell division data in Cannabis protoplasts and identifies a target cell density for culture of 

2.0×105 protoplasts/mL, a first in Cannabis research. Taken together the results presented in this 

study lay the groundwork for future development of protoplast-to-plant regeneration systems in 

Cannabis that will hopefully facilitate the adoption of new plant breeding technologies in the 

species.  
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6 General Conclusions 

This thesis explores three distinct, but interrelated, areas of Cannabis tissue culture:  the 

development of alternative micropropagation methods (Chapter 3:  floral reversion), the 

evaluation of existing micropropagation methods (Chapter 4:  leaf-to-plant regeneration), and the 

exploration of non-traditional regeneration systems (Chapter 5:  protoplast-to-plant 

regeneration). These areas of research are all connected by the same challenge:  the lack of tried-

and-true, reliable tissue culture methods, which has hindered progress in Cannabis tissue culture 

and biotechnology. Each of the three aforementioned topics serves to highlight this issue in their 

own way. In spite of over two decades of research, Cannabis researchers find themselves unable 

to reliably achieve many of the basic pillars of plant tissue culture research, primarily: rapid, 

reliable and long term micropropagation, and replicable regeneration for the application in plant 

biotechnologies.  Rather than focus on optimization of existing tissue culture methods for 

marginal gains in performance, this body of work aimed to explore novel alternatives that had 

yet to be considered in Cannabis tissue culture.  This included the development and publication 

of a novel method that uses floral tissues as an alternative to vegetative tissues for the clonal 

propagation of Cannabis (Chapter 3) and the development of a callus culture system for the 

isolation of protoplast which included the first ever report of AIP use in Cannabis and the first 

report of Cannabis protoplast division in culture (Chapter 5).  The objectives laid out in these 

chapters were met.  The development of the floral reversion method presented in Chapter 3, 

showed replicability across multiple genotypes, and demonstrated that it can provide competitive 

multiplication rates meeting and even exceeding those previously published in the literature.  In 

addition, the developmental process of floral reversion in Cannabis was elucidated, confirming 

an untested hypothesis that reversion occurs from existing meristem, while the use of single and 

pairs of florets in the development of the method identified pairs as a less labour intensive and 

more reliable tissue source for floral reversion. The development of a callus culture system for 

the production of protoplasts in Chapter 5 presents the first known use of AIP in Cannabis and 

demonstrated its potential to dramatically increase protoplast yield from calluses.  This method 

also provides a launch point for the development of a complete protoplast-to-plant regeneration 

system, by laying out a culture method capable of achieving early protoplast division.  Thereby 

paving the way for the use of protoplast systems in the application of plant biotechnologies.  

Lastly, we published an assessment of the replicability of a flagship leaf-to-explant regeneration 

study in the Cannabis tissue culture research community using 10 genotypes of drug-type 

Cannabis, representing the most drug-type Cannabis genotypes to ever be used in a Cannabis 

regeneration study.  The findings of this study, which have been accepted for publication in 

PLOS ONE, represented the first know attempt to use a published high frequency leaf-to-plant 

regeneration method in multiple drug-type Cannabis genotypes.  While the findings of the study 

show that the hypothesis outlined in Chapter 2.2 is null, the study provides a counter narrative to 

the authors original suggestion that leaf-to-plant regeneration can be reliably achieved at a high 

rate across the genus Cannabis.  These results raise awareness that Cannabis protocols 

developed with single genotypes may not be representative of the genus and this serves as a call-

to-action to researchers developing Cannabis tissue culture methods to include multiple 

genotypes in protocol development.  
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This work provides the opening salvo in a larger debate on the standards to which 

researchers working with Cannabis should be held to and the way experimental design in 

Cannabis tissue culture should be conducted.  Cannabis is a unique crop which has a very 

different developmental history than most, owing to years of clandestine breeding aimed 

squarely at a limited set of phenotypes and no attempts to track pedigree. As a result, the use of 

single genotypes in the development of tissue culture methods meant for broad audiences should 

be discouraged or presented with appropriate reservations: the publications derived from this 

body of work contribute to a nascent and growing body of literature showing that Cannabis’ 

response to many aspects of tissue culture are highly genotype specific.  The important advances 

in the study of Cannabis and in Cannabis breeding programs require reliable methods, which can 

withstand the minor modifications that arise from lab to lab and from genotype to genotype.  

