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Abstract

Abstract

Cannabis sativa L. (Cannabaceae) is an angiosperm, allogamous and
dicotyledonous species that includes short and neutral-day varieties with
dioecious specimens (males and females), and monoecious plants. Among
its many applications, its industrial and medicinal uses stand out. Despite the
fact that cannabis has been used by humans since ancient times and the
growing interest that the C. sativa therapeutic properties have aroused in
researchers around the world, the psychoactivity of some of its varieties,
derived from its A%-tetrahydrocannabinol (THC) content, has motivated the
prohibition of its cultivation for almost sixty years. The strict control to which
cannabis has been subjected has prevented professionals from all over the
world from carrying out genetic breeding programs for this species, which
has resulted in the absence of uniform varieties.

In this Doctoral Thesis, different biotechnological tools for cannabis genetic
improvement have been developed. In the first place, given the lack of
reproducibility of some cannabis plant in vitro regeneration protocols and
the great influence that the genotype exerts on their effectiveness, plant in
vitro regeneration competence of different explants was evaluated. As a
result, an hormone-free protocol from C. sativa hypocotyls that presents
high regeneration rates (ranging from 32.26% to 71.15%) in all the genotypes
evaluated, also presenting a 17.94% of spontaneous rooting rate of
regenerants has been developed. At the same time, the polysomatic pattern
of different cannabis explants has been studied, and it has been possible to
regenerate, from them, a significant percentage of mixoploid specimens
(17.65% from cotyledons and 13.33% from hypocotyls) that, as described in
the existing literature, could show a greater capacity for cannabinoid
synthesis.

On the other hand, given the absence of scientific publications in this regard,
and the potential that this technique presents to alleviate the intrinsic
variability of this species, the most in-depth study to date on the male floral
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biology of C. sativa has been developed. Up to 476,903 microspores and
pollen grains per male flower, with in vivo microspore viability rates from
53.71 to 70.88% have been found. Furthermore, all stages of development
of the microgametophyte have been correlated with an easily measurable
floral morphological marker such as the bud length, identifying bud length
intervals containing mostly vacuolate microspores and young bi-cellular
pollen grains in all the phenotypes evaluated. In this way, and although the
starch presence in C. sativa microspores and pollen grains follows a similar
pattern to that observed in species recalcitrant to androgenesis, it has been
possible to address the induction of microspore embryogenesis in this
species, obtaining for the first time microspore-derived multicellular
structures after one week long cold-shock bud pretreatment.

Finally, as a prerequisite for the genetic editing of C. sativa by using the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas
systems, and taking advantage of the in vitro plant regeneration protocol
which resulted from this Doctoral Thesis, it has been possible to develop for
the first time a protocol for the production of stably transformed cannabis
plants, which represents a historical milestone in the genetic improvement
of the species. After co-culture with A. tumefaciens and subsequent culture
in antibiotic-containing selective regeneration medium, hypocotyls achieved
23.1% and 5.0% of regeneration and transformation rates respectively.

As a whole, the present Doctoral Thesis provides a range of biotechnological
tools that will allow the development of a new generation of high-yield
cannabis varieties with uniform traits, resistant to multiple biotic and abiotic
stresses, and therefore being suitable for both industrial and medicinal use.
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Resumen

Cannabis sativa L. (Cannabaceae) es una especie angiosperma, alégama y
dicotiledénea compuesta por variedades de dia corto y dia neutro que
presentan ejemplares dioicos (machos y hembras), y plantas monoicas.
Entre sus multiples aplicaciones destacan tanto su uso industrial como su
uso medicinal. A pesar de que el cannabis ha sido empleado por el ser
humano desde tiempos ancestrales, y del creciente interés que ha
despertado en investigadores de todo el mundo debido a su utilidad
terapéutica, la psicoactividad que presentan algunas de sus variedades,
derivada de su contenido en A°-tetrahidrocannabinol (THC), ha motivado la
prohibicion de su cultivo durante casi sesenta afos. La estricta fiscalizacién
a la que ha sido sometido el cannabis, ha impedido que profesionales de
todo el mundo puedan llevar a cabo programas de mejora genética de esta
especie, lo que se ha traducido en la ausencia de variedades uniformes.

En esta Tesis Doctoral se han desarrollado diferentes herramientas
biotecnoldgicas para la mejora genética del cannabis. En primer lugar, dada
la falta de reproducibilidad de algunos protocolos de cultivo in vitro de
cannabis y la gran influencia que el genotipo ejerce en la efectividad de los
mismos, se evalud la capacidad de regeneracion in vitro de diferentes
explantes. Como resultado, se ha desarrollado un protocolo libre de
hormonas a partir de hipocétilos de C. sativa que presenta altas tasas de
regeneracion (las cuales oscilan del 32,26% al 71,15%) en todos los
genotipos evaluados, presentando ademas un 17,94% de tasa de enraizado
espontaneo de los regenerantes. A su vez, se ha estudiado el patrén
polisomatico de diferentes explantes de cannabis y se ha conseguido
regenerar, a partir de los mismos, un porcentaje significativo de ejemplares
mixoploides (17,65% procedentes de cotiledones y 13,33% de hipocotilos)
que, tal y como describe la bibliografia existente, podrian mostrar una mayor
capacidad de sintesis de cannabinoides.
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Por otro lado, dada la ausencia de publicaciones cientificas al respecto vy el
potencial que esta técnica presenta para paliar la variabilidad intrinseca de
esta especie, se ha desarrollado el estudio mds profundo hasta la fecha
relativo a la biologia floral masculina de C. sativa. Se han descrito hasta
476.903 microsporas y granos de polen por flor masculina, con tasas de
viabilidad in vivo de las microsporas del 53,71 al 70,88%. Ademads, se han
correlacionado todas las etapas de desarrollo del microgametofito con un
marcador morfoldgico floral facilmente medible como la longitud de la
yema, identificando intervalos de longitud de yema que contienen
mayoritariamente microsporas vacuoladas y granos de polen joven bi-
celular en todos los fenotipos evaluados. De este modo, y aunque la
presencia de almiddn en las microsporas y granos de polen de C. sativa sigue
un patrén similar al observado en especies recalcitrantes a la androgénesis,
ha sido posible abordar la induccién de la embriogénesis de microsporas en
esta especie, consiguiendo producir por primera vez estructuras
multicelulares derivadas de las microsporas tras aplicar sobre las yemas un
pretratamiento de frio de una semana de duracion.

Finalmente, como requisito previo para la edicion genética de C. sativa
mediante los sistemas Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas, y haciendo uso del protocolo de regeneracion in vitro
de plantas surgido de la presente Tesis Doctoral, se ha conseguido
desarrollar por primera vez un protocolo para producir plantas de cannabis
transformadas genéticamente de forma estable, lo que supone un hito
histérico en la mejora genética de la especie. Después del cocultivo con A.
tumefaciens y el posterior cultivo en medio de regeneracion selectiva con
antibidticos, los hipocdtilos lograron respectivamente un 23,1% y un 5,0%
de tasas de regeneracién y transformacion.

En su conjunto, la presente Tesis Doctoral proporciona un abanico de
herramientas biotecnolégicas que permitiran el desarrollo de una nueva
generacién de variedades de cannabis de alto rendimiento, que presenten
caracteres homogéneos, resistentes a multiples estreses tanto bidticos
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como abidticos, y siendo asi aptas tanto para un uso industrial como
medicinal.

Resum

Cannabis sativa L. (Cannabaceae) és una espécie angiosperma, alégama i
dicotiledonia composta per varietats de dia curt i dia neutre que presenten
exemplars dioics (mascles i femelles), i plantes monoiques. Entre les seues
multiples aplicacions destaquen tant el seu Us industrial com el seu Us
medicinal. Tot i que el cannabis ha sigut emprat per |'ésser huma des de
temps ancestrals, i del creixent interés que ha despertat en investigadors de
tot el moén a causa de la seua utilitat terapeutica, la psicoactivitat que
presenten algunes de les seues varietats, derivada del seu contingut en A°-
tetrahidrocannabinol (THC), ha motivat la prohibicié del seu cultiu durant
gairebé seixanta anys. L'estricta fiscalitzacié a la qual ha sigut sotmés el
cannabis, ha impedit que professionals de tot el mdén puguen dur a terme
programes de millora genética d'aquesta espécie, la qual cosa s'ha traduit
en |'abséncia de varietats uniformes.

En aquesta Tesi Doctoral s'han desenvolupat diferents eines
biotecnologiques per a la millora genética del cannabis. En primer lloc,
donada la falta de reproducibilitat d'alguns protocols de cultiu in vitro de
cannabisila gran influencia que el genotip exerceix en I'efectivitat d'aquests,
es va avaluar la capacitat de regeneracid in vitro de diferents explants. Com
a resultat, s'ha desenvolupat un protocol lliure d'hormones a partir de
hipocotils de C. sativa que presenta altes taxes de regeneracié (les quals
oscil-len del 32,26% al 71,15%) en tots els genotips avaluats, presentant a
més un 17,94% de taxa d'arrelat espontani dels regenerants. Al mateix
temps, s'ha estudiat el patrd polisomatic de diferents explants de cannabis i
s'ha aconseguit regenerar, a partir d'aquests, un percentatge significatiu
d'exemplars mixoploids (17,65% procedents de cotilédons i 13,33% de
hipocotils) que, tal com descriu la bibliografia existent, podrien mostrar una
major capacitat de sintesi de cannabinoids.
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D'altra banda, donada |'abséncia de publicacions cientifiques sobre aquest
tema i el potencial que aquesta técnica presenta per a pal-liar la variabilitat
intrinseca d'aquesta espécie, s'ha desenvolupat I'estudi més profund fins hui
relatiu a la biologia floral masculina de C. sativa. S'han descrit fins a 476.903
microspores i grans de pol-len per flor masculina, amb taxes de viabilitat in
vivo de les microspores del 53,71 al 70,88%. A més, s'han correlacionat totes
les etapes de desenvolupament del microgametofit amb un marcador
morfologic floral facilment mesurable com la longitud de la gemma,
identificant intervals de longitud de gemma que contenen majoritariament
microspores vacuolades i grans de pol-len jove bi-cel-lular en tots els
fenotips avaluats. D'aquesta manera, i encara que la preséncia de midd en
les microspores i grans de pol-len de C. sativa segueix un patrd similar a
I'observat en especies recalcitrants a la androgénesi, ha sigut possible
abordar la induccié de la embriogenesi de microspores en aquesta especie,
aconseguint produir per primera vegada estructures multicel-lulars
derivades de les microspores després d'aplicar sobre les gemmes un
pretractament de fred d'una setmana de duracio.

Finalment, com a requisit previ per a |'edicié genética de C. sativa mitjancant
els sistemes Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas, i fent Us del protocol de regeneracié in vitro de plantes sorgit
de la present Tesi Doctoral, s'ha aconseguit desenvolupar per primera
vegada un protocol per a produir plantes de cannabis transformades
geneticament de manera estable, la qual cosa suposa una fita historica en la
millora genetica de I'especie. Després del cocultiu amb A. tumefaciens i el
posterior cultiu en medi de regeneracid selectiva amb antibiotics, els
hipocotils van aconseguir respectivament un 23,1% i un 5,0% de taxes de
regeneracid i transformacio.

En el seu conjunt, la present Tesi Doctoral proporciona un ventall d'eines
biotecnologiques que permetran el desenvolupament d'una nova generacié
de varietats de cannabis d'alt rendiment, que presenten caracters
homogenis, resistents a multiples estressos tant biotics com abiotics, i sent
aixi aptes tant per a un Us industrial com medicinal.
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1. Cannabis sativa L. botany

Cannabis sativa L. (2n=2x=20) is an angiosperm, dicotyledonous,
herbaceous and annual plant that comprises short and neutral-day varieties.
Cannabis sativa is an allogamous species, generally dioecious (androecious
and gynoecious individuals), although monoecious specimens showing male
and female flowers in the same plant, and some speciments that
occasionally develop hermaphrodite flowers are also found. Since wind is
crucial for its pollination, C. sativa is described as anemophilous, which
explains the absence of corolla and bright colors in their flowers.

The female or pistillate flower of C. sativa is composed of a calyx formed
by an enveloping sepal or bract that encloses a single ovary from which two
hair-shaped styles originate. Its floral formulais: O @ ¥ K(1) C(0) A(0) Ql(l)
(Salami, 2008).

The male or staminate flower of C. sativa is composed of a calyx formed
by five non-soldered sepals. The androecium consists of five anthers. Its
floral formula is: O & # K(5) C(0) A(5) G(0) (Salami, 2008).
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Gannabis sativa [ W.Miller

Figure 1. C. sativa male individual showing staminate flowers (A) and seed-
bearing female plant (B); 1 male flower, enlarged detail; 2 and 3 pollen sac of
same from various angles; 4 pollen grain of same; 5 female flower with cover

petal; 6 female flower, cover petal removed; 7 female fruit cluster,

longitudinal section; 8 fruit with cover petal; 9 same without cover petal; 10

same; 11 same in cross-section; 12 same in longitudinal section; 13 seed
without hull (Kéhler, 1887)
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1.1. Taxonomy

There is no unanimity when it comes to categorizing cannabis into
different taxa within a hierarchical classification system. The extraordinary
variability of this species, as a consequence of its adaptive flexibility, has
caused the lack of existing consensus on its taxonomic classification, a
controversy that has also been enhanced by the difficulty of species
delineation caused by hybridity, as first described by Wiegand (1935). As a
result, complications when classifying Cannabis based on morphological
traits have driven botanical taxonomists to the current discussion
concerning Cannabis classification.

The first taxonomist to coin the term Cannabis sativa was Linnaeus in
1753, specifically in his book ‘Species Plantarum’, accepted internationally
as the official beginning of modern botanical nomenclature; although it is
also reported that it was firstly named by Fuchs, among others, in 1542
(Fuchs, 1999; Russo, 2019). Afterwards, de Lamarck (1783) described that
Cannabis indica species presented morphological and phytochemical
characters "very distinct” from the species that Linnaeus called Cannabis
sativa, emphasizing its inebriant potential. More than a century later,
Janischevsky (1924) recognized a third species of cannabis while studying
wild populations, describing a small and slightly branched plant with wild-
type seed characteristics, this being baptized as Cannabis ruderalis. As a
result of these findings, a classification emerged that establishes three
different species within the Cannabis genus (Schultes et al., 1975):

- Cannabis sativa L. (Linnaeus, 1753)
- Cannabis indica Lam. (de Lamarck, 1783)
- Cannabis ruderalis Jan. (Janischevsky, 1924)

With respect to the Cannabaceae family, some authors believed that it
possessed so many similarities with the Ulmaceae, Moraceae and Urticaceae
families, that they could be merged into a single family (Gola et al., 1965).
Other classifications included the family Cannabaceae as a tribe within the
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family Moraceae (Chadefaud and Emberger, 1960). Regarding its gender,
some researchers consider the gender Humulus as the only companion of
the Cannabis genus within the Cannabaceae family (Schultes et al., 1975;
Bagci et al., 2009).

In the last decades, some molecular and genetic studies have been
performed in order to clarify the C. sativa taxonomy. Researchers have
detected variations in the enzymes responsible for the synthesis of the main
cannabinoids, correlating them with the different chemotypes of the plant
(Hillig and Mahlberg, 2004; Hillig, 2005). These studies integrated three
species into the Cannabis genus, giving rise to seven taxa (McPartland and
Guy, 2004):

- Cannabis ruderalis
- Cannabis sativa -> Cannabis sativa ssp. sativa
- Cannabis sativa ssp. spontaneous
- Cannabis indica - Cannabis indica ssp. indica
- Cannabis indica ssp. kafiristanica
- Cannabis indica ssp. afghanica

- Cannabis indica ssp. chinensis

On the other hand, some researchers considered Cannabis a
monospecific genus (Small and Cronquist, 1976; de Meijer et al., 2003; Small,
2015; Zhang et al., 2018), classification supported by little DNA sequence
variation found by Gilmore et al. (2007) among drug-type, fiber-type and
wild populations, suggesting that the different Cannabis haplotypes
segregated at a rank below that of species, or the low mean values obtained
after comparing C. sativa and C. indica divergence measurements
(McPartland and Guy, 2014). In agreement with this hypothesis, McPartland
(2018) highlighted that DNA barcode analysis supports the separation of the
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sativa and indica taxa at a subspecies level, also emphasizing that ubiquitous
interbreeding and hybridization of sativa and indica performed for several
thousand years has rendered their distinctions almost meaningless. In this
respect, it is noteworthy that some researchers consider Cannabis ancestral
wild populations as extinct, while extant wild populations are interpreted as
weedy derivatives of domesticated populations (Small, 2017). Other studies
point that traditional landraces of sativa and indica are becoming extinct
through introgressive hybridization (McPartland, 2017).

