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ABSTRACT

Cannabis has enormous economic importance, considering that all parts of the cannabis
plant are used, seeds for food, stem for fiber, and flowers/leaves for medicine. In this
research, we have developed tools and techniques that have potential applications to
advance cannabis breeding and genetic engineering for germplasm improvement,
preservation, and multiplication. Specifically, we developed research methods including
rapid and efficient seed germination in sterile conditions, pollen germination assay to
assess viability, lonterm pollen storage to preserve the germplasm, tissue culture method
for mass production of genetically identical plants, and transient expressioadnteth

study the gene function.
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INTRODUCTION

Cannabis sativa.., an annual dioecious herb that belongs to fa@dynabaceagas one

of the oldest crops cultivated by mankind as a source of seed oil, fiber and intoxicating
resin and has been dispersed all around the world. The first written evidence of using
cannabis in medicinal practices is describecbimpendium of Chineseedicinal herbs by
Emperor Shen Nung, dated 2737 B.&€.E.

The familyCannabacea@cludes about 170 species and ten genera, but the most notable
members of the family belong to gen@annabisandHumulus Another eight genera that
include some tropical tes, were recently added@annabaceathat previously belonged

to Celtidaceadamily based on latest phylogenetic studfédviodern phylogenetic studies

of Cannabaceae suggest that there was a common anceStomaibisandHumulusthat
transitioned fom tree growth and monoecy to herbal growth and didecy.

Temperate Asia is considered the centre of origifCEmnabiswhere it diverged from its
common ancestor witHumulusabout 27.8 to 21 million years ago (late Oligocene to early
Miocene)?® Subfessil pollen analysis suggests that progenitoiCahnabisspread to
Russia Asia to the northeastern Tibetan Plateau, where it underwent parapatric speciation
over 19.6 million years ago (my&)Cannabisthen dispersed from the Tibetan Plateau to
Russia ad Europe (approximately 6 mya) and eastern China (approximately 1.2 mya).
Cannabishad spread all around Eurasia by the end of Pleistocene (11.7 thousand years
ago) and became available for early humans for cultivation and domestié&#aralysis

of achene fossils, pollen, fibres (for ropes and textiles) and imprints of achenes from
different archaeological sites in Eurasia suggest that there were dawleastiependent
centers of earlyCannabisuse: Europe and East ASia.Increase in percentages of
Cannabispollen in pollen diagram (proportions or absolute amounts of the varioes pol
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types for a particular location) along with achene and hemp fibre findings suggested the
early human use @annabidfor fiber production dating back to at least 7000 years before
present. Use of drugtype Cannabisfor ritualistic and/or medicinal pposes can be dated
back at least 2700 years before present based on burial offerings of cannabis, containing
high levels of THC, found in tombs across Central A§i& Cannabisas a fiber crop for
production of textile, ropes and paper was introducafeéstern Asia, Egypt and Europe
between 1000 and 2000 BCE. CultivationGatnnabiswas already widespread in Europe
after 500 CE?|n 1545Cannabiswas brought to South America, Chile and in 1606 it
was introduced to North America through Port RogaCanada?

Even thoughCannabishas been cultivated for more than millennia, its prohibition
has steted in the beginning of J0century after addendum (1925) to the League of
Nati onso 1912 Opium Convention was enf or
Cannabisbecame illegal and medicinal use reduced significdAtGannabiswas added
to the Opium and Drug Act list of prohibited drugs in 1923, which made its cultivation
illegal in Canada? In the United States, Marijuana Tax Act (1937) severely ictst
Cannabiscul ti vati on and use, but technically i
Tax Act was overturned by the Comprehensive Drug Abuse Prevention and Control Act
which placedCannabisin the most restrictive drug class (SchedufétfAt the time these
restrictions did not create any distinctions between-tipg and fiber/oilseed varieties of
Cannabis. Strict regulations and absence of legal industry have created challenges for
Cannabisresearch worldwidé&'® Consequentially, standth methods and practices
developed for other plant species were not developed for Cannabis thereby hampering

scientific progress on this platt.In 2018, cultivation, possession and recreational
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consumption became legal in Cana@lén 2020, the United Ndions Commission on
Narcotic Drugs (CND) voted oamilestone decision to remo¥gannabisfrom Schedule

IV list (includes harmful addictive opioids such as heroin). At the present time, medicinal
Cannabisprogramshave started in more than 50 countries, it has been legalized for
recreational use in Canada, Uruguay and 15 states in US. Positive trend of lessening
restrictions and regulations has led to a rapid expansiorCannabis research
worldwide?1’

Currently,Cannabisis classifedinto different groups based on two different approaches:
taxonomic relationships and chemotypifidn 1753, Linnaeus briefly describ€ sativa

in hisSpecies Plantarutmased on herbarium specimens from northern Eusgaeifically
Sweden) and morphology of the specimens was consistent with the northern European
fiber-type landracé¥ 2! Thirty-two years later, Lamarck us& indicato describe plants

from India, Southeast Asia, and South Afrige?

The main controersy overCannabisgaxonomy is the number of species that compose the
genus. AreC. sativaandC. indicadifferent subspecies or different speciés?®2*Small

and Cronquist in 1976 proposed that the formal botanical nomenclature be replaced by a
systembased on THC content in dried female flowering tdpssativawould be divided

in two subspecies witkativacontaining less than 0.3% THC aimdlica containing more

than 0.3% THC. Each subspecies is further subdivided into two varieties based on their
domestication phase; subsativa var. sativa(low THC, domestication traitsgnd var.
spontanedlow THC,wild-type traits); subspndica: var.indica (high THC, domestication

traits) and varKkafiristanica (high THC, wild-type traits??* Their sugge®d model

assumed thaindica and sativa diverged primarily as a result of human selection for
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intoxicating resin or fiber/seed oil respectivély* Number 0.3% was then used by laws
in Canada and several other jurisdictions (e.g. European Union) as an artterio
distinguish fibettype strains of industrial hemp from drtygpe strains of marijuana.

Extensive interbreeding and hybridizationthe past 40 years has blurred distinctions

bet ween fiSati vao and Al ndi cao. Pl ant s c |

(chemovar) currently makes more sense than usage of vernacular strain’fdmes.

Chemical composition oCannabisis very canplex due to large number of natural
constituents it possesses. To date, 565 different compounds have been isolated and
identified and approximately 120 of them have been classified as phytocannabinoids.
Cannabinoids are unique class of terpenophenetiorslary metabolites that are produced
predominantly in femal€. sativaflowers. Pharmacological properties of cannabinoids,
studied extensively in the last decade, include potential therapeutic applications ranging
from complex neurological diseases smcer?®

In plants, cannabinoids are synthesised and stored as acids; however light or heat exposure
during storage or consumption will make them undergearaymatic decarboxylation to
produce their neutral forn8.Although Cannabisis best knowrfor the psychoactive
compound D&etrahydrocannabingITHC), there are other abundant Aasychoactive
cannabinoids, that show promising therapeutic properties and ability to reduce THC
drawbacks, such as cannabidiol (CBD), cannabigerol (CBG}eD&ydocannabivarin
(THCV), and cannabichromene (CB?).

Based on ratio of two most abundant cannabinoids (CBDA and THCAJaalhabis
varieties can be divided into three major

CBDA/THCA ratio and high concentratin of THCA,; c¢chemotype 11
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has similar levels of THCA and CBDA and very variable CBDA/THCA ratio-@);5
chemotype 111 or Afibero type with al most
Also, there are two additional less frequentrobgypes: chemotype IV that has very low
content of CBDA and THCA, but containing primarily their common metabolic precursor
cannabigerolic acid (CBGA) and chemotype V with undetectable amounts of any
cannabinoidg!32

Previously it has been reported thBHCA accumulates mainly in capitastalked
glandular trichomes df. sativa Glandular trichome consists of two parts: stem and gland.
The head contains secretory disk cells, surrounded by the storage cavity. Both THCA and
CBDA are synthesised in storagavity of glandular trichomes. Disk cells of glandular
trichomes could produce not only cannabinoids and terpenes, but also biosynthetic
enzymes involved in biosynthesis of secondary metabdfites.

Cannabidgs predominantly dioecious (male and female iosvappear on separate plants),
occasionally monoecious (both male and female flowers appear on the same plant)
flowering plant. The sex of the plant cannot be determined easily during vegetative stage
of growth. Male plants are usually taller and tenfidwer earlier than female plants, when
grown outsidé* Cannabinoid levels in male plants are very low, due to the almost
complete absence or low amounts of glandular trichomesontrastcannabinoid levels

are highin female plants due to the localiiman of glandular trichomes on the bracts and
flower leaves?

Based on the photoperiodquired for floweringCannabiscultivars can be divided in two
groups: shortlay varieties (vegetative photoperiod1®h light/ 68 h dark and flowering

photoperiodl2-h light/12h dark) and dayeutral varieties (also called atftowering)

15



that do not rely on photoperiod for flowering induction. Stuay varieties are preferable

for indoor/greenhouse cultivation, whereas -daytral cultivarsare mostly used for
outdoor growh.®® Oilseed and fiber varieties (usually hemp cultivars) are cultivated
outdoors to lower production costs, while dityge varieties are typically grown in indoor
production facilities or in greenhouses to produce flowetsgifer quality 1236

Female plats are preferred by the Cannabis industry, due to their capability to produce
high levels of cannabinoids. Seed free plants knovairnaemillaproduce higher amounts

of secondary metabolites compared with thibed havebeenpollinated and have started
seed formation. When growing plants from seed, it is important to remove male plants early
on to avoid undesirable pollination and thus to get higher yiél@ne of the ways to
ensure that seed population is all femaléoi use feminized seed3annabismale plants

are characterized by heterogametic chromosomes (XY) and female ones by homogametic
(XX).?" Silver thiosulfate (STS) is used to induce formation of functional male flowers on
genetically female plant.Inducel male flowers produce pollen that contain only X
gametes, which after fertilizing female X gametes results in the production of feminized
XX seeds38*° Production of feminized seeds using STS Ien optimized for multiple
hemp cultivars, but there m® information that is based on scientific research for-tiypg
ones? The medicalCannabisindustry requires cultivars that are genetically homozygous
and highly uniform which can be achieved through feminized seed techrtblaggther
potential issueregarding selfing ofCannabisis inbreeding depression that can affect
genetic diversity in population as well as plant vigtun arecent study comparing self
fertilized populations ofCannabis with crossfertilized populations, no measurable

differences in genetic variation were observed among populations. The authors suggested
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that one cycle of selfing for feminized seed production does not impact genetic ditersity.
Pollen from masculinized plants (STi®ated female plants that produce male fl@yand

from monoecious varieties can be used to creaiemthle hybrids with dioecious linés.

Pollen cryopreservation in liquid nitrogen (LN) is a comnmethod of germplasm
conservation, pollen can be stored in LN lor ktegn periods without losd @iability and
fertilization potential. It is also a very powerful breeding tool that permits hybridization
between plants that flower at different periods of time and/or in different locations. Because
there is no need to wait for the growth and develeminof male flower, breeding with the
female lines can be done immediately as they are avaffaBtnserving male pollen from

well characterize€Cannabisc ul t i vars and #Af emal €annapiol | en
plants would significantly improve efficiey of breeding programs. Efficient
cryopreservation protocol for lorigrm storage ofC. sativa pollen as well as pollen
viability assay were developed recerffly.

Cannabisplants are propagated either clonally through cuttings or via seed germination.
Many researchers select seeds as a starting material for viariotre andin vivo studies
including studies on plant physiology, growth and developrifehtcommon practicés

to plant seeds directly in moist aerated soil, although some researchers and breeders prefer
to use wet Whatman filter paper as an induction medium and then transfer germinated
seedling to soil. ¢4’ Seed germination usually takes betweefd days fo radicle
appearance and-B days for seedling developméhtGermination time depends on
multiple factors such as cultivar, seed age and storage condiftfSSeed longevity drops

to 70-80% after 2 years of storage in uncontrolled humidity conditibBas.commercial

hemp production, the minimum recommended germination rate3985%°lt is crucial
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for Cannabisindustry and research to hawe efficient germination protocol that will
provide high germination rates and be suitable for germinatiahdef seeds with lower
viability. Sorokin et al. developealseed germination protocol using a hydrogen peroxide
(H202) solution as liquid germination medi@hat potocol demonstrates reduced risk of
contamination, making it suitable for tissue cultund ahows high germination efficiency

for both young and ol@annabisseeds?