This thesis should serve as a manifesto for replication.  Although replication studies fail to attract 

the attention of journal and publishers, whose motivation is to publish novel and eye-catching 

storylines, the importance of replication cannot be overstated. Without replication, methods 

which offer tantalizing promises of impressive results remain in the literature taunting those who 

attempt, without success to replicate them.  Without a counter-narrative, time and resources can 

be spent on the pursuit of fruitless ends.  As researchers find themselves entering a new era of 

accelerated Cannabis research resulting from the widespread legalization and interest in the 

species, the intention of this work is to raise awareness and help call into question some of the 

existing practices in Cannabis tissue culture, with the hopes of building more robust methods in 

the future.  

The future of Cannabis research will be heavily rooted in biochemistry, molecular and 

computational biology.  As this body of work has highlighted, there are many interrelated factors 

which influence Cannabis’ in vitro response.  A move towards using computational methods for 

predicting and optimizing culture conditions is already underway and early findings have shown 

the potential of this approach to shorten the traditionally arduous process of optimising tissue 

culture conditions.  The application of these in silico predictions in vitro will likely become more 

commonplace in Cannabis tissue culture, which will hopefully lead to more reliable and 

replicable regeneration and micropropagation methods.  The increasing genetic and epigenetic 

research in Cannabis should help researchers identify heritable factors that cause some 

genotypes to be recalcitrant to tissue culture, thereby allowing for genotype-tailored regeneration 

methods.  Improved methods for the rapid regeneration and propagation of a wide range of 

genotypes will further facilitate the application of transient gene expression for the study of 

Cannabis biochemistry and optimized regeneration protocols should make regeneration of 

transgenic Cannabis plants for research and breeding achievable.  
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APPENDICES 

 Supplemental Figures 
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Figure A. 1  A sample spectrum of the LED lighting used to maintain reverting Cannabis 

sativa explants, obtained using a LI-COR LI-180 Spectrometer.  PPFD:  Photosynthetic 

Photon Flux Density. 
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Figure A. 2  Experimental layout used to test callogenesis and regeneration efficiency of the 

method reported by Lata et al. (2010a) A) PAR measurements were taken at nine points on 

September 11th, 2019 from the experimental area.  Baby food jars were evenly dispersed and 

completely randomized over the experimental area. The red Xs with Arabic numerals represent 

the location on the shelf where the measurements were taken. PAR was measured using an 

OceanOptics Flame Spectrometer and the average PAR reading as determine by the OceanOptics 

Spectral Suite Software for each of the 9 measurements taken.  The red horizontal bars represent 

the position of the LED light strips above the shelves housing the experiments.  B)  This diagram 

illustrates the vessel shape (baby food jar), media and explant positioning when the light 

intensity and spectral measurements were recorded.  The light spectra and intensities were 

recorded at explant height (black arrow). This diagram is not to scale. 
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Figure A. 3  Average callus mass (mg) produced by a 1 cm by 1 cm leaf square following 2 

months on LT-C media in genotypes GRC and RTG.  Callogenesis was first tested in two 

commercially available genotypes prior to a subsequent screening of the complete 10 genotypes. 

Callogenesis was achieved on MS media supplemented with 1.0 μM TDZ and 0.5 μM NAA.  

Control media contained no PGRs and did not induced callus in any of the tested. Same letters 

indicate that means were not significantly different at p=0.05 as determined by a Tukey-Kramer 

multiple comparisons test. 
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Figure A. 4  Dilution scheme for the preparation of the gallic acid standard curve and the 

ferulic acid standard curves used in the F-C and 340 nm browning absorption assays.  
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Figure A. 5  Representative standard curves obtained for the F-C assay (A) and for the 

browning assay (B). Both curves show strong linearity (R2>0.99).  Each data point represents 

the mean of 3 readings (n=3), error bars indicated standard error of the mean.  Data was 

processed and graphs prepared using  Microsoft Excel™. 

Figure A. 6  Sample microplate layout for the F-C and 340 nm (browning) analysis. 
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 Supplemental Tables 

 

Table B. 1  Results of the F-test from the ANOVA of the shoot multiplication number of 

Cannabis sativa explants reverted from florets. The 2×2×5 factorial designed tested the effects 

of cultivar, 6-benzylaminopurine ([BAP]), floret number and their interactions on the number of 

shoots each reverted floret produced.  None of the treatments, or their interactions had a 

significant effect on the number of shoots produced in reverted explants. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 18.32 0.03 0.8720 

[BAP] 4 16.86 1.29 0.3151 

Cultivar 1 18.32 0.39 0.5390 

Floret Number x [BAP] 4 16.86 0.27 0.8953 

Floret Number x Cultivar 1 18.32 1.07 0.3150 

[BAP] x Cultivar 4 16.86 0.97 0.4513 

Floret Number x [BAP] x Cultivar 4 16.86 0.76 0.5681 

 