Considering the above-mentioned studies, the following taxonomic
classification can be derived and will be used in this Thesis:

Table 1. C. sativa taxonomic classification

Kingdom Plantae
Subkingdom | Tracheobionta
Superdivision | Spermatophyta

Division Magnoliophyta

Class Magnoliopsida
Subclass Hamamelididae
Order Urticales
Family Cannabaceae
Genus Cannabis
Species Cannabis sativa L.

Subspecies | Cannabis sativa L. ssp. ruderalis
Cannabis sativa L. ssp. sativa

Cannabis sativa L. ssp. indica
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Different attributes such as leaf morphology, plant growth pattern,
flowering duration or photoperiodism, are distinguishable features which
have proven useful in order to discern among the different cannabis
subspecies. While C. sativa ssp. sativa tends to be tall, with separated
branches, very narrow leaflets and long blooming periods, C. sativa ssp.
indica presents a low stature and a densely branched conical growth habit,
with a broad leaflet type and shorter flowering periods. On the other hand,
C. sativa ssp. ruderalis is very small in height, being slightly branched or even
unbranched at maturity, with smaller leaves than either of the two other
subspecies. It represents neutral-day plants whose flowering is not
influenced by day-length.

Indica Ruderalis

Figure 2. Morphological and anatomical differences among C. sativa ssp. sativa
(left), C. sativa ssp. indica (middle) and C. sativa ssp. ruderalis (right). Image
adapted from Anderson (1980)

On the other hand, cannabinoids are considered important
chemotaxonomic markers unique to Cannabis (Small and Cronquist, 1976;
Hillig and Mahlberg, 2004). These compounds are biologically active
terpenophenolic metabolites that are responsible for the pharmacological
properties of C. sativa. Cannabinoids are synthesized in their acid form
predominantly in glandular trichomes mainly distributed on the bracts of
cannabis female flowers. On the other hand, the main cannabinoid
responsible for the narcotic effects of certain C. sativa varieties (and,
therefore, for the prohibition of its cultivation) is A°-tetrahydrocannabinol
(THC), which was first isolated and characterized by Gaoni and Mechoulam
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(1964). Based on the THC content, cannabis can be classified as hemp
(cultivars mainly developed for fiber and seed production, with low THC
content) or marijuana (drug-type cultivars bred for medical and recreational
use, with high THC content) (Zhang et al., 2018). From a medical point of
view, it is more practical to classify the C. sativa plant by its chemotype,
making distinctions between Cannabis accessions based on their
biochemical profile, which is defined by secondary metabolites such as
cannabinoids and terpenoids, and their consequent pharmacological
properties (Russo, 2019; Reimann-Philipp et al., 2020).

2. Cannabis sativa history, uses and economic potential
2.1. Origin, dispersion and domestication

Although there is no consensus on its place of origin, existing evidence
suggests a multiregional origin of cannabis (Long et al., 2017). Paleobotanical
studies attest that it was already present during the Holocene epoch about
11,700 years ago (Pisanti and Bifulco, 2019). It seems that the center of
origin for wild C. sativa is located in central Asia, been described in Altai
mountains (mountain range bordering Russia, China, Mongolia and
Kazakhstan), in the Tian Shan mountains (which separates Kazakhstan and
Kyrgyzstan from northwest China), and near the Irtysch River as it passes
through western Siberia, where Vavilov (1926) described populations of
cannabis plants growing wild. At this respect, based on pollen studies,
ecological proxies and archaeological evidence, the Tibetan Plateau has
been proposed as Cannabis center of origin (McPartland et al., 2019). More
recently, by using whole-genome resequencing of different accessions from
worldwide origins, it has been stated that all current hemp and drug cultivars
diverged from an ancestral gene pool currently represented by feral plants
and landraces in China (Ren et al., 2021). However, as declared by Clarke and
Merlin (2016), the exact geographical origin of Cannabis is unclear today
because its location changed repeatedly throughout hundreds of thousands
of years due to glacial-interglacial cycles developed during the Pleistocene.
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Additionally, Small (2017) argues that, mainly due to the spread and
modification performed by humans for millennia, there does not seem to be
a reliable means of accurately determining the C. sativa original
geographical range.
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Figure 3: Cannabis sativa center of origin described in mountainous regions
located in central Asia and bordering Russia, China, Mongolia and Kazakhstan
(content shared under Creative Common License in https://en.wikipedia.org/)

The great adaptation of C. sativa to different soil and climate conditions
facilitated its spread in different temperate and tropical regions. It is thought
that climatic and related ecological changes, like the migration of ancient
nomadic tribes such as the Scythians, affected the natural and cultivated
distribution of C. sativa (Clarke and Merlin, 2016). Herodotus (ca. 500 BCE)
mentions the Cannabis recreational use of the Scythian and other Central
Asian tribes by breathing the vapors released during seed combustion on
stones, and how they “howl with joy for the vapour bath” (Warf, 2014;
Clarke and Merlin, 2016). There are also reports on tombs of Caucasoid
nobles buried in Xinjiang and Siberia around 2,500 BCE which occasionally
include large quantities of mummified psychoactive C. sativa (Warf, 2014,
and references therein).
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Figure 4: 2,700-year-old mummy of a shaman belonging to the Gushi nomad
culture found by a team of archaeologists in 2003 in the Xinjiang region, located in
the northwest of China. His belongings included bridles, bows, a harp, and 789

grams of cannabis (content shared under Creative Common License in
http://foroterraeantiqvae.ning.com/)

While nomadic tribes from Central Asia could be responsible for
Cannabis introduction in South Asia, the Middle East and Eastern Europe
along the various paths that constituted the Silk Road, Arab traders may
have introduced Cannabis into Eastern Africa, perhaps one to two thousand
years ago (Hillig, 2005, and references therein). By the first half of the
sixteenth century, Cannabis was introduced from Africa to Latin America.
Precisely, cannabis seeds were transported to Brazil by slaves coming from
Angola who went to work in sugar cane plantations where the landlords let
them grow it, and because of this, nearly all the traditional synonyms for
marijuana in Brazil had their origin in the Angolan language (De Pinho, 2011).
In parallel, in order to avoid the England dependence on foreign hemp, which
was a very valuable resource needed to build ships and remain connected
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with the rest of the world, in 1611 the king ordered the English colonists at
Jamestown, Virginia, to grow hemp (Abel, 1980).
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Figure 5: C. sativa geographical and historical dispersion (Warf, 2014): arrows
suggest humanvectored dispersal from the presumed origin of Cannabis in Central
Asia

Concerning Cannabis domestication, it has been proposed that it was
first domesticated in early Neolithic times in East Asia (Ren et al., 2021). In
this line, and according to archaeological evidences found in Taiwan, it can
be concluded that this plant has been used by humans for at least 10,000
years (Abel, 1980). In the past, while in areas of Central and Eastern Europe
with temperate, mild, relatively cool, and moist conditions, the ancient
farmers selected individuals with relatively limited intoxicant potential, thick
and long fibers, and large seeds with a high oil content (cultivars today
known as hemp), in semi-tropical and/or very dry regions of India, Pakistan,
Nepal or Afghanistan, plants with a copious resin production and,
consequently, a considerable intoxicant potential were selected, this being
the beginning of the world-famous marijuana varieties. In fact, some
researchers assumed that the sativa (hemp biotypes) and indica (drug-type
plants) taxa diverged primarily as a result of this human selection (Small and
Cronquist, 1976; Hillig and Mahlberg, 2004).
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2.2. Cannabis: a multipurpose crop

The selective pressure exerted by the environment together with the
domestication carried out by humans has been translated into the great
variability currently exhibited by C. sativa species. Nowadays, this versatile
crop can contribute to reducing the human impact on the environment by
means of the production of sustainable resources like biomass and fiber that
constitute feedstock for industrial uses such as energy, construction and
automotive markets, and for hempseeds that are components of functional
foods and animal feeds (Zuk-Gofaszewska and Gofaszewski, 2020).
Furthermore, its medical applications are well substantiated, been
documented in the most ancient Chinese Pharmacopoea, the ‘Shen Nung
Pen Ts’ao Ching’ written by Shen Nung (considered the father of Chinese
medicine) in the first century BCE, who also warned that too much Cannabis
causes to “see demons” or “communicate with spirits” (Pisanti and Bifulco,
2019). Afterwards, the Greek Dioscorides, who was an eminent scientist and
a physician, published in 70 CE the first copy of De materia medica, an
important treatise on medicinal herbs, where it appears the description of
symptoms and conditions for which Cannabis, among other medicinal
plants, had proven beneficial. It was the first description of Cannabis as a
medical remedy in a Western medical text, describing how the juice of its
seeds was very beneficial in treating earaches and in diminishing sexual
desires (Abel, 1980).
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Figure 6: Cannabis sativa description and illustration present in ‘Illlustration of civil
life, volume the earth’ published in 1830 (Ahn et al., 2020) (left), and in the
facsimile copy of De materia medica made in the 19th century that includes the
translation from Latin to Spanish, and illustrations made by Andrés Laguna,
physician of Pope Julius lll (right).

Nowadays, this species is gaining increasing attention due to its medical
applications. Cannabinoids are responsible for the therapeutic potential of
C. sativa. More than one hundred cannabinoids have been identified in the
cannabis plant (Calapai et al., 2020), although THC and cannabidiol (CBD) are
the most abundant in the plant. Substantial evidence supporting how
Cannabis derivatives are effective for the treatment of chronic pain,
spasticity associated with multiple sclerosis, and chemotherapy-induced
nausea and vomiting have been reported (Cascio et al., 2017; Abrams, 2018;
Urits et al., 2019). Additionally, an increasing number of preclinical studies
point to the anticarcinogenic potential of Cannabis derived compounds,
although there is still a lack of profound safety and efficacy clinical trials to
assess the potential benefits and risks of incorporating cannabis
pharmaceutical derivatives in clinical care (Sledzifski et al., 2018).
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Recently, and due to the absence of narcotic effects on its consumption,
CBD is gaining prominence among researchers. Some indications concerning
its therapeutic benefit and medical application in epilepsy and its associated
comorbidities such as convulsions, depression, sleep disorders, anxiety and
inflammation have been published (Thomas, 2017). Furthermore, CBD is
considered as an attractive novel therapeutic option for the treatment of
anxiety disorders derived from the newly emerged COVID-19 disease caused
by the beta coronavirus SARS-CoV-2 (O'Sullivan et al., 2021), also exhibiting
observable antiviral effects against Human Coronavirus (HCoV) strain 229E
in in vitro experiments (Chatow, et al., 2021).

In addition, it is remarkable how, from a pharmacological perspective,
cannabis shows itself considerably safer than opioids and with a broad
applicability for palliative care, being an alternative for many patients
currently on long-term use of opioids for chronic pain (Carter et al., 2011).
This alternative is showing promising results in the United States, where
states with medical cannabis laws are associated with significantly lower
state-level opioid analgesic overdose mortality rates (Carter et al., 2011;
Bachhuber et al., 2014; Hsu and Kovacs, 2021). In fact, several studies point
to a growing tendency in cannabis patient use to treat pain derived from
different ailments, and how opioid consumption has concurrently decreased
(Reiman et al., 2017; Vigil et al., 2017; Bradford et al., 2018; Okusanya et al.,
2020; Denduluri et al., 2021; Lépez et al., 2021; Muacevic et al., 2021).

In this respect, it is necessary to emphasize that it has been described in
many studies how THC and CBD can synergize with other compounds of the
plant such as terpenoids or other cannabinoids. Therefore, cannabis-based
medicinal extracts may result therapeutically more efficient than isolated or
synthesized cannabinoids applied separately (Williamson, 2001; Wagner and
Ulrich-Merzenich, 2009; Russo, 2011; Gallily et al., 2015; LaVigne et al.,
2021). It is noteworthy pointing out how cannabis-based medications were
approved in 2011 in many European countries (Carcieri et al., 2018).

22



General Introduction

2.3. Legal context of its cultivation

Cannabis sativa cultivation and consumption has been a source of
discordance since immemorial times. The first documentation of its
prohibition dates from 1800, when Napoleon, after Egypt invasion and
fearing that cannabis would make them lose their fighting spirit, prohibited
his soldiers to smoke or drink the extracts of the plant. He imposed a penalty
of imprisonment of three months, thus implementing perhaps the first
‘penal law’ on cannabis (Ballotta et al., 2008). After that, cannabis was
banned for the first time in Brazil in 1830, when the Rio de Janeiro municipal
council issued a directive that forbade its sale and use, as well as its presence
on any public premises (Bewley-Taylor et al., 2014). Following this, the
cultivation, use and importation of cannabis were first forbidden in Egypt in
1868, although its prohibition had little effect on its medical and recreational
consumption by urban and rural poor from Egypt (Bewley-Taylor et al.,
2014). Meanwhile, the cannabis control in Europe was focused on regulating
its pharmaceutical use, as Germany did in 1872, limiting the sale of Indian
hemp to pharmacies through a Pharmacy Ordinance (Ballotta et al., 2008).
Subsequently, a law in South Africa in 1887 prohibited cannabis use and
possession by Indian immigrants, who along with black people were the
main consumers of this drug at that time. Because of this, it is thought that
behind this prohibition there were racist motivations (Booth, 2005).
However, in what is considered as the first resistance to cannabis
prohibition, an extensive 3,000-page report by the ‘Indian Hemp Drugs
Commission’ in 1894, provided an exhaustive analysis of cannabis benefits,
risks and harms, bringing the necessary evidence for reject this prohibition.
Despite the rejection of a general ban, Indian cities and states issued quotas,
tax regimes or restrictions on cannabis (Booth, 2005). In the former report,
the Commission concluded that “the moderate use of hemp drugs produces
no injurious effects on the mind”, also adding that “as a rule these drugs do
not tend to crime and violence”, and that “moderate use of these drugs is
the rule, and the excessive use is comparatively exceptional. The moderate
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use produces practically no ill effects” (Indian Hemp Drugs Commission,
1894). Despite the conclusions presented in this report composed of 7
volumes, which contrasted with the absence of arguments beyond the non-
supported with data association of cannabis, insanity and crime exposed by
those in favour of the ban, cannabis prohibition continued advancing along
the whole world.

Cannabis international circulation was firstly negotiated among the
international community in the ‘International Opium Convention’ held in
The Hague in 1912. What countries most feared at that time was that the
unregulated drug trade could lead to an increase in drug consumption in
their territories. However, since most of the states were reluctant to
criminalize the non-medical use of these substances, the treaty was mainly
focused on the regulation of drug legal trade and its availability for medical
uses (Bewley-Taylor et al., 2014). Concerned about the smuggling of hashish
(a drug derived from the concentration of trichomes from the cannabis
plant) into its North African colonies, Italy raised the issue of cannabis
international control in this convention, being supported only by the United
States of America (Bruun et al., 1975). However, it was not until the
celebration of the ‘International Opium Convention’ in Ginebra in 1925, and
especially after World War Il that the United States, just based on the
cannabis horror stories spread by the American government and media,
used its global influence to reach the necessary support to push the
international community to ban cannabis in the United Nations ‘Single
Convention on Narcotic Drugs’ signed in New York in 1961, a consolidation
of a series of multilateral drug control treaties negotiated between 1912 and
1953. In attendance were representatives of 73 states and a range of
international organisations (Bewley-Taylor et al., 2014). In this Single
Convention, cannabis was included in Schedule 1, containing those
substances considered most addictive and most harmful, and in the strictest
Schedule 1V, containing those substances to be the most dangerous and
regarded as exceptionally addictive and producing severe ill effects. Thus,
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cannabis was classified among the most dangerous psychoactive substances
under international control with extremely limited pharmaceutical
properties. Cannabis, cannabis resin and extracts and tincture of cannabis
were therefore subjected to all control measures foreseen by the
Convention (Bewley-Taylor, 2012), even though leaves and seeds were
explicitly omitted from the definition of cannabis, which now only referred
to the “flowering or fruiting tops of the cannabis plant” (Bewley-Taylor and
Jelsma, 2011). In consequence, despite little or no scientific evidence on the
alleged connection between cannabis, insanity and crime, and in order to
protect the public health and welfare, the Convention stipulated that any
signatory should “prohibit the production, manufacture, export and import
of, trade in, possession or use of any such drug except for amounts which
may be necessary for medical and scientific research only” (Bewley-Taylor et
al., 2014). The ‘Single Convention on Narcotic Drugs’ of 1961 was
incorporated in the Spanish legislation the 8t of April of 1967 by means of
the Spanish law 17/1967.