Due to Cannabisdioecy, propagation through seeds is associated with considerable
heterozygosity within seederived progeny. Another concern related to growing from seed
is thata large percentage of a crop could be male, which is unfavorable foitydreg
varieties*®* Commercial hemp production is generally done via lsgme seed
propagation, unlike medicinal/recreation@annabis which is propagated through
vegetative clone (cuttings) in order to maintain crop uniformifyClonal propagation
approach permits maggoduction of genetically uniform plants at a commercial scale, but
the associated costs are significantly higher than propagation through seedeuzsile

it is labor intensivé? For clonal propagation short stem sections are harvested from mother
plant, and each stem section needs to contain at least three nodes (meristems): bottom
meristemis responsible for rooting and two top ones for leaf dgwalent. The number of
clones that can be produced depends directly on the size and stem architecture (bushiness)
of the mother plart® Up to 15% of floor space in commercial operations might be occupied
by mother plants. Mother plants are required to stayegetative state, which is easily
achievable among sheday varieties but almost impossible for elagutral ones because
they do not respond to photoperitdOne of the biggest disadvantages of clonal

propagation is that indoor grown mother plants susceptible to pest contamination and
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various pathogens such as viruses or fungi. Infection can be then transmittetheat
generation of clones, resulting in lower quality products and severe yieftf loss.

In vitro propagation (also called micragagation) ofC. sativahas several advantages
over conventional propagation techniques (i.e., clonal propagation). Sterile nature of plant
tissue culture allowsor the production opathogen and diseaséree plants with high
multiplication ratet?4® Micropropagation also requires significantly less floor space
because plants are propagated in small culture vessels that can be stackedtier multi
tissue culture room. This is very useful for maintenamicplant genetic libraries, that
would require nably more floor space if conventional propagation techniques are
used!?>*Cannabiss considered to be a very recalcitrant plant and even thtbaghrliest

tissue culture report is almost 50 years old now, efficient regeneration still remains one of
the biggest challenges f@annabisbiotechnology?®

Micropropagation inCannabisis generally achieved through shoot multiplication from
exiting meristems that could be found in the apical nodes and axillary bedsovo
regeneration from nemeristemat somatic tissues, which is rarely achieved in Cannabis,
also has many biotechnological applicatiéh8licropropagation can be accomplished
using either somatic embryogenesis or organogenesis, both through direct or indirect
regeneration. In somatic enylogenesis plants regenerate from single cells, hence reducing
chimerism in transformed explants, which makes this approach favorable for developing
transgenic plant® Most of the studies evaluate the effect of plant growth regulators
(PGRO6s) , langspard genbtypees onthe micropropagation of cannabis. Other

parameters, such as media composition and growth/culturing conditions also affect
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efficiency of micropropagation, however information about the effect of these parameters
is limited 12
Micropropagation process is generally divided into 5 different stages

1 Stage 0: Selection and maintenance of stock plant material

i Stage 1: Initiation and establishment of sterile cultures (e.g., shoot initiation)

1 Stage 2: Multiplication by continuousub-culturing (e.g., multiplication of

shoots/embryos)

i Stage 3: Shoot elongation and rooting

1 Stage 4: Acclimatization (hardening)
Stage 2 is crucial for commercistale plant production, because it allows exponential
multiplication of plant material, tblugh continuous subulturing. In a recent review,
Monthony et al. evaluated all tip-date reports onCannabis tissue culture and
micropropagation and concluded that there are very few studies that report results from
Stage 2. Most of the existi@annabs micropropagation methods/studies use so caled 1
3-4 approach where Stage 2 is skipped.
Early Cannabistissue culture studies were predominantly on callus and cell suspension
cultures. The main goal of early studies was to investigate cell suspen#imes and
callus cultureds ability to produce <canna
cannabinoid levels were low and unsatisfactéfy® FloresSanchez et al. conductea
elicitation study using biotic and abiotic elicitors @Gannabiscell suspension cultures but
failed to enhance cannabinoid biosynth&$BHCA synthase expression analysis revealed

that cannabinoid biosynthesis is linked to organd tissuespecific development and
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regulated by complex gene networks suggesting that cenai@dd can be produced only
by trichomes?®’

For initiation of callus cultureresearches have used different explants ©f sativa:
cotyledons, hypocotyls, epicotyls, leaves and peti§ldés.201Q Lata et al. optimized
callus initiation and maintenaeadrom young leaves on MS medium supplemented with
0.5 & MUNaARhthal eneacetic aci df!Mavahddietal.0 & M
successfully developed calluses from cotyledons on MS medium supplemented with 2
mg/1 TDZ and 0.5 mg/1 IBA (Indol-butyric acid)>®

Indirect organogenesis of shoots and roots via callus have been reported by different
researcher8°3%1 |n one of the early attempts to achieve shoot regeneration via,callus
Feeney and Punja (2003) used leaves, petioles and cotyledons of 4 different hemp varieties.
Callus cultures were initiated on MS media supplemented witli2idorophenoxyacetic

acid (2,4-D) and 6benzyloaminopurine (BA) or kinetin (KIN). After 4 weeksalluses
developed roots, although there was no shoot regeneta®nsarkiewiczlarzina used
leaves, petioles, internodes, and axillary buds from 5 different hemp cultivars fer call
induction and subsequent plant regeneration. Highest induction rate was from leaves and
petioles (87%) on MS medium supplemented with DICAMBA (2.0 and 3.0 mg/l), however
plantlet regeneration efficiency was very low (1-29%%, depending on the cultiy&f
Wielguset al. tested different explants (fragments of cotyledons, stems and roots) of 3
monoecious hemp cultivars and found that interaction between tested explant and cultivar
had asignificant effect on the efficiency of plant regeneration, with highest reggame
response observed for cotyleddi€haohua et al. used cotyledons as donor explants and

were able to induce shoot regeneration via callus. Among 8 tested hemp cultivars, highest
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induction frequency (51.7%) with 3.0 shoots per explant was achievegl MS medium
containing 0.4 mg/l TDZ and 0.2 mg/l NAA. Researchers concluded that age of the explant
is also an important factor, younger cotyledons3 (8ays after planting, ~47%) had
significantly higher regeneration efficiency than older ones (6 ddier planting,
11.9%)°%! Lata et al. reported highest efficiency (96.6%) of plant regeneration via callus
derived from young leaves of drigpe Cannabisvariety (MX) with an average of 12.3
shoots per explant. Callus induction was achieved on MS mediumtcai ni ng 0.5 O
and 1.0 OMonhbEZd twbluses were then transfe
TDZ.%® High level of de novo regeneration reported by Lata et al makes this protocol
desirable for use i€annabisbiotechnology. Recently, Monthony al. tried to replicate

this protocol using 10 different drugpe varieties ofC. sativa.Callus was successfully
induced in all varieties tested; however, no shoot regeneration was ob§&rved.

Direct organogenesis has been achieve@.irsativausing nodal segments containing
axillary buds, cotyledons, hypocotyls, and epicotf/i®. Lata et al. used nodal segments
containing axillary buds to induce shoot regenerdtfofhe highest multiplication rates
(12-14 shoots per explant) were obtained on M&imm supplemented with 0.5 pM
TDZ.%* Wang et al. used shoot tips that were cultured on MS medium with different
cytokinins to obtain axillary buds. TDZ (0.2 mg/L) was found to provide best bud induction
and multiplication rate of 3 to 3.2 shoots per erpfa

Cannabisis a very recalcitrant plant; existing protocols on micropropagation show that
regeneration efficiency is tissigpecific and highly dependent on genotype. Protocols that
work on some of the cultivars might be less efficientireffective on the others.

Micropropagation and regeneration protocols with high multiplication rates that have been
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tested and optimized on multiple genotypes are necessdty fativabiotechnology. In

a recent study bdirect organogenesis by Galdwila et al, cotyledons, leaves, and
hypocotyls of four monoecious and one dioecious hemp varieties were tested. Authors
concluded thatn all five tested cultivars, hypocotyls were the best explants for direct
regeneration, with 49.45% explants responding, followeddiyledons (4.7%) and true
leaves (0.42%). The percentage of responding explants ranged-B#midlmaximum of

71%, depending on type of explant and genof$pe.

Future breeding programs f@annabiswill likely employ transgenesis sindgeallows to
produce varieties with increased yields and varieties resistant to different types of biotic
and abiotic stresses. The first successful attempt Agfobacteriuramediated
transformation was done by Feeney and P@gélus cell suspension cultures derived from
leaves and stems were able to express phosphomannose isomerase gene (PMI), however
no regeneration was observétlWahby et al. used. rhizogenesand A. tumefacienso
transform 5days old hypocotyls, as asult more than twenty lines of hairy root cultures
were established and maintained for more than 2 years. Authors reported that
transformation efficiency depended éwmrobacteriumstrain and hemp variefy:%” In

2020, Deguchi et al. optimized agroinfdtion protocol to transform leaf, male and female
flowers, stem, and root tissues from eight hemp varieties. Transformation was then verified
through detection of GUS and GFP in transformed tis€u&orokin et al. used
Agrobacteriummediated vacuum infilation and compared transformation efficiency of
cotyledons and true leaves among three different -tjogy varieties. Comparative
gualitative analysis revealed thRgrobacteriuntransformation varied among the different

Cannabis varieties®® Virus-induced gene silencing approach was implemented by
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Schachtsiek et al.; cotton leaf crumple virus (CLCrV) induced gene silencing of phytoene
desaturase (PDS) and magnesium chelatase subunit | (Chll) g&awmiabideaves was
achieved? In addition transientexpression of GFRas achieved through PEGediated
Cannabisprotoplast transformatioft.

Multiple reports of successful transient transformation of diffef@atnabiscultivars

occur in the literaturé’ 25859 However, stable regeneration of fully transge@annabis

plants remains a problem. Only recently, Zhang etreported successful generation of

one geneedited plant using aAgrobacteriuramediated transformatio.o increase the
regeneration efficienc authors overexpressed tli@annabis developmental regulator
chimera in the embryo hypocotyls of immature grdfiSo far, the highest regeneration

rate (23.1%) of transforme@annabisplants was reported by Galdwila et al. Authors

used Agrobacteriuramediated static infection to transform existing meristems in
hypocotyls and cotyledons of six hemp varieties and then used their previously developed
direct organogenesis regeneration protocol to obtain transgenic plants. Hypocotyls were
most responsive ssie (23.1% regeneration rate), while the regeneration rate for cotyledons
was significantly lower (1%)3

Successful development of transgenic plants was recently achieved using direct
organogenesis protocol, however only hemp varieties were used irtuthe”>sThe
protocol still needs to be optimized, especially for transformation of-typeycultivars.
Indirect regeneration via transgenic callus still remains a challengeCdnnabis

biotechnology.

24



OBJECTIVES AND HYPOTHESIS

Existing micropropagatiomethodsrely heavily on shoot multiplication from existing
meristems and do not allow plant material multiplication throughkcsitinring.
Based on aforementioned reports we can conclude that so far there is no efficient, scalable
and reproducible (reliable) micropropagation protocol that will be applicable to wide range
of medicinal Cannabisstrains. We hypothesize thaCannabisplants are capable of
multiplication through subculturing and that efficient protocol could be degédlop
Althoughanefficient protocol for development of transgenic plant (regeneration via direct
organogenesis) has been reported recently, it is important to develethodthat uses
either indirect organogenesis or somatic embryogenesis (regeneratizailug).
To address those problenobjectivesof this thesis are
1. Development ofan efficient and reproducible regeneration protocol via tissue
culture
2. Developnent ofa protocol for seedling sterilization and germination for tissue
culturepurposes
3. Development ofan efficient and scalable regeneration tissue culture method for
several cannabis cultivars.