Table B. 2  Results of the F-test from the ANOVA of the shoot multiplication number of 

Cannabis sativa explants reverted from florets. The 2×5 factorial designed tested the effects of 

meta-topolin concentration ([mT]) and floret number and their interactions on the number of 

shoots each reverted floret produced.  The inclusion of mT appeared to have a significant effect 

on the shoot multiplication, however no means comparison of the ANOVA could be performed 

for the fixed effect [mT] due to the absence of a response from the control treatment of 0 µM mT 

with single florets (see Table B. 3). ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 23 0.01 0.9430 

[mT] 4 23 6.93 0.0008 

Floret Number x [mT] 3 23 1.12 0.3601 

 

Table B. 3  Least Squares Means for shoot multiplication (estimates are log normalized values).  Due to the 

absence of responding tissues in the treatment of 0 µM mT and single florets, a means comparison could not 

be performed: (“Non-est”). 

[mT] (Fixed Effect) Estimate Standard Error dF t-value P-value 

0 Non-est . . . . 

0.01 -278x10-19 0.06180 23 -0.00 1.0000 

0.1 0.05068 0.06675 23 0.76 0.4554 

1 0.05068 0.06080 23 0.82 0.4206 

10 0.4576 0.07569 23 6.05 <0.0001 
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Table B. 4  Results of the F-test from the ANOVA of the explant mass (fresh weight) of 

Cannabis sativa explants reverted from florets. The 2×2×5 factorial designed tested the effects 

of cultivar, 6-benzylaminopurine ([BAP]), floret number and their interactions on fresh weight of 

each explant reverted from a floret.  [BAP] and Floret Number had had a significant effect on the 

response variable. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 39 7.67 0.0085 

[BAP] 4 39 3.57 0.0142 

Cultivar 1 39 3.35 0.0750 

Floret Number x [BAP] 4 39 0.35 0.8441 

Floret Number x Cultivar 1 39 0.29 0.5948 

[BAP] x Cultivar 4 39 1.15 0.3486 

Floret Number x [BAP] x Cultivar 4 39 0.42 0.7965 

 

Table B. 5  Results of the F-test from the ANOVA of the canopy area (cm2) of Cannabis 

sativa explants reverted from florets. The 2×2×5 factorial designed tested the effects of 

cultivar, 6-benzylaminopurine ([BAP]), floret number and their interactions on size of the 

canopy area each reverted floret produced. ɑ=0.05.  

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 39 17.84 0.0001 

[BAP] 4 39 2.41 0.0653 

Cultivar 1 39 8.15 0.0069 

Floret Number x [BAP] 4 39 0.27 0.8947 

Floret Number x Cultivar 1 39 3.81 0.0582 

[BAP] x Cultivar 4 39 0.71 0.5887 

Floret Number x [BAP] x Cultivar 4 39 0.45 0.7733 

 

Table B. 6  Results of the F-test from the ANOVA of the explant mass (fresh weight) of 

Cannabis sativa explants reverted from florets. The 2×5 factorial designed tested the effects of 

meta-topolin concentration ([mT]) and floret number and their interactions on fresh weight of 

each explant reverted from a floret. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 23 6.90 0.0150 

[mT] 4 23 11.36 <0.0001 

Floret Number x [mT] 3 23 3.21 0.0419 

 

Table B. 7  Results of the F-test from the ANOVA of the explant canopy area (cm2) of 

Cannabis sativa explants reverted from florets. The 2×5 factorial designed tested the effects of 
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meta-topolin concentration ([mT]) and floret number and their interactions on the canopy area of 

each explant reverted from a floret. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Floret Number 1 23 1.90 0.3073 

[mT] 4 23 17.97 <0.0001 

Floret Number x [mT] 3 23 3.80 0.0239 

 

Table B. 8  Raw data for both experiments (Expt. ID 1 or 2) testing callogenesis and 

regeneration using the media reported by Lata et al. (2010a).  Sample ID denotes the 

experimental unit, CV the cultivar name, treatment designates the media types uses (LT-C or LT-

S), callogenesis is indicated by a binary Y or N and callus mass in mg is indicated.  For cultures 

which were contaminated before callus could be weighed at the end of the experiment, a ‘.’ was 

input for proper statistical processing with SAS. 