After that convention, A°-tetrahydrocannabinol (THC) was first isolated
and characterized by Gaoni and Mechoulam (1964), and cannabinoids were
related with the pharmacological properties of C. sativa, which attracted the
interest of the pharmaceutical industry and researchers from all corners of
the globe. World Health Organization (WHO) Expert Committee on Drug
Dependence (ECDD), an independent group of experts in the field of drugs
and medicines responsible for assessing psychoactive substances for
possible control under the international drug control conventions,
recommended in 1990 de-scheduling certain active ingredients of cannabis.
This recommendation included the integration of compounds such as THC,
as well as their isomers and stereochemical variants, in the Schedule Il of the
United Nations (UN) ‘Convention on psychotropic substances’ held in Vienna
in 1971, which also included certain amphetamine-type stimulants (ATS)
with therapeutic uses. This represented an important step towards the
recognition of cannabis therapeutic usefulness. This recommendation was
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adopted by the Commission on Narcotic Drugs (CND) in 1991, when
dronabinol, a synthetic form of THC, was included in Schedule Il of the
above-mentioned convention (Bewley-Taylor et al., 2014). Following this,
many commissions to examine drug use arose in different countries
recommending changes in the law on cannabis restrictions, as is the case of
the United Kingdom (Report by the Advisory Committee on Drugs
Dependence, the so-called Wootton Report, 1969), the Netherlands (The
Baan Commission, 1970 and Hulsman Commission, 1971), the U.S. (The
Shafer Commission Report, Marihuana: A Signal of Misunderstanding,
National Commission on Marihuana and Drug Abuse, 1972), Canada (The
Commission of Inquiry into the Nonmedical Use of Drugs, commonly
referred to as the Le Dain Commission, 1973) and Australia (Senate Social
Committee on Social Welfare, 1977) (Bewley-Taylor et al., 2014). This
prompted some states within the U.S. to decriminalize cannabis, as is the
case of Oregon in 1973, or Alaska and California in 1975 (Bewley-Taylor et
al., 2014).

Not so long ago, policy shifts towards legally regulated markets within
Colorado and Washington in the U.S. in 2012, and in Uruguay (2013), and
Canada (2018), paved the way for cannabis legalization (Bewley-Taylor et al.,
2014). More recently, and after several cannabis de-scheduling attempts
promoted by the WHO Expert Committee, a historical moment for cannabis
legalization arrived. On the 24" January 2019, Tedros Adhanom, who has
served since 2017 as Director-General of the WHO, sent a letter to the
Secretary-General of the UN Antdénio Guterres communicating its
recommendations to decriminalize cannabis after the critical reviews of
cannabis and cannabis-related substances carried out in the forty-first
meeting of the WHO ECDD. Among others, the WHO ECDD
recommendations included the deletion of cannabis and cannabis resin from
Schedule 1V, together with the deletion of extracts and tinctures from
Schedule | of the Single Convention on Narcotic Drugs (1961). Furthermore,
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the WHO manifested that pure CBD should not be scheduled within the
International Drug Control Conventions.

Although not all of the WHO recommendations were implemented, in
the UN Commission on Narcotic Drugs Report on the reconvened sixty-third
session, elaborated in Vienna in December 2020, it was decided “To delete
cannabis and cannabis resin from Schedule IV of the Single Convention on
Narcotic Drugs of 1961 as amended by the 1972 Protocol” (Decision 63/17).
This has constituted a historical political recognition of cannabis
pharmacological properties which has arrived after 59 years of non-sense
cannabis prohibition.

2.4. Cannabis market and economic predictions

As cannabis legalization has been reaching different countries, a
potential international market is emerging. Although predictions
dramatically vary from source to source, all of them anticipate a multibillion-
dollar global cannabis market to be developed in the following years, as
cannabis legalization either for medical or recreational use expands in more
countries. For example, while the first year of Canada recreational sales was
valued at CAD 967 million (Armstrong, 2021), by 2025 the projected market
value only for medical cannabis in the United States is estimated to be over
USD 13 billion (Mikulic, 2021). In the case of Spain, it is estimated that the
medical, recreational and industrial markets value will reach € 6.5 billion by
2028 (Prohibition Partners, 2018). It is also predicted that by 2024 the United
Kingdom medicinal and recreational markets would be worth nearly USD 1.3
billion and USD 1.7 billion, respectively (Prohibition Partners, 2019a).
Furthermore, assuming that by 2023 all countries profiled in the report have
legalized medical cannabis and regulated recreational use, it is expected a
potential market worth € 58 billion and € 65 billion by 2028 in Europe for
medical and recreational cannabis respectively, so consequently Europe
cannabis market is estimated to be worth up to € 123 billion by 2028,
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becoming the world largest legal market over the next five years (Prohibition
Partners, 2019b).

However, special attention must be paid to the financial bubbles that can
arise and burst as a result of highly speculative market predictions. A good
example of this was observed in the second half of 2019, when the market
value of a Canada-based Canopy Growth (one of the world largest cannabis
companies), dropped from USD 18 billion (CAD 24 billion) in April 2019 to
about USD 5.5 billion (CAD 7.1 billion) in mid-November (Bewley-Taylor et
al., 2020, and references therein).

3. Biotechnological approaches for C. sativa genetic improvement

Despite its multiple uses and the multibillion-dollar market predictions
related with cannabis, decades of illegalization have been translated into a
lack of formal genetic improvement of this species, and the consequent
absence of stable varieties with consistent traits. Thus, the allogamous
nature of C. sativa is transferred into its inherent genetic and phenotypic
heterogeneity, which hinders the breeding of this species and results in
reduced uniformity for food, fiber, or medical applications (Andre et al.,
2016; Onofri and Mandolino, 2017). Regarding the cannabinoid content, the
lack of homogeneity in the existing varieties and its concurrent trait
variability present important disadvantages, especially in the case of hemp
cultivation, as if the THC content of individuals from a specific variety
exceeds the legal limit, the crop could be declared illegal, with the
consequent damage to the farmer derived from his legal responsibility. On
the other hand, regarding medical cannabis, it has been reported the low
abundance of some promising minor cannabinoids in planta (Andre et al.,
2016), which represents an impediment for its extraction, purification and
pharmacological evaluation. Furthermore, if cannabis plants are grown from
seeds, the type and concentration of cannabinoids can vary among
individuals of the same variety, thus hindering the availability of a specific
chemotype reproducible after flowering and senescence of plants. So, even
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if a particular cannabinoid profile presents in a specific phenotype showed
therapeutic potential, it would not be available for further trials or large-
scale cannabinoid extraction. For avoiding this, elite clones showing
promising chemotypes are selected and vegetatively propagated to preserve
them, but mother plants need to be maintained indefinitely, with the
consequent expenditure of time and resources.

Thus, breeding programs in hemp are currently focused on fiber content
and quality, stem and seed yield, flowering behavior, suitability for different
uses and cultivation regions, control of gender, THC content and resistance
to pathogens between other traits (Salentijn et al., 2015). Conversely,
among the most important challenges in medicinal cannabis breeding is the
development of varieties resistant to biotic (Hadad et al., 2019; Punja et al.,
2019; Jerushalmi et al., 2020), and abiotic stresses (Cosentino et al., 2013;
Guerriero et al., 2017; Gao et al., 2018; Landi et al., 2019), as well as the
development of stable varieties with specific cannabinoid profiles (Lynch et
al., 2016; Wrobel et al., 2018).

The methods commonly used in cannabis breeding have been mass
selection, cross-breeding, in-breeding and hybrid breeding. More recently,
there are a few examples of the use of molecular markers to assisted
breeding (Ranalli, 2004; Salentijn et al., 2015). Recently, new advances in C.
sativa genomics research are also emerging (Hurgobin et al., 2020).

3.1. In vitro plant tissue culture

As it has been done with other major crops, in vitro plant tissue culture
can complement cannabis conventional breeding through different
approaches. From clonal propagation of already-selected phenotypes to the
production of double haploids or gene-edited plants, many alternatives can
be exploited through tissue culture to develop homogeneous varieties with
specific and improved traits. However, before implementing any of these
techniques in C. sativa species, it is imperative to fine-tune protocols to
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improve their efficacy, which often, and given the absence of scientific
publications on the matter, even means starting from scratch.

3.1.1. Plant in vitro regeneration

Plant regeneration is considered a crucial step for most in vitro
culture techniques employed in plant breeding such as the development of
double haploids and polyploid plants, or the production of transformed or
gene-edited specimens. Classic examples of in vitro plant regeneration
applications are plant micropropagation, employed to produce a high
number of plants genetically identical to the specimen from which they
come, or plant sanitation, defined as in vitro-production of virus-free plant
material.

In the case of C. sativa, although high rates of in vitro plant
regeneration from apical and axillary meristems of the plant (Richez-
Dumanois et al., 1986; Lata et al., 2009, 20164, b, 2017), young leaves (Lata
et al.,, 2010) and cotyledons (Chaohua et al.,, 2016) have already been
reported, several studies point out to the high recalcitrance level of in vitro
shoot regeneration of different tissues. These works include regeneration
assays performed on maturing bracts, anther-calyx complexes and
vegetative leaves (Hemphill et al., 1978), leaves, hypocotyls, cotyledons and
roots (Mandolino and Ranalli, 1999), young leaves, petioles, internodes and
axillary buds (Lusarkiewicz-Jarzina et al., 2005), roots, leaves and stems
(Plawuszewski et al., 2006), cotyledons, stems and roots (Wielgus et al.,
2008), cotyledons and epicotyls (Movahedi et al., 2015), leaves and
hypocotyls (Movahedi et al., 2016a, b) hemp transformed roots (Wahby et
al., 2017), and cotyledons and hypocotyls (Smykalova et al., 2019). After an
exhaustive review of the existing literature, it can be concluded that, with
some exceptions, the effectiveness of the published in vitro plant
regeneration protocols for this species is low, or even null in some cases, and
greatly varying between explants and varieties, representing a major
bottleneck for the application of in vitro tissue culture for the improvement
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of C. sativa. Moreover, in most of the former publications, a small number
of varieties were evaluated, not representing all subspecies and
reproductive systems present in the species. Furthermore, when shoot
regeneration was observed, it developed indirectly through a previous phase
of callus formation, which puts at risk the genetic fidelity of the regenerants
compared to the donor plants. Additionally, in many of these publications,
there is a lack of figures illustrating the process of in vitro shoot
organogenesis together with a lack of reproducibility of their results. Finally,
there is a common feature that can be inferred from previously mentioned
studies, which regards the development of in vitro shoot organogenesis
through the addition of plant growth regulators to the culture medium.

3.2. Polyploidization

Polyploid plants are composed of cells with more than two complete sets
of chromosomes in their nuclei. Polyploid specimens are associated with
enlarged organ sizes, increased biomass yield, phytochemical content and
metabolic products, enhanced ability to adapt to biotic and abiotic stresses
and changes in gene regulation (Van Hieu, 2019). They are also associated
with enhanced levels of secondary metabolites in a large number of species
(lannicelli et al.,, 2019). Among the different improvements that
polyploidization brings to plant breeding is the production of tetraploid
plants, which in turn are employed for the development of triploid varieties
with seedless fruits, as it has been reported in Citrullus lanatus (Kihara and
Nishiyama, 1947), Cucumis melo L. (Adelberg et al., 1993) or in Citrus spp.
(Recupero et al., 2005).

Regarding polyploidization in C. sativa species and its effects on
cannabinoids contents, the scientific literature provides contradictory
results. Clarke (1981) related polyploidization with an increase in THC
content together with a decrease in CBD and cannabinol (CBN), also
reporting that triploids produced fewer cannabinoids than diploids and
tetraploids. On the other hand, Mansouri and Bagheri (2017) highlighted
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that polyploidization increased significantly the contents of THC in mixoploid
plants, which proved superior to tetraploid and diploid plants, also
suggesting how mixoploids could be useful to produce THC for commercial
use. In the former work, tetraploid specimens showed lower amounts of
cannabinoids than diploids. Parsons et al. (2019) reported a similar content
of cannabinoids among tetraploids and diploids, although significant
increases in CBD and sesquiterpenes were associated with tetraploids. As
related bibliography reflects, polyploidization in C. sativa species has always
been induced by treating seeds or explants with chemical microtubule
disruptors with a high toxicity grade. More recently, Kurtz et al., (2020)
succeeded producing tetraploids after colchicine seed treatment, also
developing triploid plants through embryo rescue after crossing tetraploid
and diploid specimens, while Crawford et al. (2021) produced tetraploids
after explant colchicine treatment, also producing triploids after crossing
tetraploid and diploid plants. In the former work, tetraploids and triploids
showed an increase in cannabigerolic acid (CBGA) concentration as
compared to their diploid counterparts, although these differences did not
were statistically significant.

3.2.1. Polysomaty

The term polysomaty was first coined in the early literature by
Langlet (1927). It is defined as the condition of those cells in the somatic
tissues of a plant that contain multiples of the typical chromosome number
(Ervin, 1941), being first described in Spinacia oleracea L. by Stomps (1910).
Since its discovery, polysomaty has been described in a wide range of species
as diverse as Cucumis melo L. (Ervin, 1939), Beta vulgaris L. (Sliwinska and
Lukaszewska, 2005), Chenopodium quinoa Willd. (Kolano et al., 2008), or
more recently Solanum melongena L. (Garcia-Fortea et al., 2020). It is
thought that polysomaty is promoted by endomitosis or endorreduplication
processes (D’amato, 1964; Bubner et al., 2006), involved with the growth
and differentiation of tissues. It has also been described how plant tissues
frequently contain a proportion of endopolyploid cells (Ramsay and Kumar,
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1990, and references therein) and that portions of the plant such as storage
organs and vessels often contain polyploid cells (Adelberg et al., 1993).

Polysomaty was first described in root meristems from C. sativa
species by Litardiere (1925). Following this, Langlet (1927) pointed that the
doubled number of chromosomes in root meristems coming from cannabis
resulted from two successive cleavages of each chromosome during the
prophases, while Breslavetz (1926, 1932) proposed nuclear fusion as the
cause of the polysomatic condition described in cannabis roots.

3.3. Double haploids

Double haploids are inbred plants 100% homozygous derived from a
haploid nucleus of male or female origin. They are obtained in only one in
vitro generation after spontaneous or induced chromosome doubling, thus
allowing for traits fixation and accelerating cultivars development. By means
of hybridization of these pure lines, it is possible to exploit the hybrid vigour,
obtaining high yielding and uniform F1 hybrid material. In addition, and due
to their complete homozygosity, double haploid plants from species whose
reproductive system allows autogamy, can be preserved by seed form by
self-fertilization without genetic segregation in the offspring, thus
eliminating the need for indefinitely keeping previously selected parentals
in a perpetual vegetative state. Furthermore, these plants are also useful in
basic research, since they can be employed for the identification of recessive
traits, efficient mutant selection, easier genetic manipulation at the haploid
level, and development of biochemical and physiological studies among
other applications (Reinert and Bajaj, 1977; Maheshwari et al., 1980;
Dunwell, 2010; Ferrie, 2013; Dwivedi et al., 2015).

First natural sporophytic haploids were reported in Datura stramonium
L. by Blakeslee et al. (1922), although obtention of haploid embryos with
androgenic origin was first time achieved through anther culture of Datura
innoxia Mill. in the University of Delhi (Guha and Maheshwari, 1964), even
though the initial purpose of this experiment was to study the biochemistry
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of meiosis (Guha-Mukherjee, 1999). Since then, much progress has been
made in the study of double haploids, although its development is an elusive
current breeding objective in C. sativa species.

3.3.1. Androgenesis

In androgenesis, the haploid-derived plant originates from the
microgametophyte. It is considered the most effective technique employed
to obtain haploid and double haploid plants (Maraschin et al., 2005;
Srivastava and Chaturvedi, 2008; Wedzony et al., 2009). One of the routes
that leads to androgenesis is microspore embryogenesis, by which the
microspore deviates from its original gametophytic fate and s
reprogrammed to a new pathway of embryogenic development. It can be
promoted through anther and microspore culture. While most of the early
work on haploids has relied on anther culture due to its relative technical
simplicity, by microspore isolation prior in vitro culture, regeneration of
plants from anther somatic tissue can be prevented. Furthermore, among
other benefits that microspore culture presents in comparison with anther
culture, is the tightest control of the factors affecting induction, better
availability of nutrients for microspores, and elimination of deleterious
influence of possible inhibitors coming from the anther wall can be
mentioned (Maheshwari et al., 1982; Heberle-Bors, 1989; Touraev et al.,
1997; Murovec and Bohanec, 2012; Asif, 2013; Ferrie, 2013; Dwivedi et al.,
2015). The earliest attempt at in vitro culture of isolated pollen grains was
carried out in Ginkgo biloba L. by Tulecke (1953), who obtained callus tissue
without achieving plant regeneration. However, it was not until a couple of
decades later when Nitsch and coworkers succeeded in promoting
microspore embryogenesis through in vitro culture of isolated microspores
in Datura innoxia Mill. (Nitsch and Norreel, 1973a; Nitsch, 1974a; Sangwan-
Norreel, 1977), Nicotiana tabacum L. (Nitsch, 1974b), and Petunia x hybrida
hort. ex E. Vilm. (Sangwan and Norreel, 1975). Since those attempts and with
varying induction rates, obtention of haploid and double haploid plants
through both anther and microspore culture has been reported in a wide
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range of species (Maluszynski et al., 2003; Srivastava and Chaturvedi, 2008;
Wedzony et al., 2009). However, mainly due to species recalcitrance, it has
not been possible to implement this technology in the vast majority of plant
species, also representing an unexplored territory in most of them.