4. Development oftransient and stablgenetictransformatiorprotocol
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CHAPTER 1: Pollen storage protocol (Gaudet, D., Yadav, N. S., Sorokin, A.,
Bilichak, A., & Kovalchuk, 1. 2020. Plants, 9(5), 665

Development and Optimization of a Germination Assay and Londerm Storage for
Cannabis sativaPollen

Daniel Gaudét Narendra Singh YadavAleksei Sorokirt, Andrii Bilichak2, Igor
Kovalchuk

! Department of Biological Sciences, University of Lethbridge, Lethbridge T1K 3M4,
Alberta, Canada

2Current address: Morden Research and Development Center, Agriculture asfahddyri
Canada, Morden, MB, Canada

ABSTRACT

Pollen viability and storage is @reat interest to cannabis breeders and researchers to
maintain desirable germplasm for future use in breeding or for biotechnological and gene
editing applications. Here, we report a simple and efficient cryopreservation method for
long-term storage o€annabis sativgollen. Additionally, the bicellular nature of cannabis
poll en was i dent i-diamidirb2-phenylindige) dakiRg. A polleNj, 6
germination assay was developed to assess cannabis pollen viability and used to
demonstrate that polte collected from different principal growth stages exhibited
differential longevity. Finally, a simple and efficient method that employs pollen combined
with baked whole wheat flour and subsequent desiccation under vacuum was developed
for the longterm cyopreservation o€. sativapollen. Using this method, pollen viability

was maintained in liquid nitrogen after four months, suggestingtienmg preservation of
cannabis pollen.

Keywords: Cannabis sativa pollen germination assay; cryopreservation; lergn

storage; DAP|staining of germinated pollen; vegetative nuclei; sperm nuclei
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1. Introduction

Cannabis or hempgC@nnabis sativa..) is an annual, primarily dioecious flowering plant.

The center of origin is in Central Asia, and it has been brethémrsands of years for a
variety of traits, including fiber, oil, seed and drug i€annabis is a diploid plant (2n =

20), and males are characterized by heterogametic chromosomes (XY) with homogametic
chromosomes (XX) conferring the female phenotypeleMalants produce flowers
containing stamens producing pollen whereas female plants develop ovaries that produce
seed following pollination. Female inflorescences are characterized by secretory hairs
known as glandular trichomes, which produce a resinaxisincannabinoids and aromatic
compounds that are valued for both medical therapeutics and recreationafeffects.

Pollen viability is of great interest to breeders and researchers alike. Breeding projects may
wish to store pollen for extended periodsiofe, where high value genetic material may

be stored for future use or for biotechnological and gene editing applications that requires
a quick and effective method for determining pollen viabffiFluorescent stains such as
fluorescein diacetate (FDAr fluorochromatic reaction test (FCR) have been previously
reported for assessing pollen viability in canndiigiability is not always correlated with
germination, as pollen may retain the ability to metabolize while losing its ability to
germinate’. To better assess germination, we established a pollen germination assay (PGA)
to estimate germinati on r-diamidisna2-phétglindole)s o ad a
stain to visualize pollen preand posigermination, and to establish whetl@annabis
sativapollen was bicellular or tricellular, which to our knowledge has not been reported in
the literature. In approximately 30% of angiosperms, pollen is tricellular, with the male

gametophyte sexually mature at the time of antlfesis. also used the PGA test how
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storage and timing of pollen collection influences germination rates. Pollen germination
rates were assessed over a period when stored at 4 °C from males at different stages of
floral development. Finally, we developed a simple procedure fdotigeterm storage of
cannabis pollen using desiccation with baked whole wheatr flollowed by
cryopreservation, which potentially maintains letlegm viability of pollen for future use.

2.Results and Discussion

2.1 Optimization of Pollen Germination foPGA
To obtain a representation of the germination profile, a-tapse of a pollen germination
assay (PGA) was evaluated using microscopy. We observed the germination profile for 6

h with 30 min interval. The final germination was calculated after 1@chbiation.

Germination started within 30 min with extending pollen tubes clearly visible (Figure

1 andVideo S).

Figure 1. Representative photographs of cannabis pollen germination profile. Images were
taken at 3@min intervals for 6 h wittgerminating pollen grains indicated by the yellow
arrows. Germination started within 30 min with extending pollen tubes clearly visible.
Images were acquired using an inverted fluorescent microscope (Zeiss Axio Observer Z1,
Germany).

Cannabis pollen redgligerminated in the Pollen Germination Media (PGM). PGM was

evaluated both as a liquid and a solid media (1% agar). Germination rates were comparable
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in both media; however, pollen tubes were not as easily imaged under the microscope when
germinated on diml agar medium (data not shown). For this reason, we opted for
performing the PGA using liquid media. Of the different concentrations of pollen tested,
0.1 mg/mL provided the clearest imaging of germination, as higher concentrations resulted
in crowding n the test well that reduced visibilitiFigure 2). Additionally, in the highest

density treatment, germination was adversely affected and made it difficult to accurately

guantify germination percentageigure 2).

0.1 mg/mL 1mg/mL 10 mg/mL

Figure 2. Optimization of the Pollen Gerination Assay. Cannabis pollen germination in
PGM atconcentrations of 0.1, 1 and 10 mg/mL. Images were acquired after 16 h using an
inverted fluorescennicroscope (Zeiss Axio Observer Z1, Germany).

2.2Pollen Collected at Different PrincipaGrowth Stages Exhibits Different Longevity

To establish how cannabis pollen germination rates change over time, we tested the pollen
in a pollen germination assay after storage at 4 °C. Because pollen collected from different
principal growth stages mayfa€t germination rates, we collected pollen from male
flowers at four different points during floral development to cover the entirety of anthesis
(Figure SJ).

We compared the loss of viability of cannabis pollen collected from the four different
points duing flower development over the course of 21 days. The rate of germination at
TO was 33% for Early (62), 46% for Mid (64), 50% for Midte (65) and 41% for Late

(67) stage Figure 3). All stages lost viability after only one week at 4 °C storage, except
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Mid (64) (Figure 3). After 21 days storage at 4 °C, pollen collected from Early (62); Mid
Late (65) and Late (67) stages, lost their viability (approached 0% germination). However,
pollen collected from the Mid flowering stage (64) retained viability imgést with 22%

of pollen grains successfully germinated after 21 days storage at FAdi@e( 3). This
suggested that an optimal growth stage for pollen collection is around the developmental
stage (64), whereas the loss of pollen viability may beginewth pollen is still present

in the anthers. Pollen collected earlier, at developmental stage 62 may not have fully

matured, resulting in a lower germination percent&ggufe 3).

Pollen Germination (4°C storage)

60
50 A
A 1
S 40 ! X
©
g 30 —e—Early (62)
= ——Mid-Late (65)
EDQ 20 ¢ ——Late (67)
© Mid (64)
10 ;
0 \=_'
0 1 2 3

Weeks post collection

Figure 3.Loss of pollen viability over time. Pollen wadmrvested from plants at four
different developmental stages then stored at 4 °C for one to three weeks. Viability was
determined via pollen germination assay. Data were shown as meam+=3¥ (
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2.3DAPI Staining Revealed Bicellular Nature of CannabiPollen

While the fluorescein diacetate (FDA) stain is routinely used for viability tests, it is not
ideal for visualizing the nuclei in pollen cells. In order to establish whether cannabis pollen
was bicellular or tricellular, we performed a DAPI stamgerminating cannabis pollen.
Prior to pollen tube germination, the brighter, more compact sperm nucleus and the diffuse
vegetative nucleus were visibleigure 4A, B). The brighter staining in the sperm nucleus
represents the more condensed statthamatin compared to the more transcriptionally
active vegetative nucleus. Following pollen tube germination, both sperm nuclei are clearly
visible as they descend the pollen tub&g@re 4C). This suggests that cannabis releases
sexually immature pollegrains, with the second mitosis event occurring after pollen tube

germination.
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~ . 100pm

Figure 4.Visualization of cannabis pollen at different stages of germination using DAPI
staining. Both the sperm (SN) and the vegetative nuclei (VN) are visible bictikilar
stage prior to pollen tube germinatigh, ). Image C) represents a germinated cannabis

pollen cell.
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2.4Development of a Cryopreservation Method for Cannabis Pollen

Pollen cryopreservation has been employed in a variedgméulturally and medicinally
important plant species for the preservation of elite germplasm. Numerous studies have
reported the data on pollen viability under various storage condiiolghile the
interaction between pollen water content and viabikt complex, it is understood that
optimum water content is necessary for longeviGenerally, longevity is increased by
lowering the temperature and moisture content. Some reports indicate a moisture optima
of 15%, while higher water concentrationsqabe 30%) may result in rapid deterioration
during cryopreservatiohL i qui d Nitrogen (LN; 1196 AC)
storage, as it is relatively cheap, safe and maintains a temperature where enzymatic and
chemical reactions do not cause bgital deterioratio.Cannabis pollen stored in LN
without prior desiccation failed to germinatedure S2). Pollen cells with high moisture
levels do not survive cryogenic storage, presumably due to intracellular ice formation.
Therefore, pollen cellseed to be dried within a range where no freezable water exists
without succumbing to desiccation injury. For pollen desiccation, we tested a vacuum
desiccation at pressures of 5, 15 or 25 kPa for either 20 or 40 min. When pollen was
desiccated prior to gtage in LN, it failed to germinatérigure S2), suggesting that
desiccation alone may not be sufficient for pollen viability during cryopreservation.
Therefore, in addition to desiccation, we also tested cellular cryoprotectants, such as
DMSO and glycerotthat have been reported to improve cell survival after cryogenic
storaget® Desiccated cannabis pollen combined with a 10%, 20%, 30% or 60% DMSO or

glycerol solution prior to being stored in LN for 24 h exhibited 0% germinakayufe

S2).
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Baked wheat 8lur has been previously suggested as a possible cryoprotectant for long term
pollen storagé! To test whether baked wheat flour can be used as a cryoprotectant for
cannabis pollen, cannabis pollen was desiccated and combined with baked wheat flour.
Vacuumdesiccation at a lower pressure of 5 kPa for the longest interval for 40 min, resulted
in the highest germination rate after storage in LN after Hgufe 5). Pollen germination

did not occur at higher pressures, as the cells may have been comprdurisgdthe

drying process. This treatment was used for subsequent preservation experiments where
the GLM test results indicated no significant differences in germination rate between 24 h
LN stored pollen and the ndriN control pollen p > 0.05 that was 8bjected to the same
desiccation protocol and combined with whole wheat fléigure 6). Desiccation itself
caused approximately 50% reduction in germination as compared to untreated freshly
harvested pollenHigure 3 andFigure 6). Desiccated cannabis | combined with

baked wheat flour was kept in LN for four months to test long term storage. The GLM test
results indicated that there was no significant difference observed as compared.kb non
control and 24 h LN stored pollep ¢ 0.05 (Figure 6), suggesting long term storage is a
possibility under appropriate conditions. To confirmplantaviability of the treated
cannabis pollen, the pollen/wheat flour mix was removed from LN and applied to flowering
female cannabis plants. The pollination résdilin successful seed formation in all the
flowers receiving treated pollen. Once the female had finished flowering, the flower
material was collected and processed for seeds. Seed number, size and morphology from
the cryopreserved pollen were similar ttoiose obtained using untreated fresh pollen
(Figure S3. Collected seeds were germinated to ensure viability, with no abnormalities

noted.
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non-LN control Stored in LN for 24 hours

Figure 5.Representative photographs from pollen germination assay (PGA) of pollen
stored for 24 h in liquid nitragn (LN). Desiccated cannabis pollen mixed with 1:10 wheat
flour and stored in liquid nitrogen (LN). NerN control (control was subjected to the same
desiccation combined with whole baked wheat flour). Pollen flour mix was diluted to 0.1
mg/mL in PGM and sed for PGA.