Expt. ID Sample ID CV Treatment Callogenesis (Y/N) Callus (mg) 
1 BI-11 RTG LT-C Y 2520 

1 BI-12 RTG LT-C Y 5080 

1 BI-13 RTG LT-C Y 1870 

1 BI-14 RTG LT-C Y 5500 

1 BI-15 RTG LT-C Y 1340 

1 BI-16 RTG LT-C Y 3350 

1 BI-17 RTG LT-C Y 5210 

1 BI-18 RTG LT-C Y 4470 

1 BI-19 RTG LT-C Y 5360 

1 BI-20 RTG LT-C Y 2510 

1 BI-50 GRC LT-C Y 1240 

1 BI-51 GRC LT-C Y 1240 

1 BI-52 GRC LT-C Y 2230 

1 BI-53 GRC LT-C Y 820 

1 BI-54 GRC LT-C Y 1780 

1 BI-55 GRC LT-C Y 510 

1 BI-56 GRC LT-C Y 2060 

1 BI-57 GRC LT-C Y 1890 

1 BI-58 GRC LT-C Y 1460 

2 BI-86 RTG LT-C Y 540 

2 BI-87 RTG LT-C Y 990 

2 BI-88 RTG LT-C Y . 

2 BI-89 RTG LT-C Y 2140 

2 BI-90 RTG LT-C Y . 

2 BI-91 RTG LT-C Y . 

2 BI-92 RTG LT-C Y 600 

2 BI-93 RTG LT-C Y 650 

2 BI-94 RTG LT-C Y 2620 

2 BI-95 RTG LT-C Y 720 

2 BI-106 U22 LT-C Y 2620 

2 BI-107 U22 LT-C Y 2410 
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Expt. ID Sample ID CV Treatment Callogenesis (Y/N) Callus (mg) 

2 BI-108 U22 LT-C Y 2720 

2 BI-109 U22 LT-C Y 3430 

2 BI-110 U22 LT-C Y 4240 

2 BI-111 U22 LT-C Y 3300 

2 BI-112 U22 LT-C Y 4210 

2 BI-113 U22 LT-C Y 3900 

2 BI-114 U22 LT-C Y 3020 

2 BI-115 U22 LT-C Y 4190 

2 BI-126 U37 LT-C Y 3920 

2 BI-127 U37 LT-C Y 3390 

2 BI-128 U37 LT-C Y 4200 

2 BI-129 U37 LT-C Y 3860 

2 BI-130 U37 LT-C Y 3730 

2 BI-131 U37 LT-C Y 3070 

2 BI-132 U37 LT-C Y 3250 

2 BI-133 U37 LT-C Y 3840 

2 BI-134 U37 LT-C Y 1460 

2 BI-135 U37 LT-C Y 4290 

2 BI-146 U38 LT-C Y 4220 

2 BI-147 U38 LT-C Y 3680 

2 BI-149 U38 LT-C Y 4010 

2 BI-150 U38 LT-C Y 5090 

2 BI-151 U38 LT-C Y 3960 

2 BI-152 U38 LT-C Y 3370 

2 BI-153 U38 LT-C Y 5540 

2 BI-154 U38 LT-C Y 4970 

2 BI-155 U38 LT-C Y 2230 

2 BI-166 U31 LT-C Y . 

2 BI-167 U31 LT-C Y 4170 

2 BI-168 U31 LT-C Y 3220 

2 BI-169 U31 LT-C Y 2420 

2 BI-170 U31 LT-C Y 5960 

2 BI-171 U31 LT-C Y 1940 

2 BI-172 U31 LT-C Y 5890 

2 BI-173 U31 LT-C Y 3500 

2 BI-174 U31 LT-C Y 3760 

2 BI-175 U31 LT-C Y 5650 

2 BI-187 U42 LT-C Y 1780 

2 BI-188 U42 LT-C Y 880 

2 BI-189 U42 LT-C Y 1970 

2 BI-190 U42 LT-C Y 2050 

2 BI-191 U42 LT-C Y 1690 

2 BI-192 U42 LT-C Y 1560 

2 BI-193 U42 LT-C Y 1900 

2 BI-194 U42 LT-C Y 2360 

2 BI-195 U42 LT-C Y 1480 

2 BI-196 U42 LT-C Y 1940 

2 BI-207 U61 LT-C Y 6240 

2 BI-208 U61 LT-C Y 6130 

2 BI-209 U61 LT-C Y 6650 
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Expt. ID Sample ID CV Treatment Callogenesis (Y/N) Callus (mg) 