3.3.2. Factors influencing androgenesis induction

Among the most relevant factors affecting microspore
embryogenesis, is the microspore and pollen stage development. It is widely
accepted how vacuolate microspores and young bi-cellular pollen grains are
more sensitive to androgenic induction (Maheshwari et al., 1980; Dunwell,
2010; Dwivedi et al., 2015; Canonge et al., 2020). In this respect, it has been
reported in different species how microspore and pollen stage development
can be correlated with some features of the flower, as is the case of bud
length, pedicel length, anther length and petal to anther ratio in Brassica
napus L. (Pechan and Keller, 1988), bud length and perianth morphological
markers in Lycopersicon esculentum Mill. (Brukhin et al.,, 2003),
pigmentation degree of anthers (Kim et al., 2004) and calyx-corolla ratio
(Barany et al., 2005) in Capsicum annuum L., or more recently, flower bud
size in Stevia rebaudiana Bertoni (Uskutoglu et al., 2019), and bud length,
anther color, and filament length in Opuntia ficus-indica L. Mill. (Bouamama-
Gzara et al., 2020).

On the other hand, stress treatments are also described as highly
relevant on microspore embryogenesis (Nitsch and Norreel, 19733;
Maheshwari et al., 1980; Touraev et al., 1997; Maraschin et al., 2005;
Murovec and Bohanec, 2012; Dwivedi et al., 2015). Different physical and
chemical treatments such as low or high temperatures, centrifugation,
ethanol, colchicine, carbon or nitrogen starvation, inducer chemicals, high
or low medium pH, y-irradiation or heavy metals, when applied on plants,
inflorescences, flower buds, anthers or isolated microspores, can decisively
promote the deflection of the gametophytic developmental pathway of
microspores and pollen grains towards a sporophytic development
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(Shariatpanahi et al., 2006). The use of less commonly applied stresses such
as electroporation or sonication, have also been suggested as an alternative
to promote microspore embryogenesis in recalcitrant legume species
(Ribalta et al., 2012).

Among the most popular stress treatments above mentioned, cold-
shock must be considered, undoubtedly, as the most frequently employed
to block the gametophytic development and promote microspore
embryogenesis in a huge range of species. Its many effects include
cytoskeletal organization disruption and microspore microtubule network
reorganization (Zhao et al., 2003, and references therein), its possible role in
preventing starch formation in Datura proplastids and pollen from Hordeum
vulgare L. (Sangwan and Sangwan-Norreel, 1987, and references therein), or
its influence on Ca?* pathway activation, eliciting an increase in cytosolic free
calcium levels in microspores (Zoriniants et al., 2005; Zur et al., 2008). The
latter enhanced the cytosolic concentration, which could lead to increased
protein phosphorylation events related to cell division and microspore
embryogenesis (Pauls et al., 2006). Additionally, Shariatpanahi et al. (2006),
and references therein, reported that cold slow down the degradation of
anther tissues, thus protecting microspores from toxic compounds released
in the decaying anthers, and how low temperatures promote the expression
of two heat-shock proteins (HSP) genes which possibly can protect cells
against chilling injuries. The earliest experiments on the effect of low
temperature on microsporogenesis and microgametogenesis were
performed by Sax (1935), who studied the influence of temperature in the
cell cycle of microspores and pollen grains from Tradescantia Ruppius ex L.
In the former work, nuclear division abnormalities in microspore
development were reported after exposure of donor plants to a three-day
long cold treatment. Subsequently, cold treatment applied to flower buds
was essential for successful pollen embryogenesis in Datura innoxia Mill.
(Nitsch and Norreel, 1973a). The efficacy of cold-shock bud pretreatment in
promoting microspore embryogenesis continued being reported in Petunia
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X hybrida hort. ex E. Vilm. (Malhotra and Maheshwari, 1977) and Nicotiana
tabacum L. (Rashid and Reinert, 1980, 1981). Since then, cold-shock has
been successfully employed in the obtention of haploid and double haploid
plants in several species as diverse as Zea mays L., Triticum aestivum L.,
Hordeum vulgare L., and Oryza sativa L. among others (Aionesei et al., 2005,
and references therein). Depending on the species and the explant
submitted to the stress pretreatment, a cold-shock can be applied from
some days to several weeks at a temperature of about 4-10 ¢C
(Shariatpanahi et al., 2006). In general, cold-shock is more effective in terms
of embryogenically-induced microspores when applied directly to the flower
buds (Nitsch and Norreel, 1973b; Sunderland and Wildon, 1979;
Maheshwari et al., 1980, and references therein).

Finally, as it plays a key role in the nutrition and viability of
microspores and pollen grains, carbohydrates physiology and metabolism in
the androecium is also considered as the determinant for microspore
embryogenesis. In particular, amyloplasts act as reservoir plastids,
accumulating energy reserves in form of polysaccharides like starch grains
which can be employed as an energy source during both the pollen
formation and the process of pollination, thus helping the pollen grain to
survive during its development and outside the flower. Moreover, plastids
contained in the microspores are specific markers used to differ among
androgenic and recalcitrant species. Specifically, amyloplast presence is
related with irreversible cell differentiation in the microspore (Clément and
Pacini, 2001). Starch deposition has also been associated with a drastic
change in protein synthesis (Mandaron et al., 1990), which suggests the
expression of genes involved in the gametophytic pathway and the
consequent loss of cellular totipotency. In androgenic species, starch
accumulation in microspores and pollen grains starts at the late bi-cellular
pollen stage, while in the recalcitrant species, there is an early accumulation
of starch during microsporogenesis with an increase during pollen
maturation (Sangwan and Sangwan-Norreel, 1987).
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3.4. Plant genetic transformation

Novel biotechnological approaches such as targeted gene edition based
on Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas
systems could play a key role in the genetic improvement of C. sativa
species, as it has been demonstrated in food crops such as Solanum
lycopersicum L. through the development of a powdery mildew resistant
variety (Nekrasov et al., 2017), in Oryza sativa L. by increasing grain yield
(Gao et al., 2020), or in Musa paradisiaca L. by means of obtention of a B-
carotene-enriched cultivar (Kaur et al., 2020), and also in other medicinal
plant species such as Papaver somniferum L. (Alagoz et al., 2016), or Salvia
miltiorrhiza Bunge (Zhou et al., 2018), whose plant secondary metabolite
pathways have been successfully modified. However, before the
implementation of this technique in C. sativa, it is imperative to develop an
efficient transformation protocol that allows the regeneration of transgenic
plants.

Some attempts at C. sativa transformation have been published in the
last decade. Phosphomannose-isomerase (PMI) gene expression after
Agrobacterium tumefaciens-mediated transformation of stem and leaf-
derived callus suspension cultures has been reported (Feeney and Punja,
2003, 2015), together with B-glucuronidase (GUS) positive staining of hairy
root cultures after effective transformation with Agrobacterium rhizogenes,
and in vivo and in vitro Ri and Ti plasmid-bearing Agrobacterium infection of
hypocotyl and cotyledonary node explants (Wahby et al.,, 2013, 2017).
Genetic transformation of leaf, male and female flowers, stem, and root
tissues through A. tumefaciens vacuum infiltration has also been achieved,
being verified through subsequent analysis of GUS and green fluorescence
protein (GFP) expression in the transformed tissues (Deguchi et al., 2020). In
the former work, also phytoene desaturase (PDS) gene silencing resulting in
an albino phenotype in leaves and male and female flowers was carried out.
Transient GUS expression in C. sativa seedlings after A. tumefaciens-
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mediated transformation has also been reported (Sorokin et al., 2020).
Furthermore, transient gene expression after nanoparticle-based
transformation of cannabis trichomes and leaf cells, and subsequent
transcription of soybean genes and localization of fluorescent-tagged
transcription factor proteins has been achieved (Ahmed et al., 2020). Finally,
induced gene silencing of PDS and magnesium chelatase subunit | (Chl/)
genes in leaves from one hemp variety after transient transformation with
A. tumefaciens and Cotton leaf crumple virus (CLCrV) (Schachtsiek et al.,
2019), and GFP-transient expression through polyethylene-glycol (PEG)-
mediated protoplast transformation have also been described (Beard et al.,
2021).

However, despite the successful genetic transformation of different
explants, recalcitrance of C. sativa to in vitro plant regeneration have
prevented the recovery of transgenic plants (Feeney and Punja, 2017;
Wrébel et al., 2018). It was only recently that regeneration of one C. sativa
transformed plant has been reported (Zhang et al., 2021).
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The following Doctoral Thesis is focused on the development of
biotechnological tools for the genetic improvement of C. sativa, presenting
eight main objectives:

1. Developing a highly-efficient C. sativa plant in vitro regeneration
protocol that makes regeneration less aleatory and genotype-
dependent, an essential requirement for the further implementation of
other genetic improvement techniques based on biotechnology.

2. Studying the presence of polysomaty in specific C. sativa explants and its
possible role in the regeneration of polyploid plants.

3. Establishing the most appropriate growth conditions for male flower
development that contain a high amount of viable microspores and
pollen grains in C. sativa as a previous requirement for the further
development of a protocol for doubled haploid production through
microspore embryogenesis.

4. Characterizing the different microspore and pollen developmental
stages and correlate them with an easy-to-measure floral morphological
marker as a previous requirement for the further development of a
protocol for doubled haploid production through microspore
embryogenesis.

5. Determining the androgenic potential of C. sativa through the
amyloplast pattern observed in microspores and pollen grains during its
growth as a previous requirement for the further development of a
protocol for doubled haploid production through microspore
embryogenesis.
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6. Evaluating the effect of cold-shock bud pretreatment on the viability and
amyloplast content of microspores and pollen grains, and on the
development of multicellular structures of androgenic origin as a
previous requirement for the further development of a protocol for
doubled haploid production through microspore embryogenesis.

7. Assessing the suitability of kanamycin as a selectable marker for C. sativa
transgenic plants.

8. Developing an effective protocol for the production of genetically-
transformed C. sativa plants.

44



Chapter 1







Chapter |

Development of a direct in vitro plant regeneration
protocol from Cannabis sativa L. seedling explants:
developmental morphology of shoot regeneration and
ploidy level of regenerated plants

Alberto Galan-Avilal*, Edgar Garcia-Fortea?, Jaime Prohens?, Francisco
Javier Herraiz?

PhD candidate contribution

A.G.-A. had a main role in the following activities: conceived and designed
the research, performed the experiments, analyzed the results, wrote the
manuscript, and was responsible for the verification of the paper.

Frontiers in Plant Science
IF 2020: 5.753; Q1 category “Plant Science”
Volume 11, Article 645, 27 May 2020

Ploidy and Genomics S.L., CEEI VALENCIA, Avda. Benjamin Franklin, n212,
Parc Tecnologic, 46980, Paterna, Valencia, Spain

2Instituto Universitario de Conservacion y Mejora de la Agrodiversidad
Valenciana, Universitat Politecnica de Valéncia, Cami de Vera s/n, 46022,
Valencia, Spain

* Corresponding author: agalan@ploidyandgenomics.com

47


mailto:agalan@ploidyandgenomics.com

Chapter |

1. Abstract

In vitro shoot regeneration can efficiently contribute to the improvement of
recalcitrant Cannabis sativa L. We aimed at developing a highly efficient
protocol for in vitro direct regeneration of C. sativa plants from different
explants (cotyledon, hypocotyl and true leaf) from seedlings of monoecious
C. sativa short-day varieties Ferimon, Felina32, Fedoral7 and USO31,
together with dioecious neutral-day variety Finola. Ten regeneration media,
including already published protocols, and self-designed combinations of
plant growth regulators were tested. The developmental morphology since
germination of seeds to the development of rooted plantlets was followed.
Additionally, the ploidy level of explants and in vitro regenerants was
analyzed. We concluded that hypocotyl is the best explant for in vitro direct
regeneration of C. sativa plants with 49.45% of responding explants, while
cotyledon and true leaf had a poor response with, respectively, 4.70% and
0.42% of explants developing plantlets. In terms of shoot regeneration, we
found significant differences among the culture media evaluated and the
varieties studied. Overall, the best regeneration media were ZEAR® 2.0
(mg/L) and ZEARB 1.0 (mg/L) + NAA 0.02 (mg/L) with 66.67% of responding
hypocotyls. Amazingly, hypocotyls cultured in medium without plant growth
regulators showed an excellent response (61.54% of responding hypocotyls)
and spontaneous rooting of regenerants (17.94%). In vitro regenerated
plants were acclimatized just six weeks after culture initiation. The
developmental morphology study suggests that regenerated shoots
originate from pericycle cells adjacent to xylem poles. Polysomaty was
detected in hypocotyls and cotyledons of all varieties studied, and diploid
(>80%) and mixoploid (with diploid and tetraploid cells) plants were
regenerated. Our protocol allows a high shoot organogenesis efficiency in
different C. sativa varieties. The fact that a significant percentage of plants
are mixoploid may provide an alternative way to develop polyploids in C.
sativa. Our results show that direct in vitro regeneration may make a
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significant contribution to the development of improved C. sativa materials
for medical applications.

Keywords: Cannabinoids; Hemp; Hypocotyl;  Micropropagation;
Polyploidization; Polysomaty; Shoot organogenesis
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2. Introduction

Cannabis sativa L. (2n=2x=20) is a dicotyledonous species belonging
to Cannabaceae family used for multiple purposes (fiber, oil, edible seeds,
medicinal, drug) which comprises short and neutral-day varieties. Among its
different applications, its use in medicine, derived from its content in
cannabinoids (Cascio et al., 2017), is raising an increasing interest. Among
cannabinoids, A9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are
generally the most abundant in the plant (Andre et al.,, 2016). Recent
research has reported many cannabinoid pharmacodynamic and
pharmacokinetic properties, expanding the potential use of cannabinoids in
medical therapies (Urits et al., 2019), and promoting the development of
cannabis improved varieties with specific biochemical profiles. In this
respect, in vitro culture is a useful tool that has been employed to
complement cannabis conventional breeding through large-scale
micropropagation of selected elite clones (Lata et al., 2017), development of
polyploid varieties with enhanced levels of secondary metabolites
(Mansouri and Bagheri, 2017; Parsons et al., 2019) or genetic transformation
of non-regenerating tissues (Feeney and Punja, 2003, 2015, 2017; Wahby et
al., 2013, 2017). However, there is still a lack of an in vitro regeneration
protocol efficient in the broad range of genetically diverse materials in the
species.

In this respect, plant regeneration is an essential step for most in vitro
culture techniques employed in plant breeding. High rates of in vitro plant
regeneration from already developed apical and axillary meristems of the
plant (Richez-Dumanois et al., 1986; Lata et al., 2009, 2016a, 2016b), young
leaves (Lata et al., 2010) and cotyledons (Chaohua et al., 2016) have already
been reported in C. sativa. However, several studies point out to a high level
of recalcitrance of in vitro shoot regeneration from different tissues such as
maturing bracts, anther-calyx complexes and vegetative leaves (Hemphill et
al., 1978), leaves, hypocotyls, cotyledons and roots (Mandolino and Ranalli,
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1999), young leaves, petioles, internodes and axillary buds (Lusarkiewicz-
Jarzina et al., 2005), roots, leaves and stems (Plawuszewski et al., 2006),
cotyledons, stems and roots (Wielgus et al., 2008), cotyledons and epicotyls
(Movahedi et al., 2015), leaves and hypocotyls (Movahedi et al., 2016a,
2016b), hemp transformed roots (Wahby et al., 2017) and hypocotyl
segments (Smykalova et al., 2019). Therefore, the low regeneration
efficiency of published in vitro plant regeneration protocols for this species,
and its wide variation among explant types and varieties represent a major
bottleneck for the application of in vitro tissue culture to the improvement
of C. sativa. Moreover, in most of the aforementioned publications, a small
number of varieties were evaluated, which not represent all subspecies and
reproductive systems present in the species. In addition, in the vast majority
of these studies, when shoot regeneration was successful, it developed in an
indirect way through a previous phase of callus formation, which may
compromise the genetic fidelity of regenerants with respect to the donor
plant (Evans and Bravo, 1986; Ramirez-Mosqueda and Iglesias-Andreu,
2015). Finally, a common feature that can be inferred from previously
mentioned studies, is that development of in vitro shoot organogenesis in
this species requires addition of plant growth regulators to the culture
medium.

Considering the above mentioned facts, the aim of this study was
focused on the development of a highly efficient species-specific protocol
for in vitro direct regeneration of C. sativa plants. For this, we evaluated
different explants such as cotyledon, hypocotyl and true leaf coming from
seedlings of four monoecious short-day varieties plus a dioecious hemp
neutral-day variety, which were employed as donor plants. Explants were
cultured on media with different plant growth regulators and hormonal
concentrations obtained from already published protocols, together with
self-designed combinations of plant growth regulators. The developmental
morphology process of in vitro shoot organogenesis from cotyledons,
hypocotyls and true leaves was followed and registered with images, and
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the duration of each of the developmental stages of organogenesis was also
recorded. Additionally, due to the lack of studies concerning polysomaty in
this species and its potential usefulness to obtain polyploid plants as it has
occurred in other species like tomato (Van den Bulk et al., 1990), cucumber
(Colijn-Hooymans et al., 1994), or melon (Ren et al., 2013), and more
recently in eggplant (Garcia-Fortea et al., 2020), authors not only studied the
regenerative capacity of cotyledons, hypocotyls and true leaves, but also
analyzed the ploidy level of these explants together with that of the in vitro
regenerants.