Pollen Germination Rates Following Storage

40 m Control

25 ELN 24 hours

= LN 4 months
20

15

10

% Germination

Pollen Storage Conditions

Figure 6.Comparison of pollen germination efficiency between desiccated pollen
combined with whole baked wheat flour and stored in liquid nitrogen (LN) for 24 h or 4
months and nonliquid nitrogen control (control was subjected to sadesiccation
protocol combined with whole baked wheat flour). Data were shown as mean + SE. The
germination efficiency data were statistically analyzed by generalized linear models
(GLM) with binomial distribution (link logit) using the GLM function in sefire R Studio
1.2.1335.
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There are several reports on pollen leegn cryopreservation including oyear viability
(Allium sp.;Juglans nigraDiospyros khaRt?4 two years viability Jojoba hop*>8

and five or more years survivaVifis vinifera L, tomato and eggplant; Maize;
Gladiolus)"2° Our cryopreservation method resulted in a slight decrease in germination
(but not significant, GLM tegt > 0.05 after 24 h and foumonth of LN storageHigure

6). Hamzah and Chan (1986) suggestadbility declines over a relatively short
time 2! Heveapollen exhibited a decline from 20% in vitro germination after one month to
2% after five months of storage in LN. Some pine and spruce pollen stored in LN also
showed a decline in viability over2d-month period? Cryopreservation of maize, lignd

wheat pollenalso exhibited a decline in viability during cryopreservafiotf.Overall,

these results suggest that periodic viability testing of cryopreserved pollen is required to
ensure the futureiability of stored pollen in breeding.

In conclusion, we have standardized a simple assay for quickly assessing pollen
germination inCannabis sativaThrough the use of DAPI staining on germinating pollen
cells, we were able to track the migration ofrapauclei descending the pollen tube. This
indicates thaCannabis sativaieleases pollen in a bicellular state, where the second mitosis
event occurs after pollen tube germination. By using our PGA, we have demonstrated the
loss of pollerviability over time when stored at 4 °C and suggested an optimal time during
flower development for pollen collection to maximize longevity during storage. Finally,
we have provided an easy protocol for cryopreservation using desiccation combined with

bakel wheat flour and subsequent letgm storage of cannabis pollen in liquid nitrogen.
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3. Materials and Methods

3.1Plant Material and Growth Conditions

Cannabissativp | ant s (strain name fASpiceodo, THC dor

spectrunB800-Watt LED grow lights (PrimeGarden) with 16 h light for vegetative growth
and 12 h light for flowering at 22 °C.

3.2Pollen Germination Assay (PGA)

3.2.1. Pollen Germination Media (PGM)

The composition of pollen germination medium was adapted from Schreiber and
Dresselhau (2003)yith some modificatio® The original pollen germination medium
from Schreiber and Dresselhau (2088)ployed 1% noble agéatin our study, we tested
pollen gemination media as liquid or combined with 1% agar. We found that liquid media
resulted in better image acquisition and quantification of germination than solid media.
Therefore, we employed liquid medium for all pollen germination experiments. During
optimization of the Pollen Germination Assay (PGA), pollen concentrations of 0.1, 1 and
10 mg/mL were employed with the pollen diluted in PGM and incubated for 16 hr.

A 2x PGM contained the following: 10% sucrose (BIOSHOP), 0.0058l(Sigma),

10 mM CaC# (BIOSHOP), 0.05 mM KHPQ: (Merk) and 6% PEG 4000 (Fluka). After
components were added to distilledd heated on a stir plate for 10 min at 70 °C then
filter sterilized. A 1x working solution was prepared fresh each day by diluting in distilled
H20.

3.22. Pollen Collection and Optimization of the PGA

Pollen was obtained from flowering maannabis sativglants using a vacuum manifold

method?® For the standardized PGA, 10 mg of cannabis pollen was combined with 1 mL
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of freshly prepared 1x PGM and didat to 0.1 mg/mL. 200 pL was then pipetted into a
24-well tissue culture plate (Flat Bottom Cell+, Sarstedt) and sealed with parafilm. Plates
were incubated in the dark at 22 °C for 16 h and examined using an inverted light
microscope (Zeiss Axio Observell ZOberkochen, Germany). To obtain a representation

of germination profile, a timéapse of a pollen germination assay (PGA) was performed.
We have observed the germination profile for 6 h with 30 min interval. The final
germination was calculated after Aéncubation.

3.3. Imaging and Germination Assessment

Images were taken using phase contrast at 100x magnification. For each treatment, the
germination experiment was repeated at least three times with three biological replicates.
For eachtechnical replicate, 8 images were taken to get an accurate representation of
germination. Pollen germination percentages were calculated by dividing the number of
germinating pollen grains by the total number of pollen grains. Germination percentages
for each replicate represent the averages of the eight images.

3.4. DAPI Staining of Cannabis Pollen to Decipher Its Bicellular or Tricellular Nature
Coll ected pol |l en waliamidinbZaphemydirdloleyand imag&lAdng ( 4 Nj,
an inverted fluorescémnicroscope (Zeiss Axio Observer Z1). The DAPI staining protocol
was adapted from Backues et al. 281Germinated pollen was suspended in pollen
isolation buffer (PIB) containing 100 mM NakR®H 7.5), 1 mM EDTA, 0.1%wV) Triton

X-100 and 1 pg/mL DARIA drop of solution was placed on a coverslip, incubated at room
temperature for 5 min and viewed with the DAPI filter set. For DAPI staining of germinated
pollen, pollen germination was performed as previously described, and staining was

conducted with ug/mL DAPI after 16 h in PGM.
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3.5. Pollen Collection from Different Development Stages to Assess the Loss of Pollen
Viability over Time

Pollen was collected from magannabis sativglants at different stages of the flower
development. The foustages of flowering were chosen according to the BBCH
(Biologische Bundesantalt, Bundessortenamt and Chemische) scale adapted for cannabis
and are listed as follows with the BBCH notation in brackets: Early (62), Mid (64}, Mid
Late (65) and Late (67}.

Following collection, an aliquot from each developmental stage was taken and used in the
PGA for germination rate at time of collection (T0). The rest of the aliquots were stored in
a 1.5 mL centrifuge tube at 4 °C in the dark. After one week, an aliquottfre different
developmental stages was used for the PGA (T1), again after 2 weeks (T2) and again after
3 weeks (T3).

3.6. Cryopreservation of Pollen

Cannabis pollen submerged in Liquid Nitrogen (LN) without the use of any cryoprotectant
or treatment will fail to germinate after the formation of ice crystaf8 Cannabis pollen

was combined with cryoprotectants DMSO or glycerol diluted to concentrations of 10%,
20%, 30% and 60% and submerged in LN. Following 24 h in LN, pollen was remuyed a
used in the PGA as previously described.

3.7. Desiccation of Pollen Prior to Cryopreservation

Cannabis pollen was combined with all purpose baked wheat flour{iwjOon a 1.5 mL
centrifuge tube and desiccated at 5, 15 and 25 kPa for 20 or 40 nhowikgldesiccation,

the tube was placed in LN for four months, removed and placed at 22 °C for 10 min. The

pollen/wheat flour mix was then used for the PGA, as previously described.
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3.8. Statistical Analyses

Mean pollen germination over time at falifferent development stages and mean pollen
germination efficiency between pollen stored in liquid nitrogen (LN) for 24 h, 4 months
and non liquid nitrogen control were calculated in an excel sheet. Data were shown as
mean +SE. The germination efficiendgita were analyzed by generalized linear models
(GLM) with binomial distribution (link logit) using the GLM function in software R Studio
1.2.1335.

Supplementary Materials

The following are available online https://www.mdpi.com/22237747/9/5/665/s1,

Figure S1: The representative photographs of the male inflorescences at various stages of
flower development; Figure S2: Representative photographs frdlenpgermination

assay (PGA); Figure S3: Photographs of harvested seeds from (A) flower pollinated with
control fresh pollen, and (B) flower pollinated with stored pollen; Video S1: -Tapse

video of cannabis pollen germination.
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: .

Mid late stage (BBCH scale 65) Late stage (BBCH scale 67)

Figure S1:The representative photographs of the male inflorescences at various stages of
flower development. The four stages of flowering were chosen according to the BBCH
(Biologische Bundesantalt, Bundessortenamt and Chemische) scale adapted for cannabis
(Mishchenko et al. 2017) and are listed as follows with the BBCH notation in brackets:
Early (62), Mid (64), MidLate (65) and Late (67§°
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Figure S2.Representative photographs from pollen germination assay (PGA). (A) Control
fresh pollen, (B) Pollen stored in liquidtrogen without prior vacuum desiccation, (C)
Pollen stored in liquid nitrogen with prior vacuum desiccation at 5 kPa for 40 minutes, (D)
Pollen stored in liquid nitrogen with prior vacuum desiccation combined with 10% DMSO
solution, and (E) Pollen stored liquid nitrogen with prior vacuum desiccation combined
with 10% Glycerol solution.
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1 A AT N
Figure S3.Photographs of harvested seeds from (A) flower pollinated with control fresh
pollen, and (B) flower pollinated with stored pollen (desiccgtelten/ wheat flour mix

stored in liquid nitrogen.
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CHAPTER 2: Seed germination and sterilization; preparation of the explants for
tissue culture (Sorokin et.al. 2021Bioprotocol)

Development and Standardization of Rapid and Efficient Seed Germination
Protocol for Cannabis sativa

Aleksei Sorokin, Narendra Singh Yadav, Daniel Gaudet and Igor Kovalchuk

Department of Biological Sciences, University loéthbridge, Lethbridge T1K 3M4,
Alberta, Canada

ABSTRACT

Cannabis seed germination is an important process for growers and researchers alike. Many
biotechnological applications require a reliable sterile method for seed germination. This
protocol outlinesa seed germination procedure foannabis sativausing a hydrogen
peroxide (HO2) solution as liquid germination media. In this protocol, all three steps
including seed sterilization, germination, and seedlings development were carried out in an
H20. soluion of different concentrations; 1%.8; solution showed the fastest and the
most efficient germination. This protocol also exhibited high germination efficiency for
very old cannabis seeds with lower viability. Overall, this protocol demonstrates superio
germination compared to water control and reduces the risk of contamination, making it
suitable for tissue culture and other sensitive applications.

Keywords: Cannabis sativaRapid germination, Hydrogen peroxjdgeed sterilization,

Seedlingdevelopment
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1. Background

Cannabis sativaotherwise known as marijuana or hemp, is an annual primarily dioecious
flowering plant in which male/female sex is determined by heteromorphic chromosomes
(X and Y)! Cannabis is grown for a variety of agricultural uses; nearly all parts of cannabis
plant are used, seeds for food, stem for fiber, and flowers/leaves for medicine. Flowers
produce a mix of cannabinoids and aromatic compounds valued for their therapdutic a
recreational effectéCannabis plants are propagated either clonally through cuttings or via
seed germination. Seed germination is very important for researchers, breeders, and
growers alike, especially since seeds from elite cultivars can be verpsaspeand
valuable. Additionally, older seeds may have a reduced germination rate while bacterial
and fungal contamination can compromise germination, especially when seeds are
germinated for tissue culture propagation. To address these issues, we lewpedes

rapid, sterile, and efficient seed germination protocol using a 1% hydrogen peraxXide (H
solution. In this protocol, all three steps including seed sterilization, germination, and
seedlings development were carried out in a I2ldolution. Ths presents a significant
advantage over other sterilants, such as mercuric chloride or bleach, which require
additional washing of seeds and a separate germination step on MS solid medium. Our
protocol resulted in faster germination and increased seedingdion percentage as
compared to water control, with no bacterial or fungal contamination, making it suitable
for tissue culture and other sensitive applications. In comparison to previous germination
methods which take between74days for radicle appeance and 45 days for seedling
development (Wielgust al, 2008 and references thergirour germination method

resulted in radicle appearance in 1 day and allowed us to obtain cannabis seedlings in a
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very short period (F days) with minimal effortd This protocol is also very efficient for
germination of very old cannabis seeds with lower viability.