2 BI-210 U61 LT-C Y 6470 

2 BI-211 U61 LT-C Y 5470 

2 BI-212 U61 LT-C Y 6440 

2 BI-213 U61 LT-C Y 6980 

2 BI-214 U61 LT-C Y 7160 

2 BI-215 U61 LT-C Y 6240 

2 BI-216 U61 LT-C Y 6700 

2 BI-227 U82 LT-C Y 4520 

2 BI-228 U82 LT-C Y 3680 

2 BI-229 U82 LT-C Y 5710 

2 BI-230 U82 LT-C Y 5910 

2 BI-231 U82 LT-C Y 5540 

2 BI-232 U82 LT-C Y 5950 

2 BI-233 U82 LT-C Y 4320 

2 BI-234 U82 LT-C Y 4520 

2 BI-235 U82 LT-C Y 3480 

2 BI-236 U82 LT-C Y 3950 

2 BI-247 U91 LT-C Y 2670 

2 BI-248 U91 LT-C Y 2770 

2 BI-249 U91 LT-C Y 5660 

2 BI-250 U91 LT-C Y 7310 

2 BI-251 U91 LT-C Y 4620 

2 BI-252 U91 LT-C Y 6930 

2 BI-253 U91 LT-C Y 5020 

2 BI-254 U91 LT-C Y 6760 

2 BI-255 U91 LT-C Y 3750 

2 BI-256 U91 LT-C Y 3930 

2 BI-267 GRC LT-C Y 2830 

2 BI-268 GRC LT-C Y 1310 

2 BI-269 GRC LT-C Y 2130 

2 BI-270 GRC LT-C Y 2410 

2 BI-271 GRC LT-C Y 2220 

2 BI-272 GRC LT-C Y 2200 

2 BI-273 GRC LT-C Y 1820 

2 BI-274 GRC LT-C Y 3200 

2 BI-275 GRC LT-C Y 3160 

2 BI-276 GRC LT-C Y 1440 

 

Table B. 9  Results of the F-test from the ANOVA of the protoplast yield (protoplasts/gram fresh 

weight) obtained from enzymatically digested Cannabis sativa callus. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Media 1 36 5.07 0.0305 

Subculture Frequency 1 36 0.00 0.9852 

Media×Subculture 

Frequency 
1 36 2.31 0.1369 

 



 

128 

 

Table B. 10  Daily F-C assay calibration curves concentrations, coefficient of variation and 

linear regression equations, calculated using Microsoft Excel™.  GAE:  gallic acid 

equivalent.  Calibration Curves were obtained between May 03, 2021 and May 07, 2021. 

Daily Concentration Range  

(µg GAE /mL)  
R2 Linear Regression 

Equation 

50.2-1004 0.9983 y=0.0014x-0.0409 

50.5-1010 0.9993 y=0.0014x-0.0539 

50.4-1008 0.9982 y=0.0012x-0.0443 

50.2-1004 0.9987 y=0.0013x-0.0716 

 

Table B. 11  Results of the F-test from the ANOVA of the F-C assay for total soluble 

phenolics (µg GAE/gram fresh weight) obtained from Cannabis sativa callus. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Media 1 34 8.87 0.0053 

Subculture Frequency 1 34 0.14 0.7092 

Media×Subculture 

Frequency 
1 34 0.95 0.3375 

 

 

Table B. 12  Daily browning assay calibration curves concentrations, coefficient of 

determination (R2) and linear regression equations, calculated using Microsoft Excel™.  

FAE: ferulic acid equivalents. Calibration Curves were obtained between May 03, 2021 and 

May 07, 2021. 

Daily Concentration Range  

(µg FAE/mL) 
R2 Linear Regression 

Equation 

50.7-1014 0.9942 y=0.0012x-0.1128 

50.8-1016 0.9953 y=0.0013x-0.1091 

50.5-1010 0.9911 y=0.0013x-0.1270 

49.8-996 0.9928 y=0.0013x-0.1169 
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Table B. 13  Results of the F-test from the ANOVA of the browning assay (µg FAE/gram) 

obtained from Cannabis sativa callus. ɑ=0.05. 

Fixed Effects Numerator df Denominator df F Value P-value 

Media 1 17.69 47.88 <0.0001 

Subculture Frequency 1 17.69 0.01 0.9208 

Media×Subculture 

Frequency 
1 17.69 0.50 0.4887 

 

Table B. 14  Kendall Tau-b Correlation Coefficients (top value), test of null hypothesis (no 

correlation) ɑ=0.05 (middle value), and the number of observations used in the ranked 

correlation (bottom value).  N=40, missing values were due to insufficient sample extract due 

to a lack of callus for extract preparation.   

 Yield F-C Browning 

Yield 

1.000 

- 

40 

-0.20827 

0.692 

38 

-0.24480 

0.0322 

38 

FC 

-0.20827 

0.692 

38 

1.000 

- 

38 

0.37237 

0.0012 

37 

Browning 

-0.24480 

0.0322 

38 

0.37237 

0.0012 

37 

1.000 

- 

38 

 