3. Material and methods
3.1. Plant material and growth conditions

Seeds from monoecious C. sativa short-day varieties Ferimon,
Felina32, Fedoral7 and USO31, together with seeds from dioecious neutral-
day variety Finola were surface sterilized in 75% (v/v) ethanol during two
minutes and 30 seconds, followed by immersion in 30 g/L of NaCIO with 0.1%
(v/v) of Tween 20 during 25 minutes, and finally washed three times in
autoclaved deionized water. Once sterilized, seeds were germinated in 9 cm
diameter plastic Petri dishes containing previously autoclaved germination
medium which composition was % MS basal salts and vitamins (Murashige
and Skoog, 1962) + 1.5% (w/v) sucrose + 3.5 g/L Gelrite® with a pH value of
5.8. After germination, cotyledons, hypocotyls and true leaves dissected
from seven-days-old seedlings were employed as explants. In this species,
this stage of seedling development is equivalent to the phenological growth
stage coded in Biologische Bundesanstalt, Bundessortenamt and CHemical
industry (BBCH-scale) by number 11 (Mishchenko et al., 2017). Explants
were cultured in the different media described in Table 1. Seedlings and
explants were grown under controlled conditions at 229C +12C and 60% +1%
relative humidity. Photoperiod consisted of 16 hours of light and eight hours
of dark. Light was provided by Light Emitting Diode (LED) tubes of 18W and
6000K color temperature, which provided 6,010 lux and 90.15 pmol m2s™.
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Explants producing shoots and roots, and number of shoots developed on
each of responding explants were counted periodically during two weeks of
culture. After that time, in vitro regenerants were subcultured individually
to glass-tubes of 2.5 cm of diameter and 15 cm long, containing the same
medium in which shoots were generated.

Table 1: Media tested for in vitro shoot induction from cotyledons, hypocotyls and
true leaves of C. sativa, including plant growth regulators composition and their
respective concentrations.

Medium  Plant growth regulators and concentrations (mg/L) Reference
0 Without plant growth regulators -
TDZ (0.4) + NAA (0.2) (Chaohua et al., 2016)
BAP (2.0) + IBA (0.5) (Movahedi et al., 2015)
BAP (0.5) +2,4-D (0.1) (Movahedi et al., 2016a)
ZEARB (2.0) (Garcia-Fortea et al., 2020)

BAP (1.0) + NAA (0.02)
BAPRE (1.0) + NAA (0.02)
TDZ (1.0) + NAA (0.02)
4-CPPU (1.0) + NAA (0.02)
ZEARB (1.0) + NAA (0.02)

O 00 N O U b~ W N P

When roots were visible, spontaneously-rooted plants were cultured
in pots (2 L) with fertilized commercial substrate composed of a mixture of
black peat, granulated peat moss and perlite, with a pH value of 6 and a
conductivity of 1 mS/cm. Previously, gelled medium was carefully washed
from roots. After transplant and during the whole process of acclimatization,
the substrate was maintained slightly moist and, twice per day (early in the
morning and in late afternoon), regenerants received foliar pulverization
with water. To avoid desiccation, the small plants were covered with plastic
vessels and were progressively exposed to the environmental humidity.
Until complete acclimatization, plants were grown under identical
conditions of temperature, photoperiod and light as described above. Plants
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employed in this study were grown under license for the cultivation of C.
sativa for research purposes, issued by the spanish Ministry of Health, Social
Services and Equality via Spanish Agency of Medicines and Health Products
(Agencia Espaiola de Medicamentos y Productos Sanitarios or AEMPS) to
Ploidy and Genomics Ltd.

3.2. In vitro shoot organogenesis experiments

In order to promote in vitro shoot organogenesis in C. sativa,
cotyledons, hypocotyls and true leaves dissected from seven-days-old
seedlings were cultured in germination medium with the same composition
as described above, except for the addition of different plant growth
regulators. As a part of this study, we aimed at evaluating with our own
genotypes the efficiency of different in vitro shoot regeneration published
protocols developed for C. sativa. Therefore, we selected studies in which
different explants, cytokinins and auxins and their respective concentrations
were successfully tested. In this way, we tested the media used in a study
regarding the regenerative capacity of cotyledons through addition of
thidiazuron (TDZ) and a-naphthaleneacetic acid (NAA) to the culture
medium (Chaohua et al.,, 2016), one work concerning in vitro plant
regeneration from cotyledons and epicotyls by means of 6-
benzylaminopurine (BAP) and indole-3-butyric acid (IBA) (Movahedi et al.,
2015), and another one from leaves and hypocotyls through BAP and 2,4-
dichlorophenoxyacetic acid (2,4-D) (Movahedi et al., 2016a). Additionally, it
was added to our schedule an effective and newly released protocol
developed for eggplant in which the use of zeatin riboside (ZEAR'®), provided
good results not only in terms of shoot organogenesis, but also in
polyploidization of regenerants (Garcia-Fortea et al., 2020).

Finally, as it is known that root and shoot development depends on
cytokinin:auxin ratio and that high levels of cytokinin supports shoot
formation (Skoog and Miller, 1957; Su et al., 2011), we tested the effect of
media with a cytokinin concentration 50-fold higher than the auxin level,
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together with different adenine and phenylurea derivatives like BAP, 6-
benzylaminopurine riboside (BAPR®), TDZ, forchlorfenuron (4-CPPU) and
ZEAR® plus NAA, an auxin commonly employed in protocols for in vitro
regeneration of shoots (Plawuszewski et al., 2006; Wielgus et al., 2008; Lata
et al., 2010; Chaohua et al., 2016) and in vitro rooting of C. sativa
(Lusarkiewicz-Jarzina et al., 2005; Wang et al., 2009; Movahedi et al., 2016a;
Parsons et al., 2019). The different hormonal combinations present in the
different shoot induction media evaluated in this work, are detailed in Table
1.

3.3. Developmental morphology of the in vitro regeneration process

The whole developmental process of in vitro shoot organogenesis,
since germination of seeds until acclimatization of plants was followed and
registered with images. The time needed for each of the different
developmental stages was recorded. High resolution images of the different
developmental stages were recorded with an Optika® SZN-6 (OPTIKA S.r.l.,
Ponteranica, Italy) laboratory stereozoom microscope equipped with an
Optika® C-HP (OPTIKA S.r.1.) digital camera.

3.4. Determination of ploidy level of explants and in vitro regenerants

Ploidy level of cotyledons, hypocotyls and leaves from in vitro grown
seven-days-old seedlings was evaluated to verify their polysomatic pattern.
The four monoecious short-day varieties Ferimon, Felina32, Fedoral?7 and
US031, together with dioecious neutral-day variety Finola were analyzed in
this experiment. Three seedlings coming from each variety were employed
for this assay. On the other hand, young leaves from in vitro regenerated
plants were also examined. Ploidy level of 35 in vitro regenerants (17 from
cotyledons, 15 from hypocotyls and three from leaves) was determined. Cell
nuclei of explants dissected were mechanically isolated. Sections of
approximately 0.5 cm? were chopped with a razor blade in a 6 cm diameter
glass Petri dish containing 0.5 ml lysis buffer LBO1 (pH 7.5) (Dpoolezel et al.,
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1989), and incubated for 5 minutes. Subsequently, the suspension
containing nuclei and cell fragments was filtered using a 30 um CellTrics filter
(Sysmex, Sant Just Desvern, Spain). The nuclei in the filtrate were stained
with CyStain UV Ploidy (Sysmex) and incubated for 5 minutes. The
fluorescence intensity of the homogenate was measured using a CyFlow®
Ploidy Analyser Sysmex Partec GmbH, analyzing at least 4,000 nuclei for each
sample. Young leaves of diploid plants from all varieties studied were used
as control. A diploid control peak was established at 50 points of the
arbitrary intensity value of the fluorescence in the histogram. By comparison
with this peak, the ploidy of the other tissues evaluated was checked.

3.5. Data analyses

In order to develop a highly efficient protocol for in vitro direct
regeneration of C. sativa plants, we analyzed statistically the effect of
different factors such as genotype, explant and culture medium on in vitro
shoot organogenesis. For each factor, the mean of responding explants was
expressed as a percentage (+SE) relative to the total amount of cultured
explants. For varieties and media with the best shoot induction rates
identified in this study, also the number of shoots per responding explant
were statistically evaluated. Data recorded until the second week of culture
were employed for the statistical analysis. Additionally, the effect of the
explant factor on the ploidy level of in vitro regenerants was statistically
determined. For each explant, the mean of diploid and mixoploid
regenerants was expressed as a percentage (+SE) relative to the total
amount of plants submitted to flow cytometry analysis. While the factor
genotype was represented through four monoecious short-day varieties
(Ferimon, Felina32, Fedoral7 and USO31) plus a dioecious hemp neutral-day
variety (Finola), the explants evaluated in this assay were cotyledons,
hypocotyls, and true leaves coming from seven-days-old seedlings. The 10
different media described in Table 1 constituted the culture medium factor.
Each factor was analyzed using at least five biological replicates. Each
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biological replicate consisted of a Petri dish containing 3 explants coming
from 3 different seedlings of the same variety in the case of hypocotyls, and
6 explants coming from 3 different seedlings of the same variety in the case
of cotyledons and true leaves. A total of 2,463 explants were employed in
this work (1,000 from cotyledons, 275 from hypocotyls and 1,188 from true
leaves). Independence among variables (distribution-plot test),
homoscedasticity (Bartlett’s test), and normality (Shapiro-Wilk test) were
evaluated for the data coming from the experiments. Given that none of the
three criteria were met, Kruskal-Wallis non-parametric test followed by
pairwise Wilcoxon test (p<0.05) was used to evaluate statistical significance
of differences between factors. Statistical analysis was carried out using R
software (lhaka and Gentleman, 1996).

4, Results

4.1. Effect of genotype, explant and medium on in vitro shoot
organogenesis of C. sativa

Shoot in vitro regeneration was observed in all C. sativa varieties,
explant types and media tested, resulting in a total of 255 in vitro
regenerated shoots, although significant differences (p<0.05) between the
different levels of the three main factors were observed (Table 2). Regarding
the factor explant and its effect on the percentage of explants developing
shoots, significant differences were detected between cotyledons,
hypocotyls, and true leaves. On average, hypocotyl showed the best
response in terms of direct plant regeneration, reaching 49.45% of explants
with shoot formation, followed by cotyledon with 4.70% and true leaf with
0.42% (Table 2). Also, significant differences between varieties were
observed. USO31 was the best variety evaluated in this experiment, with
12.32% of their explants exhibiting shoot organogenesis, while the variety
with a lower percentage of regeneration was Finola with only 4.62% (Table
2). Finally, only medium 1 (TDZ 0.4 mg/L + NAA 0.2 mg/L) showed a
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significantly higher capacity in promoting shoot organogenesis, achieving an
average of 15.78% of induction rate (Table 2).
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Table 2: Effect of genotype, explant and medium on direct in vitro shoot

organogenesis rate of different explants from C. sativa.

Factor Responding explants (%)  Significance?® n

Variety
Ferimon 6.23 £1.06 bc 514
Felina32 7.37 £1.03 bc 638
Fedoral7 8.551.36 ab 421
uso31 12.32 +1.61 a 414
Finola 4.62 +0.96 c 476

Explant

Cotyledon 4.70 +0.66 b 1,000
Hypocotyl 49.45 +3.02 a 275
Leaf 0.42 +0.18 c 1,188
Medium (mg/L)

0 - Without plant growth regulators 6.81+1.24 b 411
1->TDZ0.4+NAAO.2 15.78 +1.79 a 412
2 >BAP2+IBA0.5 4.61 +1.25 b 282
3->BAP0.5+2,4-D0.1 6.42 £1.50 b 265
4 > ZEARB 2 6.011.76 b 183
5> BAP 1+ NAA0.02 5.50+1.54 b 218
6 > BAPR® 1 + NAA 0.02 6.71£1.95 b 164
7 > TDZ 1+ NAA0.02 4.37 £1.51 b 183
8 - 4-CPPU 1 + NAA 0.02 8.67 £2.30 b 150
9 > ZEAR® 1 + NAA 0.02 5.13 £1.58 b 195

Mean of responding explants (%), significance and sample size (n) are presented in different

columns. For each factor, mean of responding explants is expressed as a percentage (+SE)

relative to the total amount of cultured explants.

2Different letters among the levels of each of the three factors indicate significant

differences between them (p<0.05) according to non-parametric Kruskal-Wallis and

pairwise Wilcoxon tests.
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Since true leaves displayed a weak capacity to induce direct shoot
organogenesis, and in order to eliminate the negative effect that they were
adding to the variety and medium factors, we analyzed separately data from
cotyledons (Table 3) and hypocotyls (Table 4). Regarding cotyledons,
significant differences were observed among varieties. USO31 reached the
highest rate of shoot organogenesis with 9.29% (Table 3), while Felina32
exhibited the lowest shoot induction rate with 2.10% (Table 3). With respect
to the factor medium, medium 1 (TDZ 0.4 mg/L + NAA 0.2 mg/L) was the
best, achieving the highest shoot induction rate with a 22.32% of responding
explants (Table 3). Medium 0 (without plant growth regulators) and number
9 (ZEARB 1 mg/L + NAA 0.02 mg/L) were the worst treatments, without any
explant showing response in terms of shoot organogenesis (Table 3).

In addition, the number of shoots developed on each of the
responding explants were statistically analyzed for varieties and media with
the best shoot induction rates identified in this study. In the case of
cotyledons, as varieties USO31, Fedoral?7 and Ferimon, and media 1 (TDZ
0.4 mg/L + NAA 0.2 mg/L) and 8 (4-CPPU 1 mg/L + NAA 0.02 mg/L) gave the
best shoot induction rates, their number of shoots per responding explant
were statistically compared (Table 3). Although no significant differences
were found between varieties and media in terms of number of shoots per
responding cotyledon, Fedoral7 showed the best results with 1.42 shoots
per responding explant, while medium 1 (TDZ 0.4 mg/L + NAA 0.2 mg/L)
reached 1.28 shoots per responding cotyledon (Table 3).
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Table 3: Effect of genotype and medium on direct in vitro shoot organogenesis rate of cotyledons from C. sativa.

Factor Responding explants (%) Significance? n Shoots per responding explant  Significance? n

Variety
Ferimon 5.50 £1.61 ab 200 1.09 +0.09 a 11
Felina32 2.10+0.84 c 286 1.17 +0.17 * 6
Fedoral? 6.67 £1.86 ab 180 1.42 +0.15 a 12
Uso31 9.29 £2.46 a 140 1.00 +0.00 a 13
Finola 2.58+1.14 bc 194 1.00 +0.00 * 5

Medium (mq/L)

0 - Without plant growth regulators 0.00 +0.00 d 234 - * 0
1->TDZ0.4 +NAAO.2 22.32 £3.95 a 112 1.28 +0.09 a 25
2 > BAP2+IBAO0.5 1.85 +1.30 c 108 1.00 £0.00 * 2
3->BAP0.5+2,4-D0.1 5.56 +2.42 bc 90 1.00 +0.00 * 5
4 > ZEAR® 2 1.28£1.28 cd 78 1.00 * 1
5 - BAP 1+ NAA0.02 1.92 +1.35 c 104 1.00 £0.00 * 2
6 > BAPR® 1 + NAA 0.02 6.25 +3.04 bc 64 1.00 +0.00 * 4
7 - TDZ 1 + NAA 0.02 2.56 £1.80 c 78 1.00 £0.00 * 2
8 - 4-CPPU 1 + NAA 0.02 14.29 +5.46 ab 42 1.00 +0.00 a 6
9 - ZEAR® 1 + NAA 0.02 0.00 £0.00 d 90 - * 0

Mean of responding explants (%), significance and sample size (n) are presented in different columns. For each factor, mean of responding explants is expressed as a
percentage (+SE) relative to the total amount of cultured explants. This table also includes the effect of genotype and medium on the number of shoots per responding
cotyledon of C. sativa. Mean number of shoots per responding explant (+SE), significance and sample size (n) are presented in different columns. Shoots per responding
explant from varieties and media with the best shoot induction rates are statistically compared.

aDifferent letters among the levels of each of the two factors indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis and
pairwise Wilcoxon tests.