2. Materials and Reagents

A. Biological materials

1. Cannabis sativdFinola, X59, and Blueberry varieties) seeds

All seeds were harvested in our laboratory. Blueberry seeds were not older than 6 months,
when employed in the experiments. Finola and X59 seeds were more than 5 years old.
B. Chemicals

1. Hydrogen Peroxide(®s (Merck®, catalog number: 1072091000)

2. Murashige & Skoog Basal Medium with Vitamins (PhytoTechnology Labordtories
catalog number: M519)

3. Sucrose (SigmAldrich, catalog number: S0389)

4. MES (SigmaAldrich, catalog number: M3671)

5. Agar type HSigmaAldrich, catalog number: A4675)

6. MS solid media (1 L) (see Recipes)

C. Plasticware

1. Sterile empty 100 x 15 mm Petri plates (VWR International, catalog number:-25384
342)

2. Sterile disposable 15 or 50 ml screap centrifuge tubes (BD, FaleTM, catalog
number: 352070)

Equipment

1. Laminar flow hood (Microzone Bio Klone 2, catalog number: 3608Q)

2. pH meter (Corning Model 430, catalog number: 475303)
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3. Sterile forceps and scalpel (sterilized by heat treatment using a Bunsen burner)

4. Growth chamber (Sanyo MLEB50, catalog number: 88800-06): 24 °C, 18 h light/6 h
dark cycle, |igh4seci ntensity 200 emol Lm
5. PreMix HP Mycorrhizae Growing Medim (PreMix, catalog number: 20381RG)

Recipes

1. MS solid media (1 L)

4.43 g Murashige & Skoog Basal Medium with Vitamins

500 mg MES

30 g Sucrose

8 g Agar

Adjust pH to 5.7 with KOH and sterilize by autoclaving at 121 °C for 40 min. 25 ml of MS
media on each Petri plate.

Procedure

Seed germination assay

1. Soak seeds overnight in various concentrations of hydrogen peroxide solution (liquid
germination media or germination solutions) as well as in sterile water contf@] (%

H202, 3% HO2, 5% H20,, or 10% HO) in 15 or 50 ml screveap (Falcon tube). Falcon
tubes with submerged seeds in various germination solutions were kept in the dark at room
temperature.

2. Next day, record the percentage of germinated seeds in germination solution (egpeara
of radicle is considered as germination event) and add fresh respective germination solution

after removal of old solution simply by pouring out.
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3. Keep seeds soaked in the same solution for 3 more days in the dark at room temperature
and record the percentage of germinated seeds every day.

4. Thereafter, germinated seeds/seedlings were transferred with or without seed coats from
H20- solution toMS medium plates to observe the growth eOtisolutiongerminated
seeds/seedlings on MS medium. To transfer, first germinated seeds/seedlings were poured
together with HO> solution from the Falcon tube to the empty petri plate. Then seedlings

were trangérred to sterile paper by using forceps to remove excg3sddlution. Finally,

the germinated seeds/seedlings were transferred to MS media plate by using forceps. The
whole transfer procesgascarried out in the laminar flow hood.

5. Parafilm sealed MBiedium plates with germinated seeds/seedlings are then transferred

to the growth chamber (24 AC, 18 h Il'ight/ 6
2.sec!) for 3 days to observe the growth and survival eDHsolution germinated
seeds/seedlings S medium.

6. The HO> solutiongerminated seeds/seedlings growth was also observed in seil. Pro

Mix HP Mycorrhizae Growing Medium used for soil experiment. The cannabis seeds were
soaked in the KD, solution (germination solutions) for four days and thereafter,
germinated seedseedlings were transferred frora@d solution to soil pot (Préix HP

Mycorrhizae Growing Medium) to observe the growth and survival g.Holution

germinated seeds/seedlings on soil. The soil pots were transferred to the growth chamber
(24°C,18hlght / 6 h dar k cycl e anisechl Thegphdtographst e n s i t

were taken on day 12.

Data analysis
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Mean seed germination percentage under various concentratiop®-afaution as well

as water control were calculated in an excel sheet.\B&@a shown as mean * SE.

3. Results

In this study, we have described a rapid and efficient seed germination protocol for
Cannabis sativaThe brief description of this protocol has been reported in Soebkih
(2020)# In the current study, we have standardized the optimum concentration of hydrogen
peroxide (HO-.) solution media for efficient sterilization and rapid germination. We have
tested various concentrations o solution as well as sterile water controb(® 1%

H202, 3% ROz, 5% HO», or 10% HO») for sterilization and germination efficiency. All
three steps of germination (seed sterilization, germination, and seedlindgspdeet)

were carried out in various concentrations eOFIsolution and seeds wekept in liquid

media for four days. Hydrogen peroxide presents several significant advantages over
mercuric chloride or bleach sterilants, which require additional seed washing, and separate
germination/seedling development step in Murashige and Skooga@é®)nediunt.The

1% HO- solution showed rapid and higher germination than high€: Honcentrations
solution and water control at day 1 (Figure 1). On day 1, 1@ kblution exhibited 82.5%
germination as compared to 22.5% germination for 3#.Hrowp, 17.5% germination

for 5% HO> group and 47.5% germination in water control group (Figure 1B).
Interestingly, 10% kKO- did not show any germination on day 1 due to its toxic effect
(Figure 1). In 1% HO> solution, radicle appearance (germination) occuméhin 24 h

and seedling development (two fully developed cotyledons and two immature true leaves
stage) occurred in 726 h (Figure 1A). In comparison to previous germination methods

which take between -Z days for radicle appearance andl® days for sedling
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development (Wielgus et al., 2008 and references thereur),germination method
resulted in radicle appearance in 1 day and allowed us to obtain cannabis seedlings in a
very short period (& days) with minimal efforts (Figures2).2 Consideringhe possible

toxic effect of HO. (since germinated seeds/seedlings stayed continuously>a H
solution for 4 days), we have checked further survival of germinated seeds/seedlings on
MS media and soil (Figures3®. On MS media, 1% #D. solution seedlings survived
better than other treatments (Figure 2). The water germinated seeds exhibited
contamination and did not survive on MS media (Figure 2). Similarly, due to the toxic
effect of higher concentration o8, the 10% HO- germinatedseeds did not survive on

MS media (Figure 2). The 1%:>8- solution seedlings also survived well on soil (Figure

3). Apart from this, we have also tested our method for more #yaars old cannabis
seeds with lower viability, which demonstrated that 1994++olution medium exhibited a

very high germination percentage (~50%) as compared to water control (~10%) (Figure 4).
In conclusion, we have developed a rapid and efficient methodCfosativa seed

germination under sterile conditions for tissue culamd other sensitive applications.
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Figure 1. Germination of 6month-old seeds of Blueberry variety in various
concentrations of hydrogen peroxide solution and water controlA. Representative
photographs of germinated seeds/seedlings in e sblution of various concentrations

or water control on day 1 to day 4. B. Comparison of germination percentage between the
various concentrations of2B> solution or water control. Data are shown as mean + SE (n
=4). In each replicate, 30 seeds were used
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Figure 2. Representative photographs of growth and survival of ¥D2 solutions
germinated seeds/seedlings of Blueberry variety on MS medi@he Blueberry variety

seeds were soaked in the®d solution (germination solutions) for four days and thereatfter,
germinated seeds/seedlings were transferred fre@ sblution to MS medium plates to
observe the growth and survival ob® solution germinated seeds/seedlings on MS
medium. The photographegere taken at day O (just after transfer to MS medium plates),
day 1 (after 24 h of the transfer to MS medium plates), and day 3 (after 72 h of the transfer
to MS medium plates) on MS media.
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Figure 3. Representative photograph of Blueberry variety young plantlet growing in
soil (Pro-Mix HP Mycorrhizae Growing Medium). The Blueberry variety seeds were
soaked in the kD> solution (germination solutions) for four days and thereatfter,
germinated seds/seedlings were transferred froa®solution to soil pot (Prdlix HP
Mycorrhizae Growing Medium) to observe the growth and survival g.Hsolution
germinated seeds/seedlings on soil. The photographs were taken on day 12.
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Figure 4. Germination of 5-years old seeds of Finola and X59 varieties in 1%
hydrogen peroxide solution and water controlComparison of germination percentage
between 1% ED> solution media and water control. Data are shown as mean + SE (n =
5). In each replicate, around 30 seedse used.
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CHAPTER 3: Development of efficient and scalable regeneration tissue culture
method for several cannabis cultivars

Abstract

Large scale production of uniform disedsse plants is crucial forCannabis
biotechnology. Existing micropropagation protocols rely heavily on shoot multiplication
from existing meristems via direct organogenesis and do not allow multiplication of plant
material through continuous sw@hlturing. Protocols that use indirect regeneration are
usually not efficient enough and have very low multiplication rates. In the present study,
we reportan efficient protocol that usea combination of direct organogenmesand
callogenesis to induce scalable multiple shoot cultures with high multiplication rate
(average 12 shoots per culture).

The firststep of protocol requires simultaneous callogenesis and direct organogenesis. We
used 3 types of explants (young leaves, cotyledons, and hypocotyls) tthdirmest
responding explant for callus initiation. Explants were cultured on MS media supplemented
with 0.4 mg/L of thidi aapbthaemeacétid (NXA)T4M2Nn d O .
media. Hypocotyl was the best explant for callus initiation: it took olydays to obtain

callus compared to cotyledons (3 weeks) and true leavésmgeks). Also, sptaneous

direct shoot regeneration from hypocotyls was observed. To optimize direct shoot
regeneration, we tested 2 different ways of hypocotyl explant preparation and slected
mostefficient one. Then hypocotyls from 3 different dityge varieties wee cultured for

3 weeks (until senescence) on T4N2 media to induce callogenesis and direct shoot
regeneration. Calli with primary shoot were then transplanted to MS media with 1 mg/L of

IBA (Indole-3-butyric acid) to induce multiple shoot cultures (or nmiét shoot units).
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After 1 month each multiple shoot unit produced 12 shoots on avSiagats were then
successfully rooted and acclimatized in greenhouse conditions. Multiple shoot units were
then subcultured using the same media (1 mg/L of IBA); eanlt was divided into %

parts that after 1 month produced shoots again. For each cultivar, we were able to scale up
multiple shoot units for at least8Bcycles with high multiplication rate. We were able to
obtain multiple shoot cultures only when c&léid primary shoot on it. We hypothesized

that the presence of primary shoot on calli creates gradient between exogenous growth
regulators and endogenous hormones produced by primary shoot, which leads to
development of multiple shoot units and shoot regation via callus.

We think that this protocol has great value for the efficient large scale micropropagation of

Cannabis
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Introduction
Cannabis Cannabis sativa..) is a dbecious flowering plant of th€annabaceadamily
widely grown as a source of fiber, food, oil, medicine, and recreational drug. The female
inflorescences of the plant exhibit secretory hairs known as glandular trichomes which
produce a resinous mix of aromatic and terpenophenolic cannabinoid wotspo
Cannabinoids have long been investigated for potential therapeutic use, with the
pharmacological properties of the principal cannabingiti4etrahydrocannabinol (THC)
and cannabidiol (CBD) extensively reviewéd.Recent research has focused on the
pharmacological potential of the otHE0 or so described phytocannabinoids suchpas
tetrahydr oc & nTrHaChahvahinoli (CBN cammnabidivarin  (CBDY and
cannabichromene (CBC)® Female plants are prefed for production of cannabinoids
while male plants are used for crgsslination as part of seed production or breeding
programs seeking to create new cultivars with improved traits or phytochemical profiles.
Breeding programs aim at introducing nevaits through hybridization and
subsequent selection of genetically uniform lines through inbreeding to create improved

varieties® Cannabis breeding programs face several challenges:

1. Cannabis production occurs primarily under controbedironmerdl or greenhouse

conditions which limits the size and scale of breeding progPams

2. Cannabis plants are predominantly dioecious and require special treatment to induce

male flowers on plants that would otherwise be female to achieve inbréding

3. Descendant lines possess considerable heterozygosity which is counterproductive in

conventional breeding prograrh's.