*Not analyzed statistically.
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Concerning hypocotyls, significant differences were identified
between the different varieties and media evaluated in this experiment.
Again, USO31 was the best variety evaluated, with 71.15% of its explants
developing shoots (Table 4), while Finola and Ferimon were the varieties
with the lowest regeneration percentages with, respectively, 35.42% and
32.26% of its explants regenerating shoots (Table 4). In relation to the effect
of medium on shoot organogenesis, media number 4 (ZEAR'® 2 mg/L) and
number 9 (ZEAR'® 1 mg/L + NAA 0.02 mg/L) resulted in the highest rate of
shoot induction with 66.67% of responding explants, followed by medium 0
(without plant growth regulators) and medium 1 (TDZ 0.4 mg/L + NAA 0.2
mg/L) with, respectively, 61.54% and 54.17% of shoot organogenesis rate
(Table 4).

Number of shoots developed on each of the responding explants
were statistically analyzed for varieties and media with the best shoot
induction rates identified in this study. Regarding hypocotyls, since varieties
USO31 and Felina32, and media 0 (without plant growth regulators), 1 (TDZ
0.4 mg/L + NAA 0.2 mg/L), 4 (ZEAR'® 2 mg/L) and 9 (ZEAR'® 1 mg/L + NAA 0.02
mg/L) attained the best shoot organogenesis rates, their number of shoots
per responding explant were also statistically compared (Table 4). USO31
exhibited the best response in terms of number of shoots per responding
hypocotyl, reaching 1.72 shoots per responding explant (Table 4).
Furthermore, although no significant differences were found among media
tested, medium 4 (ZEAR'® 2 mg/L), closely followed by medium 0 (without
plant growth regulators), were the best media evaluated in this experiment
with, respectively, 1.60 and 1.54 shoots per responding hypocotyl (Table 4).
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Table 4: Effect of genotype and medium on direct in vitro shoot organogenesis rate of hypocotyls from C. sativa.

Factor Responding explants (%) Significance? n Shoots per responding explant  Significance® n

Variety
Ferimon 32.26 +5.98 c 62 1.250.12 * 20
Felina32 62.50 +6.09 ab 64 1.20 +0.06 b 40
Fedoral7 44,90 +7.17 bc 49 1.50 +0.13 * 22
uUso31 71.15+6.34 a 52 1.72 +0.12 a 37
Finola 35.42 +6.97 [« 48 1.59 +0.12 * 17

Medium (mg/L)

0 -> Without plant growth regulators 61.54 +7.89 ab 39 1.54 +0.12 a 24
1->TDZ 0.4 + NAAO.2 54.17 £5.91 ab 72 1.49+0.11 a 39
2 - BAP2 +IBA 0.5 36.67 +8.94 c 30 1.27 +0.14 * 11
3->BAP0.5+2,4-D0.1 38.71 +8.89 c 31 1.33+0.19 * 12
4 - ZEARB 2 66.67 £12.59 a 15 1.60 +0.16 a 10
5 - BAP 1+ NAA 0.02 41.67 £10.27 bc 24 1.40 £0.16 * 10
6 - BAPR® 1 + NAA 0.02 43.75 +12.80 bc 16 1.29 +0.18 * 7
7 - TDZ 1+ NAA 0.02 40.00 +13.09 c 15 1.50 £0.22 * 6
8 - 4-CPPU 1 + NAA 0.02 38.89 +11.82 c 18 1.43 +0.20 * 7
9 - ZEAR® 1 + NAA 0.02 66.67 £12.59 a 15 1.30 £0.15 a 10

Mean of responding explants (%), significance and sample size (n) are presented in different columns. For each factor, mean of responding explants is expressed as a
percentage (+SE) relative to the total amount of cultured explants. This table also includes the effect of genotype and medium on the number of shoots per responding

hypocotyl of C. sativa. Mean number of shoots per responding explant (+SE), significance and sample size (n) are presented in different columns. Shoots per responding

explant from varieties and media with the best shoot induction rates are statistically compared.

aDifferent letters among the levels of each of the two factors indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis and

pairwise Wilcoxon tests.

*Not analyzed statistically.
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4.2. Developmental morphology of in vitro shoot organogenesis in C.
sativa

First of all, seeds of the different varieties (Fig. 1A) were surface
sterilized. Between 24 and 48 h after being cultured in germination medium,
seeds started to germinate and the apical root meristem arose from the
testa (Fig. 1B). Five days after in vitro sowing, seedlings liberated from the
testa were visible while emerging (Fig. 1C). On the seventh day from seed
plating, the first pair of true leaves was fully expanded (Fig. 1D). When
seedlings arrived to this developmental stage, explants needed to continue
the experiments were obtained through a clean cut across dissection point
(arrow in Fig. 1D). Remaining vegetative shoot apex located on the top of
the seedling (arrow in Fig. 1E) was discarded. As can be observed in Fig. 1F,
discarded shoot apex preserved the whole shoot apical meristem (SAM)
(inset in Fig. 1F).

9
Figure 1: Seed germination of C. sativa. The different developmental stages are
described as follows: (A) Seeds just before being sterilized. (B) Germinated seed 48
h. after in vitro sowing with the root apical meristem arising from testa. (C)
Emerging seedling 5 days after seed plating, with testa being visible at the bottom
of the image. (D) Seven-days-old seedling with fully expanded first pair of true
leaves, which is equivalent to the phenological growth stage coded in this species
by number 11 in BBCH-scale: arrow marks dissection point. (E) View of seven-days-
old seedling allowing observation of vegetative shoot apex: arrow points shoot
apex location on seedling. (F) Remaining vegetative shoot apex after dissection of
hypocotyl, cotyledon and true leaves from seven-days-old seedling, with shoot
apical meristem (SAM) highlighted on it: detail of SAM (inset in F). Scale bars: 1 mm.
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At this stage of seedling development, cotyledon leaves were easily
dissected (Fig. 2A). The first steps of direct shoot organogenesis were rapidly
visible on the basal zone of responding cotyledons. Shoot primordia
formation was centrally located at the proximal part of cotyledons after four
days of in vitro culture (Fig. 2B). Two weeks after explant transfer to shoot
induction medium, vigorous regenerants arising from the proximal edge of
cotyledons were observed (Fig. 2C). At this stage of development, since
regenerants reached approximately one centimeter in height and in order
to avoid their contact with the Petri dish lid, in vitro regenerated shoots were
subcultured individually in glass-tubes containing the same medium in which
they were generated (Fig. 2D). A total of 47 cotyledons responded to the
different treatments evaluated, generating a total amount of 54 shoots.
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Figure 2: Direct in vitro shoot organogenesis from cotyledon leaves of C. sativa. The
different developmental stages are described as follows: (A) Newly dissected
cotyledon leaf from a seven-days-old hemp seedling. (B) Shoot primordium
formation at the basal zone of cotyledon leaf after four days of in vitro culture. (C)
Vigorous shoot arising from the lower part of cotyledon leaf 14 days after exposure
to the culture medium. (D) Cotyledon derived plant cultured in a glass-tube 21 days
after explant inoculation. Scale bars (A-C): 1 mm. Scale bar (D): 6 mm.
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Alternatively, hypocotyls were cut from seven-days-old seedlings.
Hypocotyls employed in this experiment measured approximately one
centimeter in lenght (Fig. 3A). Transversal section of freshly dissected
hypocotyls revealed its internal structure, with different tissue layers such
as epidermis, cortex and pith, together with the absence of meristem traces
(Fig. 3B). Responding explants exhibited different direct organogenesis
patterns. Some of the hypocotyls generated only one primordium on the top
of the explant which was originated from the central region of the section
(Fig. 3C), and continued its development until becoming a robust plant after
two weeks of culture (Fig. 3D). Other explants gave rise to a couple of
primordia in the periphery of the organ and on opposite sides (arrows in Fig.
3E). In this last case, there were situations in which development between
both primordia was asynchronous, while in other cases, growth and height
of both regenerants was coincident, as can be observed in Fig. 3F. In the case
embodied in Fig. 3G, both in vitro regenerants reached approximately one
centimeter in height two weeks after culture initiation, while an overgrowth
of the pith (located in the middle of the explant) was also observed. At this
stage of organogenic development, shoots were detached from hypocotyls
and individually cultured in glass-tubes containing the same medium in
which they were generated (Fig. 3H). A total of 136 hypocotyls responded to
the different treatments evaluated, producing a total amount of 196 shoots.

9
Figure 3: Direct in vitro shoot organogenesis from C. sativa hypocotyls: (A) Newly
dissected hypocotyl from a seven-days-old hemp seedling. (B) Transverse section
of newly dissected hemp hypocotyl revealing its different layers: ep: epidermis; co:
cortex; pi: pith. (C) Formation of one shoot at the top of the hypocotyl after seven
days of in vitro culture. (D) Vigorous shoot arising from the upper part of hypocotyl
14 days after exposure to the culture medium. (E) Two primordia arising from the
top of the hypocotyl after four days of in vitro culture: arrows point both primordia.
(F) Two hypocotyl derived plants nine days after explant inoculation. (G) Two
hypocotyl derived regenerants ready to be subcultured 14 days after explant
culture. (H) Hypocotyl derived plant individually grown in a glass-tube 21 days after
culture initiation. Scale bars (A-G): 1 mm. Scale bar (H): 6 mm.
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Finally, the regenerative capacity of the first pair of true leaves from
seven-days-old seedlings was also studied. For this, each leaf was carefully
dissected (Fig. 4A) and cultured in the different media evaluated in this
experiment. When in vitro plant regeneration occurred, primordia arose
always from the base of leaves, specifically from the petiole fragment
attached to the leaf, as is the case of Fig. 4B, where a small plantlet arising
from the leaf-petiole transition zone can be seen one week after culture.
Shoot development continued until regenerated plants reached
approximately one centimeter in height (Fig. 4C). Fourteen days after culture
initiation, successful excision of shootlets was performed and regenerated
plants were individually subcultured in glass-tubes containing the same
medium in which they were generated (Fig. 4D). Only five leaves responded
to any of the different treatments evaluated, generating a total amount of
five shoots.
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Figure 4: Direct in vitro shoot organogenesis from true leaves of C. sativa. The
different developmental stages are described as follows: (A) Newly dissected leaf
from a seven-days-old hemp seedling. (B) Formation of one primordium from leaf-
petiole transition zone one week after culture initiation. (C) Two-week-old plantlet
of approximately one centimeter in height ready for subculture. (D) Leaf derived
plant individually grown in a glass-tube 21 days after culture initiation. Scale bars
(A-C): 1 mm. Scale bar (D): 6 mm..

71



Chapter |

4.3. Rooting of explants and spontaneous rooting of hypocotyl derived
plants

Although the present study and its derived experiments were
focused on in vitro shoot organogenesis, some of the cultured explants
developed roots instead of shoots. Specifically, two weeks after culture
initiation, 1.09% of cultured hypocotyls developed vigorous roots with root
hairs on the lower zone of the explant (arrow in Fig. 5A). The same
phenomenon, also located on the proximal part of the explant, was
observed in 0.1% of cultured cotyledons two weeks after explant culture
(arrow in Fig. 5B). In another way, spontaneous rooting of in vitro
regenerants only took place in hypocotyl-derived plants cultured in media
without plant growth regulators, where 17.94% of cultured hypocotyls
developed shoots on its top and roots in its lower part. After 28 days of
culture initiation, hypocotyl-derived plants spontaneously rooted were
ready for start the acclimatization process (Fig. 5C).
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Figure 5: Rooting of explants and spontaneous rooting of hypocotyl derived plants
of C. sativa. (A) Vigorous root with radicular hairs emerging from the basal zone of
the hypocotyl two weeks after culture initiation (arrow). (B) Small root with root
hairs arising from the lower part of the cotyledon after 14 days of in vitro culture
(arrow). (C) Spontaneously rooted hypocotyl derived plant after 28 days of culture
initiation with a prominent root (arrow). Scale bars (A-B): 1 mm. Scale bar (C): 6
mm.
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4.4. Acclimatization of in vitro regenerated plants

Since only plants regenerated from hypocotyls developed
spontaneous rooting, exclusively hypocotyl derived plants were submitted
to the acclimatization process. The first step consisted of carefully washing
the remaining gellified medium from roots. After 28 days of in vitro culture,
regenerants showed different root morphogenesis patterns as observed in
Fig. 6A, where long, medium and short size roots can be visualized, together
with a robust main root with a prominent development of secondary roots.
Vigorous development of the radicular system guaranteed successful
acclimatization of hypocotyl derived plants. At this point, regenerants were
ready for transplant in small pots (2 L) with fertilized commercial substrate
(Fig. 6B), although placement of transparent plastic vessels was necessary to
retain humidity and avoid desiccation of plants (Fig. 6C). However, after one
week of progressive exposition of regenerants to the environmental
humidity, the acclimatization process ended and hypocotyl-derived plants
displayed a vigorous growth, as can be observed in Fig. 6D, where a healthy
regenerant stands out six weeks after culture of hypocotyls. In order to verify
the proper development of in vitro regenerants, acclimatized plants were
grown during two additional weeks and were manually pollinated. As shown
in Fig. 6E, hypocotyl derived plants showed sexual functionality eight weeks
after in vitro explant inoculation, as can be deducted from the fact that
female flowers developed viable seeds after manual pollination (insets in
Fig. 6E). Following this protocol, 100% of hypocotyl-derived plants
spontaneously rooted were successfully acclimatized.

9

Figure 6: Acclimatization of C. sativa hypocotyl derived plants. (A) Roots of hypocotyl derived plants
spontaneously rooted 28 days after culture: different root morphogenesis patterns can be observed
(arrows). (B) Small plant just after being transplanted to pots. (C) Plastic vessel covering the in vitro
regenerated plant in order to avoid desiccation. (D) Hypocotyl derived plant exposed to the
environmental humidity six weeks after culture. (E) Female hypocotyl derived hemp plant showing
sexual functionality eight weeks after in vitro explant inoculation (insets illustrates, from top to
bottom, unfertilized female flower, fertilized female flower during seed formation and mature seed).
Scale bars (A-D): 12 mm. Scale bar (E): 60 mm. Scale bars of insets (E): 1 mm.
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4.5. Ploidy evaluation of explants and in vitro regenerated plants of C.
sativa

The analysis of the ploidy level of freshly dissected cotyledons,
hypocotyls and true leaves of seven-days-old seedlings of the five varieties
evaluated revealed that only true-leaves (green) showed a diploid pattern,
while cotyledons (blue) and hypocotyls (red) exhibited a mixoploid pattern
(with diploid and tetraploid cells) (Fig. 7). All varieties evaluated in this
experiment displayed the same polysomatic pattern for the different
explants analyzed.
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Figure 7: Flow cytometry histogram showing polysomatic pattern in cotyledons (blue),
hypocotyls (red) and first pair of true leaves (green) from C. sativa. The x-axis represents a
fluorescence intensity level proportional to the nuclear DNA content. The peak located at
the value 50 corresponds to the diploid nuclei in phase G1, the peak located at the value
100 corresponds to the sum of the diploid nuclei in phase G2 and the tetraploid nuclei in
phase G1, while the one at the value 200 represents tetraploid nuclei in G2 phase. The y-
axis indicates the number of nuclei analyzed.
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A total of 35 in vitro regenerated plants (17 from cotyledons, 15 from
hypocotyls and three from leaves) were analyzed by means of flow
cytometry 28 days after tissue culture initiation. Only diploid and mixoploid
plants (with diploid and tetraploid cells) were obtained. Differences in
nuclear DNA histogram patterns between diploid (Fig. 8A) and mixoploid
(Fig. 8B) plants are represented in a flow cytometry histogram (Fig. 8). As
illustrated in Table 5, no significant differences were identified between
cotyledon and hypocotyl-derived plants in terms of ploidy level of in vitro
regenerants. Cotyledons and hypocotyls produced, respectively, 82.35% and
86.67% of diploid regenerants (Table 5). Regarding mixoploid regenerants,
both cotyledons and hypocotyls exhibited a significant capacity to generate
them, with, respectively, 17.65% and 13.33% of mixoploid in vitro
regenerated plants (Table 5).
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Figure 8: Nuclear DNA histogram patterns of diploid (A) and mixoploid (B) in vitro regenerated plants of C. sativa analyzed by flow
cytometry. The x-axis represents a fluorescence intensity level proportional to the nuclear DNA content. The peak located at the value
50 corresponds to the diploid nuclei in phase G1, the peak located at the value 100 corresponds to the sum of the diploid nuclei in
phase G2 and the tetraploid nuclei in phase G1, while the one at the value 200 represents tetraploid nuclei in G2 phase. The y-axis
indicates the number of nuclei analyzed.

78



Chapter |

Table 5: Effect of explant on ploidy level of in vitro regenerated plants coming from
cotyledons, hypocotyls and leaves of C. sativa.

2X REGENERANTS 2X +4X REGENERANTS
Factor n Diploid regenerants (%) Significance*  Mixoploid regenerants (%)  Significance?
Explant
Cotyledon 17 82.35+9.53 a 17.65 +9.53 a
Hypocotyl 15 86.67 £9.08 a 13.33 £9.08 a
Leaf® 3 100.00 +0.00 0.00 +0.00

Mean of diploid and mixoploid regenerants (%), significance and sample size (n) values are presented in different
columns. For each explant, mean of diploid and mixoploid plants is expressed as a percentage (+SE) relative to the
total amount of plants submitted to flow cytometry analysis.

aDifferent letters among the levels of explant factor indicate significant differences between them (p<0.05)
according to non-parametric Kruskal-Wallis and pairwise Wilcoxon tests.

®Not analyzed statistically.

5. Discussion

5.1. Hypocotyl presents a high potential for in vitro direct regeneration of
C. sativa plants without addition of plant growth regulators to the culture
medium

Although significant differences were found for all factors evaluated,
the most relevant differences were observed in the type of explant.
Specifically, hypocotyl was significantly better than cotyledons and leaves in
terms of shoot organogenic potential, as can be concluded from the fact that
hypocotyl resulted in more than a ten-fold increase of shoot induction rate
in comparison with cotyledon. In contrast, leaves displayed a poor ability to
promote shoot organogenesis. On the other hand, significant differences
were detected between the different levels of the factor variety, which
demonstrates how genotype affects hypocotyl-derived plant regeneration
in C. sativa, although even the worst performing variety evaluated in
hypocotyl experiments reached a high shoot organogenesis rate.
Additionally, despite the inherent genetic heterogeneity among individuals
of a single C. sativa variety (Lata et al., 2016a, 2017), variation between in
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vitro shoot organogenesis rate of hypocotyls coming from individuals of the
same variety was relatively low in our experiments. The fact that low values
of variation statistics were observed within each variety suggests that
intravarietal variation for hypocotyl regeneration capability is limited in C.
sativa, which consolidates the high potential that this explant present for
plant in vitro regeneration in this species. Comparing our results with related
bibliography, although Wahby et al. (2017) failed to regenerate plants from
transformed hemp hypocotyl-derived calli, and Smykalova et al. (2019)
suggested that hypocotyls are not suitable explants for hemp multiplication,
lacking of organogenic potential probably due to its low concentrations of
active cytokinins, it is worth noting that in vitro plant regeneration from
hypocotyl-derived calli has already been reported in C. sativa (Mandolino
and Ranalli, 1999; Movahedi et al., 2016a, 2016b). However, in the former
works, regeneration rate is not quantified and, probably due to the addition
of plant growth regulators in the culture medium, a callus formation phase
takes place prior to shoot organogenesis, which may compromise the
genetic fidelity of regenerants with respect to the donor plant (Evans and
Bravo, 1986; Ramirez-Mosqueda and Iglesias-Andreu, 2015). In this context,
it should be noted that, to the best of our knowledge, this is the first report
of direct in vitro regeneration of C. sativa plants from hypocotyls, and the
first work in which efficient direct in vitro shoot organogenesis is promoted
on explants lacking already developed meristems and cultured in medium
without plant growth regulators. Since age plays a key role in shoot
organogenic potential of explants, as has been described in cotyledons of C.
sativa (Chaohua et al., 2016), probably in our case, the use of hypocotyls
from seven-days-old seedlings with fully expanded first pair of true leaves,
together with suppression of plant growth regulators in shoot induction
medium, can make the difference with previously published studies
concerning hypocotyl derived plant regeneration in C. sativa.

Conversely to what occurs with cotyledons, which are unable to
regenerate plants in hormone-free medium, our protocol allows a high rate
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of shoot organogenesis from hypocotyls of all tested varieties without
addition of plant growth regulators to the shoot induction medium. In vitro
regeneration of plants from hypocotyls without using plant growth
regulators, has been reported in species like Capsicum annuum L. (Ezura et
al., 1993) or Passiflora setacea D.C. (Vieira et al., 2014). Endogenous
hormone levels present in hypocotyls of C. sativa could be influencing their
ability to generate plants through in vitro culture, as can be deducted from
the fact that it is possible to promote in vitro plant regeneration from
hypocotyls even when exogenous supply of plant growth regulators is
omitted. In this sense, it has been previously reported how one of the most
important factors in adventitious organ formation is the endogenous
auxin:cytokinin balance and not the amount of auxin or cytokinin added in a
medium (Tanimoto and Harada, 1984). In this respect, it has already been
published (Lata et al., 2017, and references therein) the influence exerted
by the organ from which explants are dissected (and their endogenous level
of plant growth regulators) on shoot organogenesis induction rate. From all
the above mentioned facts, it can be concluded that the choice of the
primary explant and its related endogenous hormonal levels are crucial for
in vitro newly meristem formation in C. sativa, although more research
remains to be done in order to clarify this hypothesis, since Smykalova et al.
(2019), after analyze endogenous hormone levels of hypocotyls from C.
sativa, reported how endogenous cytokinin concentrations were below the
limit of detection.

On the other hand, dissection of explants is another factor which
could be influencing in vitro shoot organogenesis in hypocotyls coming from
C. sativa. Since according to common knowledge, cytokinins are produced
predominantly in the root meristem and auxins are synthetized in the shoot
meristem, and both types of phytohormones can migrate from roots and
shoots to their action site through phloem and xylem (Beck, 1996),
segmentation of both shoot and root apical meristems as a result of
hypocotyl dissection could modify the endogenous hormonal interaction
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between auxins and cytokinins, leading to an appropriate environment for
shoot organogenesis development in hypocotyls.

5.2. Hypocotyl derived plants can root spontaneously in hormone-free
medium, being completely acclimatized in only six weeks

The same reasoning described above could also explain the fact that,
after shoot development in the top of the hypocotyl, auxins produced
endogenously in the shoot meristem could promote the spontaneous
rooting of in vitro regenerants. Regarding this, while in vitro spontaneous
rooting of regenerated plants has already been reported in other species like
Coleus forskohlii Briq. (Sairam Reddy et al., 2001), Cotinus coggygria Mill.
(Metivier et al., 2007) or Bambusa vulgaris Schrad. ex J.C. Wendl. (Furlan et
al., 2018), its relation with endogenous auxin content of shootlets raised in
vitro has also been described (Minocha, 1987). On the other hand, root
development on the lower portion of hypocotyls of C. sativa without apical
shoot meristem formation has also been described (LaRue, 1933). In our
case, spontaneous rooting of in vitro regenerants represents an added
advantage of our regeneration protocol, as a separate auxin containing
medium is not required for root induction. In any case, although it was
necessary to promote rooting of more in vitro regenerated plants, there are
several published protocols concerning in vitro rooting of C. sativa shootlets
with an efficiency not below 80% (Wang et al., 2009; Lata et al., 2009, 2010,
2016a, 2016b; Chaohua et al., 2016; Parsons et al., 2019).

We found that hypocotyls cultured in medium without plant growth
regulators reached the third highest shoot induction rate of the evaluated
media without presenting significant differences with the other two media
with better percentages of shoot organogenesis. In addition, hypocotyls of
all tested varieties were able to develop shoots in this medium. This, coupled
with the absence of significant differences in terms of number of shoots per
responding explant between the four media with the best shoot induction
rates, has led us to suggest the combined use of hypocotyls and hormone-

82



Chapter |

free medium as a suitable combination to obtain hypocotyl derived plants
spontaneously rooted and completely acclimatized in just six weeks.

5.3. Pericycle cells adjacent to xylem poles could be the origin of in vitro
regenerated plants of C. sativa

In order to infer the possible origin of in vitro regenerants from
cotyledons, hypocotyls and true leaves coming from seven-days-old
seedlings, we examined transversal sections of hypocotyls and, while no
presence of already developed meristems or its traces was observed on
them, pith, cortex and epidermis were easily identified. Our observations are
consistent with those documented by Behr et al. (2016), who studied the
development of the secondary tissues in C. sativa hypocotyls, illustrating
with great detail cross-sections of hypocotyls during different periods after
sowing. As presented in their work, cross-sections of hypocotyls six and nine
days after sowing are coincident with our studies, since epidermis, cortex
and pith can be easily differentiated and their respective anatomy is also
concurrent with our findings, which allows us to discard the presence of
already developed meristems or its traces in hypocotyls of C. sativa, and
reject its possible role in the regeneration processes observed in this study.

The fact that the two primordia emerged from the top of hypocotyls
were always distributed in the periphery of the organ and aligned one in
front of the other, led us to hypothesize that regenerated plants originated
always from the same type of cells. In a work by Miller (1959) concerning
secondary growth in the root and seedling vascularization of Humulus
lupulus L., the only species together with C. sativa belonging to Cannabaceae
family, the internal structure of roots, hypocotyls and cotyledons of
seedlings was studied. In this former work, hypocotyl cross-sections
drawings detailed the connection between root and cotyledons of the
seedling, describing not only the same regions than in our hypocotyl
transversal section, but also two protoxylem poles situated in a peripheral
position and distributed in opposite sides, whose location strongly
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resembles the regeneration area of hypocotyl derived meristems in our
experiments. Furthermore, Miller (1959) also describes how only one
protoxylem pole is located in the median strand of the base of each
cotyledon. Since in our study, plant regeneration from cotyledons always
was located in the central region of the basal zone of the explant, it is
reasonable to hypothesize that cotyledon and hypocotyl derived plant
regeneration in C. sativa originates from xylem poles. We also found another
study that supports this theory, in which xylem cells and its peripheral
distribution in two distinctly separated xylem traces distributed in opposite
sides, were visualized in hypocotyl transversal sections coming from nine-
days-old seedlings of C. sativa (Behr et al., 2018). Again, in this preceding
work, there is no trace of already developed meristems in hypocotyl cross-
sections. With respect to our observations concerning leaf derived plant
regeneration, although in this study only five plants were regenerated from
leaves, it is remarkably how all of them were originated from leaf-petiole
transition zone, as it has been described in species like Morus indica L.
(Mhatre et al., 1985), previously included together with C. sativa in the
Moraceae family, or other species like Beta vulgaris L. (Detrez et al., 1988)
or Tanacetum cinerariifolium (Trevir.) Schultz-Bip (Hedayat et al., 2009). The
fact that vascularization also takes place in petioles, as it does also on stems,
and that leaf regenerated plants always emerged from petioles, could fit
with our hypothesis concerning pericycle-derived in vitro shoot
organogenesis in this species. This extends the scope of our protocol
towards micropropagation purposes, adding the possibility to produce
multiple clones genetically identical to the mature elite plants already
selected from which they could be derived, although assessment of genetic
fidelity by inter simple sequence repeat (ISSR) marker assay is
recommended, as it has been performed in other works concerning C. sativa
micropropagation (Lata et al., 2016a, 2016b). In this respect, it is important
to emphasize how responding cotyledon and hypocotyl explants and its
derived regenerants, while were maintained in glass-tubes, continued
producing multiple shoots even two months after culture initiation.
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In the line of this hypothesis, Atta et al. (2009) describe how
pluripotency of Arabidopsis xylem pericycle cells is responsible of meristem
regeneration from root and hypocotyl explants grown in vitro. Finally, it
should be noted that Beeckman and De Smet (2014) describe how pericycle
cells encircling the xylem pole are considered as an extended meristem
which retain the capacity to undergo asymmetric cell division even when
other cells have differentiated, and that some pericycle cells surrounded by
differentiated cells can still become programmed to begin to proliferate,
thus leading to the initiation of a new organ, which could explain how in our
work, in vitro plant regeneration always developed directly with no need of
cell dedifferentiation. Although more research remains to be done in order
to validate our hypothesis, the implication of vascular traces on the
regenerative capability of the evaluated explants could explain the different
shoot organogenesis events observed in our work.

5.4. Polysomaty is present in cotyledons and hypocotyls of C. sativa
seedlings

The term polysomaty was first applied by Langlet (1927) to the
condition of those cells in the somatic tissues of a plant which contain
multiples of the typical chromosome number (Ervin, 1941), being first
described in the early literature by Stomps (1910) in Spinacia oleracea L.
Since its discovery, polysomaty has been reported in a wide range of species
as diverse as Cucumis melo L. (Ervin, 1939), Beta vulgaris L. (Sliwinska and
Lukaszewska, 2005), Chenopodium quinoa Willd. (Kolano et al., 2008) or
more recently in Solanum melongena L. (Garcia-Fortea et al., 2020).
Endomitosis or endorreduplication are described as possible causes that
may lead to polysomaty (D’Amato, 1964; Bubner et al., 2006), whose
occurrence is related with growth and differentiation of tissues. It has also
been reported how plant tissues frequently contain a proportion of
endopolyploid cells (Ramsay and Kumar, 1990, and references therein) and
how portions of the plant such as storage organs and vessels often contain
polyploid cells (Adelberg et al., 1993). Concerning polysomaty in C. sativa, it
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should be noted how it was first described in root meristems of the species
by Litardiére (1925). Langlet (1927) pointed that the doubled number of
chromosomes in root meristems coming from C. sativa resulted from two
successive cleavages of each chromosome during the prophases, while
Breslavetz (1926, 1932) proposed nuclear fusion as the cause of the
polysomatic condition described in C. sativa roots.

Since there was a lack of literature concerning polysomaty in organs
other than roots, we analyzed the ploidy level of cotyledons, hypocotyls and
true leaves coming from seven-days-old seedlings of C. sativa by means of
flow cytometry. To our knowledge, this is the first study describing
polysomaty in cotyledons and hypocotyls of C. sativa. In light of our results,
while leaves preserved the diploid pattern typical of the species, cotyledons
and hypocotyls displayed a polysomatic pattern containing diploid and
tetraploid cells, and therefore should be considered as mixoploid organs.
Our findings concerning polysomaty found in cotyledons and hypocotyls of
C. sativa, open new opportunities such as the development of polyploids
through in vitro plant regeneration from these organs.

5.5. Mixoploid plants can be regenerated after in vitro culture of
hypocotyls and cotyledons coming from seedlings of C. sativa

Polyploids are associated with enlarged organ sizes, increased
biomass yield, phytochemical content and metabolic products, enhanced
ability to adapt to biotic and abiotic stresses, and with changes on gene
regulation (Van Hieu, 2019). Additionally, development of polyploid plants,
in particular tetraploids, could be useful in plant breeding for development
of triploid varieties with seedless fruits, as it has been demonstrated in
Citrullus lanatus (Kihara and Nishiyama, 1947), Cucumis melo L. (Adelberg et
al., 1993) or in Citrus spp. (Recupero et al., 2005). Since polyploid nuclei may
sometimes be the progenitors of a cell generation, giving rise to a patch of
polyploid tissues (D’Amato, 1952) and after being aware of polysomaty in
cotyledons and hypocotyls of C. sativa, we evaluated if we had obtained
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polyploid regenerants which could be useful for cannabinoid production. In
this respect, we detected no significant differences between explants in
terms of polyploidization of regenerated plants and how cotyledon and
hypocotyl were the only explants capable to generate mixoploid plants. It
should be noted how polyploidization uses to be associated with enhanced
levels of secondary metabolites in a large number of species (lannicelli et al.,
2019), although there are also exceptions, as is the case of Coffea arabica L.
and Coffea canephora L. (Silvarolla et al., 1999), where polyploidization led
to decreased levels of caffeine in leaves. In the case of C. sativa, results found
in the literature are contradictory. While Clarke (1981) found that
polyploidization increased THC levels while decreased CBD and cannabinol
(CBN) content, and that triploids proved to be inferior to both diploids and
tetraploids in terms of cannabinoid production, Parsons et al. (2019) got a
similar chemical profile between tetraploids and diploids, although notable
increases in CBD and sesquiterpenes were associated with tetraploids. In
relation to mixoploids and their cannabinoid content, Mansouri and Bagheri
(2017) demonstrated that polyploidization increased significantly the
content of THC in mixoploid plants compared with tetraploid and diploid
plants, and that tetraploid plants had lower amounts of this substance in
comparison with diploids, suggesting that mixoploids could be useful to
produce THC for commercial use. Finally, it should be emphasized how
polyploidization in C. sativa has always been induced by treating apical
meristems of the plant with chemical microtubule disruptors with a high
toxicity grade, such as colchicine or oryzalin (a less toxic alternative to
colchicine), and that chemically induced polyploid plants often revert back
to the diploid condition (Clarke, 1981), forcing to test the ploidy level of
polyploid plants throughout generations.