71


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10600
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary%26ligandId=11092

4. Vegetative cuttings are extensively employed in commercial cannabis production which
maintains phenotypic uniformity and genetic stability but is not conducwgenetic
improvement?! Additionally, vegetative propagation labour and time intensiveand
maintains levels of pests and pathogens present in the plant poptiations

In-vitro micropropagation of cannabis, while challenging, can be used for patfregen
germplasm multiplication, and can be integrated with olhetechnological techniques

for genetic improvement Cannabis micropropagation strategies include direct
organogenesis or indirect organogenesis via an intermediate callus lstagiro
micropropagation techniques can supplement traditional approacheseation of
polyploid varieties>'3 selection of elite phenotypic traitsor in genetic transformation

of nonregenerating cannabis tissd&'® Genetic transformation of cannabis is of
particular interest for the development of new varieties othe study of functional
genomicsC. sativais amenable to stable transformation wiirobacteriumFeeney and
Punjaachieved successful transformation in cell suspension cultures from various explant
sources in a seed variety with the marker geneodingphosphomannose isomerase;
Wahby et al. developed stable fiber and diyge C. sativatransgenic cell lines using
tumor and hairy root culturesf A. tumefaciensand A. rhizogenes respectively:> 1’
Transient transformation db-glucuronidasein cotyledons and true leaves were also
achieved usind. tumefacien$* None of the transformation protocols managed to produce

a stable transgen(C. sativaplant.

Commercial production of medicin@annabisis usually done through clonal propagation
(vegetative cuttings) to maintain genetic uniformity of plants and to preserve desired strain

gualities such as secondary metabolite content (THC, CBD, terpenes). Indoor grown
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mother plants arsusceptible to pesind pathogens contaminatiand can potentially pass

infection to the next generation of clones. Number of available clones depends on the
overall size of the mother plant, which requires considerable amounts of floor space in
commercial operation. EXiag micropropagation protocols allow to obtain sterile shoots

from exiting meristems, butlo not allow multiplication of plant material through
continuous sweulturing. Ther ef or e, devel opment of tissu
rely on shoot regenerah from existing meristems and is capable of multiplication of plant

material through continuous swhilturing is critical forCannabisbiotechnology.
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Materials and Methods

Plant material and growth conditions

Cannabis sativdeminized(Chemdawg, Green Crack CBD, Congtnly Grail x CD-1,
Nightingalevarieties)and nonfeminized(Chinese hemp$eedswere produced from in
house cannabis varieties. Cuttings from mother plants were subjected to vegetative growth
under 18 h light/6 h dark cycle. After & weeks of vegetative growtbelected plantaere

then masculinized using three times foliar sprady8 mM silver thiosulfateTo produce
feminized seeds, one masculinized plant and 3 female planéshen placed in a separate
closed grow tent. Plantgerethen subjected to 12 h photoperiod for flowering until seed
harvesting.

All explants for tissueulture experiments were grown in growth chamber under long day
light cycle18 h light/6 h dark24 °C. Greenhouse plants were grown under long day light

cycle as well.
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Table 3.1 List of hormone combinations

T2NO TDZ 0.2 mg!?

TANO TDZ 0.4mg I'*

T6NO TDZ 0.6 mg !t

T4N2 TDZ 04mg ' NAA 0.2 mg !
T6N2 TDZ 0.6 mg!*NAA 0.2 mg !
T8N2 TDZ 08mg ' NAA 0.2 mg [
T10N2 TDZ1mgtNAAO.2mgl?

mT 0.5 NAA 0.2

mT 0.5 mg1* NAA 0.2 mg I

mT 1.5 NAA 0.2

mT 0.5 mg1* NAA 0.2 mg !

mT 3 NAA 0.2 mT3mg 't NAA 0.2mg 't
mT 3 NAA 0.4 mT3mg 'NAA0.4mg !
mT 3 NAA 0.8 mT3mg ' NAA 0.8mg It
IBA IBA1mgl?!
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Methods

Seedling preparation (germination and sterilization)

Seedswere soakedvernightin 1% hydrogen peroxide solutioRalcon tubes wittseeds
submergedn germination solutionvere keptin the dark at room temperature. Next day,

fresh germination solutionwas added(1% hydrogen peroxide) after discarding old

solution Seedswere keptin the germination solution for 3 more days in the dark at room
temperatureOn the fourth day most of the seedlings emengem its seed coats into
germination solutionSeedlings that have not emerged from their seed coatseither

not used in the experiment or seed coaseremoved mechanically usirgpair of sterile

forceps and scalpeUsing sterile forceps seedlingsretransferedto sterile filter paper

to renmove excess liquid and then maoMe sterile petri dish.

Callus initiation from cotyledons

Sterilizedts aadtfd nagapdiwe rlee(Fpgtur pUSBII B st eri
scal pel and fware@gisont y hedomreel®! immmgvsa $ pnd t
cut fobfm the distal edge OoFi gtuhrBe, cBBtly sedons
cot ylweroenst rtamspleatredwi th th@&igal Rur€ NR2Di ti a

or qfabelrg. 3. 1

76



FigudexpPl ant prepar asfiom dalolmu(s@&®it pirteitltaiea
seedlings (BAr emdmrat idors hof ( €Porteypl aerdaotni oenx pol fa nct
expl antup(.DBxlcdseed cotyl edons on a.(pEBRatle wi't
' ine mhiosvisoms Cannabis seedling

Callus propagation

I n 3 weekldlndadttfFartgiuo g, 3Iw@dAei transferred to ¢
to remove | agpecsediitbrownal i Semm paimedoe < u't
transtil@er fresh {T4dN2empdr ameditapl|l ¢f 8r. Lcal |l us

propagation aldgwmmbBgtB8p2ication
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Figu2@al3l. us p.fAoPpwaegeakt d boona ITI4 N2 ( BQehd i a
prepar ptrioprmagfaan on and multiplication.

Callus initiation from hypocotyls

Sterilized seedlings were transferred to empty sterile petrilighre 3.3A). Using sterile
scalpel and forceps hypocotylereexcisal from the seedlingandcut 1-2 mm below the
cotyledons as shown diigure 3.3A, C. Excisedhypocotylswere transferred to plate with

the callus initiatiormedia Figure 3.3B) - T4AN2 or otheTable 3.J).
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Figu3Eex@lLant pr éepgygproaxfodondchlt bmsPAmpdrn attii @am C

cotyl edo(BEBExmpihsgepd sont yd spl ate with (c@®)I I us
Red | i nrecissioove€sa nnabkies!| i ng.

Shoot multiplication from hypocotyl-derived calli

Sterilized seedlings were transferred to empty sterile petri disihg sterile scalpel and
forcepshypocotyls with cotyledonary nodeereremovedrom the seedlingas shown on
Figure 3.21 Prepared explantsere transferred to plate with the callus initiation media
(TAN2). After 3 weeks explants with developed callus and regenerated shoot were
transferred to media supplemented wiitimg I'* IBA for shoot multiplication anchultiple

shoot culture initiationAfter 4 weeks developed shoots were excised from multiple shoot
cultures and then transferred to rooting mediang I'! IBA). After 4-6 weels rooted
plantlets were transferred to soil for acclimatization in greenhouse conditions.
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Results

1. Screening hormone combinations for indirect shoot regeneration from callus
1.1Preliminary experiments

Chaohua et ahas reportea protocol forrapid shoot regeneration from the cotyledons of
hemp The best resulc1.7% induction frequency and 3.0 shoots per shoot e}plast
achieved usindMS mediumsupplemented witl.4 mg 1 TDZ and 0.2 mg'ft NAA
(T4N2). Authors reporthat cotyledonderived calli cultured on T4N2 medium turn into
shootsin 4 weeksafter culture initiation

We have used 5 different medical cannabis strains and one hemptstiaplicate
Chaohua et aR016 study: Holy Grail x CEL (HGCD), Green Crack CBOSCC), Congo,
Nightingale (NIG), Chemdawg (CDG), and Chinese heRgy.each cultivar we used 30
cotyledons. Cotyledons were placed on T4N2 medium and cultureat feast 60 days
(including time required forculture initiation) every 2021 dayscotyledonary calluses
were transplanted to fresh T4AN2 media. After 60 days of culturing cotyledonary calluses
on T4N2 media none of the explants had regenerated shoots.

Pale yellow cotyledons with cuts on both sideseplaced on T4N2allus initiation media
(Figure 3.1 D). Within the first3 days after initiation cotyledons twthbright green and
staredswelling so they doubtkin size(Figure 3.4 A). After 10 days swelling continde
cotyledons gt 4-5 times bigger thabefore callus initiatior{fFigure 3.4 B); At the same
time cotyledons senescence aegcotyledons beane pale green or yellow); edges of
swollen cotyledonsverecovered with new cell growth: transparent cells sthgrowing
from the place where incisionas made, cells gw around cotyledon margin covering it

like a transparent case. After that, the body of cotyledons codtiowsenescencdn 3
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weeks, most othe originalcotyledon did off, so explant loo&d like swollen brown
cotyledon with hard green nodular callus growing on its ¢eiggire 3.4 C). At this stage,
deadbrown partswereremovedand callusvastransplanted to fresh calldgIN2 media

for callus propagationif dying partswerenot removed before transplanting, whole callus

eventuallydiedout.

Fi gusd@amBnabitgl edons (variety ChemMd@wdgycul t
after cul t(B)led idnaiytsi aa fi toenr. (Cr 21 1dtawyrse aif ri ietri actui
initiation.

1.2High TDZ

We were not able to reproduce shoot regeneration protocol repori€tdmhua et al.,
howeverT4N2 media showed great capability of callus culture initiafflanachieve shoot
regeneration froncalli we decidedo conduct new series of experiments with modified
TAN2 media Two different approaches were usea) Increase cytokinin (TDZ)
concentrabn with the same auxin (NAA) concentratiandb) Increase cytokinin (TDZ)
concentration and remove NAA from the medidN2 media was used for callus initiation
from cotyledons, after 3 weeks callvere transplanted to fresh T4N2 media for
propagation. Aler 1014 days when calli size reache& m, calli werecut into 5 mm

piecesthat then latetransferred tdVlagentavesselwith one of the experimentahedia

81



(Figure 3.2). All tested media are included Trable 3.1. Calli werethenobserved for 60

days being transplanted to fresh medium every 4 weeks (30 days).

For thefirst approacht different hormone combinations have béested T4N2, T6N2,

T8N2 and T10N2. When calli were grown on T4N2 medium, it bok approximatelyl

month (without transplating) until theystared to senesagce and gt brown. Calli that

were grown on T6N2 morphologically were very similar to the one that were grown on
T4N2, although they looked greener, and senescence would start at least 1 week later than
T4N2 (they would not get brown for longer time). Calli that wgrewn on T8N2 and

T10N2 meda also had similar morphological characteristics. First two weeks were
characterized by very intensive callus growth; calli were hard, nodular, and bright green.
After two weeks of growt h, hesuwfaceaofthecali. whi t
When observed through t he s tomposedotlongatado s c o p ¢
surface cells that look like wormsompared tealli without white regionsywhosesurface

cells look like stacks of ideally spherical beads.i 8¢ whi t e dAfl uff o regio
calli (Figure 3.5) as well, but not afrequentlyas on T8N2 and T10N&ediaand thé

size is smaller.
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Figub€aBli cultured on T@®N21BOnexdi mang i iofri a ty
callus with s@Sfaceocmild¢r gsowpd | mage of t |

After third week of growth T8N2 and T10N2, calli edpurple(Figure 3.6 A, B), and if

kept longer on the same medevén if transplanted to fresh mediuimgreen parts tued

yellow and purple parts bame brown. And then, if dying parisere not removedi
senescence bagand whole calli did out. Fluff regions also turn purpksterthird week

of growth under microscope they loed#tlike elongated (worms) surface cells with purple
inclusions in thengFigure36); number and density of these

2nd week of growth.

FiguB@al3lLi cultured on T@OCMNMA ImedinBnf &ftoxri 3 i\
magni fication of cal I(@st &ridad miuarfasaeo pcee |l il n
surface of a call us.
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After 3-4 weeks oldT8N2 and T10NZalli werecut in half, we obsendea very dense
woody core equires somenore effort to cut themwith scalpe) and dense surface cells
(not as dense as core). T4AN2 and T@El on the other hankdavevery softsurfacdayer

(cuts like butte with dense corelnitially we thought thatfiwhite fluff6 ¢ o uthed b e
beginningof the shoot developmeritpwevemo shootregeneration was observed on any

of the medaeven after two months of culturing.

1.3 Cytokinin media witlout auxin

For the second strategy, we usedifferent combinations without auxin (NAAY6NO,

T4NO, T2NO. Calli that were propagated on T4N2 medium were used for this experiment.
Calli grown on those media had similar morphology to each otkiter 1 week of
culturing, callus propagation stad Callus size increasle new celllayer appeaedto be

very pale green or mostly yellawn 4 weeksafter being transplantedalli turned brown
andsenesced\o shoot regeneratiomasobserved.

1.4Root development from callus

MS media supplemented with juatixin (IBA) was used to testalli ability to regenerate
roots. Three different cuivars of medicinal cannabis were used for this experiment
(cultivarHGCD, GCC, NIG).

Small calli pieces (5 mm in diameter) that were propagatedl4N2 mediawere
transferred to root induction medium (IBA 1 nig)! First two weeks calli gwth was
similar to T4N2medium: hard green nodular cdHliatincreasd in sizeas it gew (Figure

3.7A). After 3 weeks,thasviereabsenvad orecalli growrkoa meédial u f f ¢
with increased TDZ concentratiofigure 3.5 C) appear locally: when observed under

stereo microscdpek,eosienmiolnagrat @dorcrel | s appea
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(Figure 3.7B), although densitgf those cellsvaslower than in the case bigh TDZ calli
One month after being transplanted to fimoluction media, first roots appearfrom
callus (Figure 3.7C). After one month of culturing on rooting mediunoots stamd to
grow fromall sides of the callugVhen calli with developed rootgeremaintained on IBA
medium eventually rootwill take all available space, sdabkedlike hairy root culture

(Figure 3.9).

500 pm

Figur@aldl.i cul ture@d)CanlliBAtmddiwedBiSt®m eloBA r
mi croscope i mage of the surfaCdgadfl ia wegdlhl u
root, 1 month on | BA medium

Fig“u8.@al3l.| Wit regenerated roots, 2 mont h:
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2.1 BA naccidento

One interesting event was observed onaéngd callus initiation from cotyledonsn T4N2
medium In period of3 weeksafter callus initiation,a shoot structuréad developed from
thecallus regionFigure 39A) . We werendét sure about the ¢
this was in fact direct regeneration from cotyledon/cotyledonary callus, or whether it was
an embryonic shoot.

Formed explantRigure 3.9 A) was transplanted to Magemtasselwith fresh T4N2
medium to see whether additional shoots dewelopfter being cultured for another 3
weeks on T4N2 medium, green nodular callus on the bottom part of the explant ha
increased in size; branching shootsl daveloped on the top part of the explant. All the
developed shoots turned purple and stopped growing by the endesfk3period Figure

3.9B). At this stageexplantwastransplanted to root induction mediuwith IBA (1 mg/L).

After being cultured on IBA medium for 2 weeks, new bright green skibmsre 3.9 C)
appearean top of the explant (above pink shoots).

After 1 month on IBA, explastweredissected Kigure 3.10 A) to examine connection
betweenshoots and callus. Multiple bright green shoots and leaves at early stage of
development were coming from the callus, however at this stage it was hard to distinguish
leaves from the shoots as everything is miniatiigure 10A). To clarify origin of the
shoots, dissected explant was transplanted to fresh IBA medium and cultivated for another
4 weeks Figure 3.10B). After 4 weeksrootsdevelopedrom the bottom part of theallus,

and the top surface of the callwascovered in multiple shoots of different sizvo big

main shoots showing apical dominance and fmaller shootghat grow from callus
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around main shoot{&igure 3.10B). To examine connection between two msthoots and

callus, smaller shoots we removédgure 3.11 A, B).

Figue€aBli explant wi @®hCafldmb rwyiotnhi ct osph osoht 000 1
TAN@B Cal | i with multiple she@dtad,l i 6 wwd éhk smud
shoots, 2 ;ewkskenaflFBAr callus initiation.

Fi guXr®A)@r oss secwiitom mul tciadlléeé shoot.¢gB) 1 mon
Cal | i with roots and s.hoot s, 2 months on |

Rootsweregrowing fromthe callus and not from the shoots. At the same time shoots were
viable and vigorous. ¥plants were transplanted into soil anadwgn for 3 more weeks.

While in soil, plants ggw normaly. After 3:weekperiodin soil, plants were taken out and
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thenall soil wasremoved Washed off to confirm that roots and two main shoots are

growing directlyfrom the callus(Figure 3.11C, D).

Figudé(A)3Mul tiple shoot uni t expl @nlit0O bxef or ¢
magni fication of aJCEapwanbhh chébdonsedahdomobhe
growi ngD)itnses wif|l area with callus and roots

3. Callus initiation from different explants

3.1 Callus initiation from young leaves

Figut2A)¥oung ﬂreameaseptically gr @wneag!| ant
derived call usE A ovweee kugbeaonf v B4eNa2f al . (D)%s ( 10X
we ekl d -dleeafved calli (3 weeks after being ¢t

Leaves were excised from aseptigafjrown cannabis plant~{gure 3.12A) and then
placed to TAN2 medium. After 4 weeks, yellow callus developed on the margins of the leaf
(Figure 3.12B, ©), middle part of the leaf appears to be necrbtaark brown, almost

black color.Then necrotic partsere removed and developed calli were transferred to fresh
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T4N2 medium, where it was grown for another 4 weeks. After 4 weeks, calli were green
and hal increased in size, however no shoot regeneration was obsEigace(3.12 D).
Aseptically grown plants from 3 different cannabis cultivars (HGCD, CDG, GCC) were
used in this experiment. Every cultivar was done in 3 replicates, 6 leaf explants per
replicate.

3.2 Selecting bestesponding explant for callus initiation

To compare speed of calldsvelopment, ypocotyl and cotyledoexplantswere cultured

on T4N2 for 3 weeksExplants from 3 different strains were used in this experiment: CDG,
GCC and Congddypocotyl and cotyledon explants wenecised from 4day-old seedlings

and then placed to the same petri dislgiire 3.13 A) with callus initiation media (T4N2).
Hypocayls weremore responsive than cotyledoim generaland callus initiationcould

be observed withifirst 3-4 dayson T4N2 media. Rer 1 weekthe sizeof developed calli
allowed itto betransplantd andusel for future experimentsHigure 3.13 A, C1). After
3-weeks green nodular callus reachesdm in diameterKigure 13B, C2).
Cotyledonswerenot as responsive explants. After one week callus initiation just starts on
the margin of cotyledon explanFigure 13 B, D1). Cotyledonary callusreachd

transplantable size in 3 weeksdure 13B, D2.
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Figur dA) By A8cotyl explants (left side) and C
1 wee@BHypocotyl explants (left side) and c
3 weeks;.(@Q)YHxy pzoacomy!l wi tohl.@XxHylpuosc,otly |l wewekt h
Swelol.@)Cotyl edon ewnpiDdGot ylleawee kweeokl dc.al | u

Same experiment was repeatad following mediawith metaTopolin (mT) instead of
TDZ: mT 0.5 mg1* NAA 0.2 mg 11, mT 1.5 mgT* NAA 0.2 mg I'1,mT 3 mg 1! NAA

0.2 mg 1%, All the meda containing metal opolin showed ability for callus formation on
both types of explantSame trend of hypocotyl (callus initiation within firsd3days 1
week to reach transplantable gie®ing more responsivand cotyledoriess responsive
explant(callus initiation 1 week andBeeksto reach transplantable sjzagas observed.

3.3 Callus initiation from hypocotyls

Hypocotyls from 3 different straired medical cannabis (CDG, HGCD, Congegreused.
Hypocotyls were prepared by cutting off top part of the seedling, and then placaitus
initiation medium(T4N2) (Figure 3.14 A). Callus initiationwas observewithin first 3-4
daysandoccasional emlyonic shoot regeneratiamould be also observed during first week
on T4N2.Within first few days, callus initiation begins, in just 4 days, transparent or
yellowish soft callus surrounds middle part of hypocotyl. At this stage, callus diameter is
usually 23 times bigger than hypocotyl diamef&igure 3.14 C). Some of the explants

show signs of shoot regeneration within first 4 daysther shoot tip becomes visible or
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first pair of true leaves developBigure 3.14D, E). After 2 weeks approximately fifty
eight percenbf all hypocotyl explant§HGCD 1 58.3%,Congoi 50%, CDGi 65.2%)
developed 2 to 3 pairs of true leaves on the top of the explant and callus on the bottom part,
while other explants only developed callusg(re 3.14 B).

Hypocotyls that do not show any shoot regenerasbow excellent callugnitiation
capability: in 9 dayshard green nodular callukevelops around lower part bfpocotyl
(Figure 3.15B). After 20 days on T4N2 mediyrbottom part of explant is green nodular
callus and top part is swollen hypocotyl leftover that startg@gtgellow(Figure 3.15 C).

At this stage, nodular callugere cut off from dying parts and then transferredrish
T4N2 (to maintain callus culturgr another experimental medium.

Most of the shoots develop from hypocotyl explants within first fewsddy7 days).
Twenty daysafter initiation explantsvith regenerated shoots develi@wv more pairs of
true leaves (3 pairs). Callus is usually hard green and nodular or ydkogure 3.16 A).
Within next week shoots start to senesce and turn yellowrptepAfter 4 weekson T4N2

mediumexplantsweretransplanted to IBA mediurfFigure 3.16 B).
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Figure (ABHWMpgocotyl s on T4N2(B) Hhyfproecrot tyd & n swil
regenerated shootCs( yghroc D4 N2c,owdy i ea@@oihsar y nod:e
apical meristem r(egHpocdt ghyswonhhTdolRy |l ed
apical meri stem region, 4 days on T4N2.
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Figur dyd.oo.t yl without cotyledonary node/
on T4AN2 days, developing c@B®9 wsOymarédagsby

Figur edyd.okd.t yl explant with caA)Buweahkd reg
B4 weeks.

4. Multiple shoot unit development
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4.1 Initial attempt at shoot regeneration

Hypocotytderived calli with shoota/eretransferred to IBA mediurand cultured on it for

3 weeksDepending on the state of the explanmighttake 12 weeks for new shoots to
develop; the further the explant is into the senescetioe longer it will take for shoots to
develop. New shoots are very easy to deteatesshoots that were on callus before
transplanting to IBA are yellow or purple and new ones are bright greegeweeks after
transplanting to IBA calluses with multiple shoetsredissected and number of shoots
wascounted(Figure 3.17). Chemdawg(CDG) explants had an average of 13.1 shoot per

callus (9 explants) andongohad 9.5 shoots per callus (6 explants).

10 mm

Figur gA)Blull7i pl e shooB)Cumists atecd i wemelos mul t
(C)Di ssection of mul tiidgdel sshhboodt sunits i nto i

Dissection has clearlghownthat new shoots are coming either by branching from existing
shoots (those shoots were not counted) or they were gravewly from callus(Figure
3.18 A, B). Crosssection of explant showezbnnection between shoot and callus tissue

(Figure 3.18C, D).
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Figur eMuld .tli&®.l e shoot nuang nti fd(Acsasii aotidieovre,l olpOe dx
shoot (marked by red circle) gr.¢Cni)@gosst of
tiple

section of mul p shoot wunit, shoot conn

Earlier stage of development can be seen on the picture on titedafie(3.19A). Surface

layer of the callus is slightly brown, so cells started to dielTtie. layerunderneath is green

with living cells, shoots presumably start to grow from this layer. Shoots appear in a
slightly green, almost transparent die shape structure. With timdhey start to get
bigger, turn greemand shoots shape becomes recognizabtee shoots develoigure

3.19 B). Late stages of shoot development could be seéngume 3.17 and3.18B, C.

A

Figur eDedv.el9.pment of multiple shoot(Aunits,
Early stage of shoot devel opment. (B)Skercioghhdt g
stage of development, dark green shoots gr

Newly developed shootsere excised from the callus when the sizasbig enough to
perform manipulations with forceps and scalpel. Then shwetsplaced to IBA rooting
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medium until roots develop. lbbok 3-5 weeksfor roots todevelop(Figure 3.20). After

that, each explant can be transferred toawil eaclshoot will produce separate plant.

=

Figur eRon.t2ed. shoots excise@TopomBeawttoml e ¢
Vi ew.

4.2 Hypocotylexplant preparation

To learn whether presence of certain seedling tissues affects callogenesis and
organogenesiae tested explants with and without cotyledonary nblygocotyls from 3
different strain®of medical cannabis (CDG, GCC, Congo) were cut in two diffexays:

right above cotyledonary node and region containing apical merisigor¢ 3.21 B) and

below it (Figure 3.21C). Thirty explants (3 technical replicates) of each type per strain we
used. Both types of explants were then transferred to T4AN2 medie kg were cultured

for 3 weeks. During this-8eek period, number of explants that produced shoots and
number of explants produced callus were counted at day 3, 7, 14 and 21 to compare their
ability of shoot and callus regeneration. After 3 weekghallexplants were transplanted

to IBA medium, where they were cultured for 4 weeks. Number of explants that formed

multiple shoot units and number of shoots per explant was counted.
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FigurePA)IZeedl i ng (BekExpd laannt with cotyledonary
meristenfC)Eepgli ant without cotyledonary n
regi on.
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4.2.1 Regeneration of shoots
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GCC showed the largest number of explamithout cotyledonary node that produced

shoots (24.6%)on average, as compared to other cultif@BGT 4.76%; Congd 8.3%)
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No significantdifferencebetween hypocotyls with cotyledonary node and apical meristem

from different cultivars was observed. 100 % of GCC explants produced shoots, followed

by CDG and Congo = 93.3 %.

120
100 -
I I
2
% 80
= without cotyledonary node/apical
S 60 meristem region
© with cotyledonary node/apical
X 40 meristem region
20 {
0
CDG GCC CONGO

Figur eAvragyge percent of explants with cot)
region (green) and wit hoonutD a(yinl 2zdea)c ht I aetp | p rca

e x plvaenrtes. iasstead are shown3) Lo mpaan s nSHetmwe=n
stmsaaiChemdawg (CDG), Green Crack CBD (GCC)

Explants with cotyledonary node and apical
for shoot regeneration than explants with

cultivars forntboth types of expl a
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4.2.2 Callus production

100
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80 1 {
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60 without cotyledonary node/apical
50 meristem region

% of explants

40 with cotyledonary node/apical
meristem region
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0
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Figur eAvragy.e percent of explants with (gr
node shoot/ apical meristem region that pr o
medil a. each 10eexppl |iveeattese Duastead ar e shown 3s mean
Comparison betweenClBemddwger(e@DG)s,t r@riemesn Cr a

Con.go

Cal | i production from hypocotyls without c
-36.9 % of explants showedday,gnfsololfoivcead | by
25. 3 % ainldé .Ceo n%g)o, whil e cal |l regenamadati on
apical meri stem was equa-l80Boet BELN 6CDEG alhodn g
-‘7T0%f.ter first week of observation al most

produce callus, so there was no difference
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= without cotyledonary node/apical
S 60 I meristem region
© with cotyledonary node/apical
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0
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Figur eAvrag.e percent of explants with (gr
node shoot/ apical meristem region that pr o
medil a. each 10eexppl |iveeattese Duastead ar e shown=3s mean
Comparison betweenClBemddwger(e@DG)s,t r@rienesn Cr a
Con.go

Regeneration of both callus and shoots was far better from expitimtotyledonary node
and apical meristem regionBased on those results we selected hypoceiyh
cotyledonary node and apical meristem regaman explant for multiple shoot unit
development.

4.3 Comparison of regenerationféciency between strains
GCC shows best response with 86.6% of explants pradn g MSUG6s and aver

shoots per explant. Second efficient cultivar is CD&L.1% explants produced multiple
shoot units and average of 6.7 shoots per explant. And CONGO was least efficient: only
25.9 % of explants produced M$SWith average of 2.6 shoots per explakiter 4 weeks

on IBA, units that developed multiple shoots were dissected and then number of shoots
produced by each explant was counted. GCC cultivar showed best shoot formation
capability with an average 8.6 shegier explantrfiinimum 2 shootsand maxmum 18
shootsper explant), followed by CD® 6.7 shoots per explant (minimum 3 shoots and

101



maximum 18 shoots per explant) and Congo with 2.6 shoots per explant (minimum 1 shoot
and maximum 6 shoots per explant).

10

9
8
7
6
CDG

5

mGCC
4 u CONGO

8
.
©
*® 3
2
1
0
Week 4 A
100
90
80
70
EGU
Lg_ CDG
ESU mGCC
.:,\O°4U m CONGO
30
20
10
’ Week 4 B
Foure QGonmp/ari son between Checdatvgr ¢ €CDG3¥ { r &ir
CBD (GCC) &mde@achdhesxpllvaendteseDjastead ar e shown a
N SE3)(mMAwver age number of shoots (BYwlduicglde p ¢
shoot wunit formation efficiency. Percent o

102



Mul ti ple shoot wunit formatiob. 44 coksallate

formed multiple shoot wunits)i6tasl R4 glts&r =
Congad5. 9 % of explants, SE = 7.4).

4.4 Multiple shoot unit development

Below, | summarize multiple shoot unit development protocol

First, seeds are soaked in 1 % hydrogen peroxide for 4 days (in dark) to initiate germination
and tosteriliseexplants Figure 3.28A). Germinated seedlings are then separated from
seed shellsHigure 3.28 B) and transferred intan emptypetri dish whergop part of the
seedling is removed with the scalpeigure 3.28 C). Prepared explanishypocotyl with
cotyledonary node and apical meristem region, are then transferred to T4AN2Fdia (

3.28 C). After 1 week on T4N2, explants startdevelop callus around bottom part of
explant and regenerate2lpairs of true leaved-jgure 3.28 E, F). Explants cultured on
T4N2 for 3 weeks in totalRigure 3.28 G, H); by the end of dveek period 34 pairs of
leaves developed, callus becomes greennaxddilar, explants start to senescence (leaves
and margin of callus turn yellow). Then explants that developed both callus and shoot are
transplanted to IBA media. After 1 week on IBA medium previously senescent explants
become vigorous, new bright greeroets start to developg-{gure 3.28 1). By the end of
4-weeks on IBA, explants form multiple shoot units; callus part on the bottom increase in
size, multiple shoots develop on the top p&rggre 3.28 J). Margin of callus might start

to get slightly browrand some of the leaves turn yellow, explant will senescence eventually
if not transplanted to fresh IBA medium. Successfully developed multiple shoot units then
transferred to empty plates, where dying leaves and callus removed with sEgjped (

3.28K). Shoots are then excised from multiple shoot tgyre 3.28 L) and transplanted
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to rooting media. Rooting might take from 3 to 6 weeks, depending on size and condition
of the shoot. Small shoots with2lpair of leaves usually take longer, fully depd
shoots can sometimes root within just 1 week. When roots are fully develBpede(

3.28 N) and explant formed set of fingered leavEgy@re 3.28 M), it is ready to be
transplanted to a pot with soil mix. Pottgldntsshould therbe kept in growh chamber

(18 h light/6 h dark cyclefor 1-2 weeks before moving plants to greenholisgure 3.28

0). It usually takes around one month (after transplanting to soil mix) for plants to fully

acclimatize to greenhouse conditioRg(ure 3.28 P).
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shoot wunit after 4 weekas (LpDi slsBeAc theed omuel tainpdl
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Acclimatization in gPdanllyoascel (( nMatdayed iph
soil ).
5. Scale up

5.1 Multiplication through sub-culturing, comparison between cultivars

To test shoot regeneration potential of developed cultures, successfully developed multiple
shoot units (Stage Figure 3.29) from previous experiment were multiplied using
subculturing technique. One multiple shoot unit from each strain was divided into 4 to 5
parts which were then transplanted to fresh IBA medium. After approximately one month
(development time have variedti¥een strains) when explants are fully developed (Stage

3, Figure 3.29), multiple shoot units are removed from tissue culture vessel. One unit is
used for further multiplication through swlilturing, remaining units are dissected and

then number of shoots counted.
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callus induction development
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Scale up

Stage 3

This procedure was then repeated after multiple shoot unitsfuligrenatured.Each time
multiple shoot unit is divided for sutulturing, we call it a cycle, GCC and Congo went
through 3 cycles of multiplication in total and CDG went through.fGume letween

cycles has varied among cultivars (CD@ weeks; GCCG 4-5 weeks; Congd 6 weeks).
Regardless of the multiple shoot unit development stage, all explants were transplanted to
fresh medium every 4 weekBlultiple shoot units were cleaned from dyilgaves and

callus prior to each cycle of multiplication. Number of pieces available for the next cycle
mainly depends on multiple shoot unit size and can vary from 4 to 9 pieces per unit.
Therefore, CDG was cut into 4 pieces for cycle 1, 9 pieasgle 2 10 pieces cycle 3,

7 pieces cycle 4; GCC was cut into 5 pieces for cycle 1, 9 piécegcle 2, 8 pieces

cycle 3; Congo: 5 piecéscycle 1, 6 pieces cycle 2, 8 pieces cycle 3.
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Number of shoots produced after each cycle of multiplicationvalged. CDG produced

41 shoots from 3 units after first cycle, 104 shoots from 8 units after cycle 2 and 82 shoots
from 9 units after cycle 3. In total after 3 cycles of multiplication, CDG produced 227
shoots from 20 units, 11.35 (SD = 3.39 or SE=0.76p&hper unit on average. Thifiye

shoots (4 units) regenerated from GCC after first cycle and 90 shoots from 8 units after
second cycle. In total, after 2 cycles, GCC produced 125 shoots from 12 units, 10.4 (SD =
3.63, SE = 1.05) shoots per unit on@ge. Congo produced 34 shoots from 4 units after
first cycle and 61 shoot from 5 units after secogde: in total 95 shoots from 12 units

with average of 10.5 (SD = 4.39, SE = 1.46) shoots per unit.

Multiple shoot units developed from CDG cultivar puodd higher number of shoots (on
average per multiple shoot unit and in total) than other cultivars, even though there was
one more cycle of multiplication (total number of shoots aftécyle is 145 which is still
higher than other cultivars). Alsthe amount of time needed for multiple shoot unit to be
ready for the next cycle was shortest for CDG (4 weeks), followed by GGGvEEKS)

and Congo (6 weeks).

5.2 Scale up example

Multiple shoot units were developed from hypocotyl explants of CDG culsuagle unit

was then used for shoot multiplication using scale up techniggeré 3.31). It took 53

days in total to develop multiple shoot unit from hypocotyl explant. Seedling germination
in 1% hydrogen peroxide takes 4 dalgg(re 3.29, Stage )}, callus induction and shoot
regeneration on T4AN2 medi&iQure 3.29, Stage2) i 21 days and multiple shoot unit
development on IBAKigure 3.29, Stage3) i 28 days. Developed unit was divided into 6

pieces, which were than transplanted to IBA raedand cultured there for 41 days in total
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(transplanted to fresh IBA after 4 weeks). Fully formed multiple shoot units tivene
sliced into 31 pieces and placed to 5 tissue culture vessels with IBA medium
(approximately 6 pieces per jar, depending andize). After 6 weeks (42 days), multiple
shoot units from just 1 jar were sliced into 34 pieces and then used for next cycle of
multiplication. Eight tissue culture vessels with IBA medium were used for the next cycle
(4-5 pieces per jar). After the era the cycle (40 days) all multiple shoot units were
dissected and number of shoots was courfgglife 3.30). Number of shoots regenerated
from each unit has varied from 13 shoots per unit minimum to 55 shoots per unit maximum
(Figure 3.30 A, B), with anaverage of 23.17 shoots per unit (SD = 9.84, SE = 1.69). In
total, 34 multiple shoot units produced 788 shoots in 176 days.

After cycle 2, only one jar was used for the next cycle of multiplication. We can suggest
that if other 4 jars were used, final number of obtained shoots would be higher. Rough
estimation is that if multiple shoot unit from each jar (after cycle 2) caultivied into 34
units,thenthere should be 170 multiple shoot units available after cycle 3. With an average
of 23.17 shoots per unit, 3940 shoots could be potentially produced after 176 days

(approximately 6 months).
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Figure 3.30. Multiple shoot unitsafter 3 cycles of multiplication A, C. Shoots excised
from multiple shoot units B, D.
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