6. Conclusion

In conclusion, due the high regenerative capacity of hypocotyl and
that only hypocotyl-derived in vitro regenerants were able to spontaneously
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rooting, together with the absence of significant differences between media
with the best shoot induction rates with respect to number of shoots per
responding explant, and between cotyledon and hypocotyl derived plants in
terms of polyploidization, we suggest the culture of hypocotyls in hormone-
free medium as the most suitable of the treatments evaluated in this study.
Our protocol makes direct in vitro regeneration of C. sativa plants less
aleatory and genotype-dependent, so it could have important connotations
in exploitation of contemporary plant breeding techniques like genome
editing (e.g., by using CRISPR/Cas gene edition) or mutagenesis, being also
useful for micropropagation and for the development of polyploid varieties
with enhanced levels of cannabinoids without using toxic chemical
microtubule disruptors.
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1. Abstract

Development of double haploids is an elusive current breeding objective in
Cannabis sativa L. We have studied the whole process of anther and pollen
grain formation during meiosis, microsporogenesis and microgametogenesis
and correlated the different microgametophyte developmental stages with
bud length in plants from varieties USO31 and Finola. We also studied
microspore and pollen amyloplast content and studied the effect of a cold
pretreatment to excised buds prior to microspore in vitro culture. Up to
476,903 microspores and pollen grains per male flower, with in vivo
microspore viability rates from 53.71% to 70.88% were found. A high
uniformity in the developmental stage of microspores and pollen grains
contained in anthers was observed, and this allowed the identification of
bud length intervals containing mostly vacuolate microspores and young bi-
cellular pollen grains. The starch presence in C. sativa microspores and
pollen grains follows a similar pattern to that observed in species recalcitrant
to androgenesis. Although at a low frequency, cold-shock pretreatment
applied on buds can deviate the naturally occurring gametophytic pathway
towards an embryogenic development. This represents the first report
concerning androgenesis induction in C. sativa, which lays the foundations
for double haploid research in this species.

Keywords: Amyloplast; Cold-shock bud pretreatment; Double haploids;
Microsporogenesis; Microgametogenesis; Pollen embryogenesis
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2. Introduction

Cannabis sativa L. is a multipurpose crop used by humans since at
least 10,000 years ago (Abel, 1980). It is an allogamous and anemophilous
species, which includes short and neutral-day varieties with androecious,
gynoecious and monoecious specimens. Nowadays, this species is gaining
increasing attention due to its medical applications (Abrams, 2018; Urits et
al., 2019). Biologically active terpenophenolic metabolites known as
cannabinoids are the main compounds responsible for the pharmacological
properties of C. sativa. The allogamous nature of this species is translated
into its inherent genetic and phenotypic heterogeneity, which results in
reduced uniformity for food, fiber, or medical applications (Andre et al.,,
2016; Onofri and Mandolino, 2017). Regarding floral biology of C. sativa, it
has been widely studied from different perspectives. Anatomy of male and
female flower is briefly described in several publications (Reed, 1914; Miller,
1970; Zhou and Bartholomew, 2003; UNODC, 2009; Raman et al., 2017), and
the genetic basis of sexual expression in cannabis has been elucidated
(Hirata, 1927; Faux et al., 2014). DNA markers have also been reported as
linked to Cannabis sex expression (Mandolino et al., 1999; Toth et al., 2020).
Sex-reversal through induction of fertile male flowers on female plants is
routine (Ram and Sett, 1982). Some detailed microscope studies of the
cannabis female flower are also available (Hammond and Mahlberg, 1973;
Spitzer-Rimon et al., 2019; Livingston et al., 2020).

Conversely, despite the key role that the androecium plays in
important traits such as crop yield (Frankel and Galun, 2012; Pereira and
Coimbra, 2019), especially through the male gametophyte, there is a lack of
detailed studies on it in C. sativa. Most of the studies have been focused
mainly in the process of meiosis carried out in the microsporangium
(McPhee, 1924; Heslop-Harrison, 1966; Asanova, 2002), in the tapetum
anther layer (Heslop-Harrison, 1962, 1971), or in the exine characterization
of the mature pollen grain (Bradley, 1958; Punt and Malotaux, 1984).
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Beyond the influence that the pollen grain has in traditional breeding
and taxonomy, it takes exclusive prominence in androgenesis. Through this
technique, it is possible to obtain 100% homozygous inbred lines in only one
in vitro generation, thus allowing for fixation of traits and accelerating
cultivars development. These plants are derived from a haploid nucleus of
male origin and after spontaneous or induced chromosome doubling,
double haploids are obtained. By means of hybridization of these pure lines,
it is possible to exploit the hybrid vigour, obtaining high yielding and uniform
F1 hybrid material. One of the routes that leads to androgenesis is
microspore embryogenesis, by which the microspore deviates from its
original gametophytic fate and it is reprogrammed to a new pathway of
embryogenic development. Among the most relevant factors affecting
microspore embryogenesis, is the microspore and pollen stage of
development. It is widely accepted how vacuolate microspores and young
bi-cellular pollen grains are more sensitive to the androgenic induction
(Maheshwari et al., 1980; Dunwell, 2010; Dwivedi et al., 2015; Canonge et
al., 2020). On the other hand, it has been demonstrated in different species
how microspore and pollen stage of development can be correlated with
some features of the flower, as is the case of bud length, pedicel length,
anther length and petal to anther ratio in Brassica napus L. (Pechan and
Keller, 1988), bud length and perianth morphological markers in Solanum
lycopersicum L. (Brukhin et al., 2003), pigmentation degree of anthers (Kim
et al., 2004) and calyx-corolla ratio (Barany et al., 2005) in Capsicum annuum
L., or more recently, flower bud size in Stevia rebaudiana Bertoni (Uskutoglu
et al., 2019), and bud length, anther color, and filament length in Opuntia
ficus-indica L. Mill. (Bouamama-Gzara et al., 2020).

Furthermore, stress treatments are also described as highly relevant
on microspore embryogenesis (Nitsch and Norreel, 1973a; Maheshwari et
al., 1980; Touraev et al., 1997; Maraschin et al.,, 2005; Murovec and
Bohanec, 2012; Dwivedi et al., 2015; Testillano, 2019). Different physical and
chemical treatments, when applied to plants, inflorescences, flower buds,
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anthers or isolated microspores, can decisively promote the deflection of the
gametophytic developmental pathway of microspores and pollen grains
towards a sporophytic development (Shariatpanahi et al., 2006). Among the
most popular stress treatments, cold-shock is the most frequently employed
to promote microspore embryogenesis in a wide range of species. Its effect
on microspore embryogenesis includes cytoskeletal organization disruption,
reorganizing microspore and pollen-specific microtubule network thus
blocking gametophytic division and promoting sporophytic development
(Zhao et al., 2003). Other works mentioned its possible effect inhibiting the
formation of starch grains in Datura proplastids and in pollen from Hordeum
vulgare L. (Sangwan and Sangwan-Norreel, 1987). It has also been described
how low temperature activates Ca®* pathways and elicits an increase in
cytosolic free calcium levels in microspores (Zoriniants et al., 2005; Zur et al.,
2008), which could lead to increase protein phosphorylation events related
with cell division and microspore embryogenesis (Pauls et al., 2006).
Additionally, as reviewed by Shariatpanahi et al. (2006), cold slows down
degradation processes in the anther tissues, thus protecting microspores
from toxic compounds released in the decaying anthers, and low
temperatures stimulate the expression of two heat-shock proteins (HSP)
genes which possibly can protect cells against chilling injuries. Depending on
the species and the explant submitted to the stress pretreatment, a cold-
shock can be applied from some days to several weeks at a temperature
about 4-10 2C (Shariatpanahi et al., 2006). In general, cold-shock can be
considered as more effective in terms of embryogenically-induced
microspores when applied directly to the flower buds (Nitsch and Norreel,
1973b; Sunderland and Wildon, 1979; Maheshwari et al., 1980; Deswal,
2018).

Finally, as it plays a key role on nutrition and viability of microspores
and pollen grains, physiology and metabolism of carbohydrates in the
androecium must also be considered as determinant for microspore
embryogenesis. Additionally, amyloplasts appear as a marker of irreversible
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cell differentiation in the microspore (Clément and Pacini, 2001). Starch
deposition has also been associated with a drastic change in protein
synthesis (Mandaron et al., 1990), which could suggest the expression of
genes involved in the gametophytic pathway and the consequent loss of
cellular totipotency. In androgenic species, starch accumulation in
microspores and pollen grains starts at the late bi-cellular pollen stage while
in the recalcitrant species, there is an early accumulation of starch during
microsporogenesis with an increase during pollen maturation (Sangwan and
Sangwan-Norreel, 1987).

As can be deducted from the existing bibliography, which is mainly
focused on the female flower, there are still many aspects of androecium
development in C. sativa species that have not yet been clarified. Since
detailed studies concerning a precise description of the whole process of
microspore and pollen grain formation lacked in the related literature, this
work is focused on the development of a comprehensive characterization of
meiosis, microsporogenesis and microgametogenesis in C. sativa. By means
of light and fluorescence microscopy on the one hand, and scanning electron
microscopy (SEM) and cryo-SEM on the other, special attention was paid to
the parallel development of the different layers that compose the anther
tissue, together with the ornamentation of the exine of microspores and
pollen grains, in vivo microspore viability and the different nuclear features
observed during cell cycle regulation throughout all stages of pollen
formation. On the other hand, in order to develop an experimental
microspore culture protocol to induce microspore embryogenesis in C.
sativa, the correlation of the different developmental stages of microspores
and pollen grains with bud length was studied. Furthermore, we also studied
the androgenic potential of C. sativa through the microscopic analysis of the
amyloplasts contained in anthers, microspores and pollen grains. Finally, the
effect of a week-long cold pretreatment applied directly on excised buds
before microspore culture was evaluated in terms of microspore viability,
amyloplast content of microspores and development of multicellular
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structures of androgenic origin. Short and neutral-day varieties, together
with androecious and monoecious specimens were used in our experiments.
Additionally, due to their exclusive capability for cannabinoid synthesis and
their influence on breeding of the species, also gynoecious specimens
treated with silver thiosulphate anionic complex (STS) for sex-reversal were
added to our experimental design. Our work provides new improvements
and updates on the morphology and male floral biology of C. sativa, laying
the foundations for the routine implementation of androgenesis in C. sativa
breeding.

3. Materials and methods
3.1. Plant material and growth conditions

Staminate floral buds needed for all experiments were collected from
androecious, monoecious and gynoecious plants from short-day variety
USO31. Additionally, due to the marked dioecious character of the neutral-
day variety Finola (which lacked monoecious specimens), only androecious
and gynoecious individuals from this variety were used as donor plants.
Seeds were germinated in pots (1 L) with fertilized commercial substrate
composed of a mixture of black peat, granulated peat moss and perlite, with
a pH value of 6 and a conductivity of 1 mS/cm. In order to induce the
formation of male flowers in gynoecious individuals, two weeks after
germination of the seeds, female plants were sprayed once a day (early in
the morning), during five consecutive days, with an aqueous solution of
silver thiosulphate anionic complex [(STS); 1 silver nitrate (AgNOs) and 8
sodium thiosulphate (Na2S203) w/w], as described by Ram and Sett (1982).
After spraying, plants were kept in darkness for one hour, and then returned
to the growth chamber. Plants were grown under controlled environmental
conditions at 259C + 19C and 60% * 1% relative humidity. During the whole
cultivation process, photoperiod consisted of 12 hours of light per day. Light
was provided by Lumilight® Led Grow Monster LPW-220 (LUMILIGHT LED
GROW Ltd., Valencia, Spain), equipped with Light Emitting Diodes (LEDs) of
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220W and a color temperature of 2,470K, which supplied 16,700 lumens and
546 umol m2 s1. Once a day, plants were watered (75% tap water + 25%
osmotized water) through drip-irrigation. Following this protocol, staminate
floral buds from all evaluated phenotypes were collected approximately 30
days after seed germination. Plants employed in this study were grown
under license for the cultivation of C. sativa for research purposes, issued by
the Spanish Ministry of Health via Spanish Agency of Medicines and Health
Products (Agencia Espafiola de Medicamentos y Productos Sanitarios or
AEMPS) to Ploidy and Genomics Ltd.

3.2. Characterization of nuclear dynamics during meiosis,
microsporogenesis and microgametogenesis through light and
fluorescence microscopy

Male floral buds of different sizes containing anthers in all
developmental stages of meiosis, microsporogenesis and
microgametogenesis were dissected, and two anthers per bud were
separately placed in a glass slide with 10 pL of a 2.5 pg/ml solution of DAPI
(4’, 6-diamidino-2-phenylindole) to stain nuclear DNA (Kapuscinski, 1995).
Anthers were cut in thin sections with a scalpel and their content was
exposed to the DAPI solution, while remaining somatic tissue was removed
from the slide. Meiocytes, microspores and pollen grains contained in
anthers were observed with a Carl Zeiss® Axiovert.A1 (CARL ZEISS
MICROSCOPY Ltd., Jena, Germany) inverted microscope equipped with epi-
fluorescence excitation LED modules, and images were registered with a Carl
Zeiss® Axiocam 305 color (CARL ZEISS MICROSCOPY Ltd.). Measurements on
images obtained with the microscope were carried out using ImagelJ 1.53a
(Schneider et al., 2012). The different developmental stages of meiocytes,
microspores and pollen grains observed were classified as follows:
microspore mother cell, meiocyte with two nuclei, meiocyte with four
nuclei, tetrad, young microspore, mid microspore, vacuolate microspore,
young bi-cellular pollen, mid bi-cellular pollen and mature tri-cellular pollen
(Crang et al., 2018). For simplification and due to the absence of significant
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differences between them, young and mid microspores were merged into a
single stage of development.

3.3. Analysis of exine evolution by means of scanning electron microscopy
(SEM)

With the aim of studying the ornamentation of the exine of
microspores and pollen grains from C. sativa, in the first place, their
respective stages of development were determined through DAPI staining
of one of the anthers contained in each bud, as described above. To avoid
mixing microspores and pollen grains at different stages of development,
microspore isolation of each developmental stage was performed
separately. For each stage, 5-10 buds exclusively containing anthers in a
specific developmental stage were selected. The stages of development
studied in this experiment ranged from tetrad until mature pollen (as mature
tri-cellular pollen grains never composed exclusively the population of a
pollen sac, but coexisted with mid bi-cellular pollen grains in the locule,
anthers containing both stages of development were merged and classified
in this experiment as mature pollen stage). Microspore extraction was
carried out under cold conditions (4-8 °C) by gentle squashing of the buds
with the plunger of a sterile syringe. Microspores and pollen grains were
isolated in MS liquid medium (Murashige and Skoog, 1962) by filtration
through two layers of 40 um nylon filter. Previously, MS liquid medium was
sterilized by vacuum filtration through a 0.22 um polyethersulfone (PES)
membrane. Samples were washed with deionized water and centrifuged
three times (5 minutes each) at 8 2C and 110.7 g and, after supernatant was
discarded, microspores were deposited in a 11 um pore size filter bag and
exposed to a formaldehyde-glutaraldehyde fixative as described by
Karnovsky (1967). Then, samples were washed and kept in cacodylate buffer
(0.025 M) at 4 °C overnight. They were dehydrated through a series of
ethanol concentrations in deionized water (70%, 80%, 95%, 100%; one hour
each) and, subsequently, ethanol was replaced by CO; and intracellular CO;
was evaporated at 34 2C and 73.7 bar in a Leica Microsystems® EM CPD300
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(LEICA MICROSYSTEMS Ltd., Wetzlar, Germany) automatic critical point
drying apparatus. Following this, samples were deposited on a support
covered by double-sided tape and were platinum sputtered during 15
seconds prior to visualization in a Carl Zeiss® ULTRA 55 (CARL ZEISS
MICROSCOPY Ltd.) scanning electron microscope, with an electron
acceleration of 2 kV and a working distance of 4=8 mm. Images were taken
with the software INCA from Oxford Instruments’ (OXFORD INSTRUMENTS
Ltd., High Wycombe, United Kingdom). Measurements of the images
obtained with the microscope were carried out using Image) 1.53a
(Schneider et al., 2012). Terminology used to define the ornamentation of
the exine was extracted from the glossary published by Lain (2004).

3.4. Study of anther wall formation using cryogenic scanning electron
microscopy (cryo-SEM)

In order to study the development of the different layers that
compose the anther wall during its growth, staminate floral buds of different
sizes containing anthers in all developmental stages of meiosis,
microsporogenesis and microgametogenesis were dissected. The stage of
development of the microspores and pollen grains from one of the five
anthers contained in each flower was determined with DAPI staining as
described above. The four remaining anthers of each bud were frozen by
immersion in slush nitrogen. Water sublimation of the samples was
performed at a temperature of -90 2C during 15 minutes in a Quorum
Technologies” PP3010 (QUORUM TECHNOLOGIES Ltd., Laughton, East
Sussex, United Kingdom) cryo preparation system for SEM. After freeze-
fracture of the anthers, samples were platinum sputtered during 60 seconds
and observed with a Carl Zeiss” ULTRA 55 (CARL ZEISS MICROSCOPY Ltd.)
scanning electron microscope at a temperature ranging from -150 to -180
9C, an electron acceleration of 2 kV and a working distance of 4=8 mm.
Images were taken with the software INCA from Oxford Instruments’
(OXFORD INSTRUMENTS Ltd.). Measurements of the images obtained with
the microscope were carried out using ImagelJ 1.53a (Schneider et al., 2012).
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Due to the absence of morphological differences between them, stages
corresponding to meiocyte with two nuclei and meiocyte with four nuclei
were merged together with microspore mother cell in a single meiotic stage
of development. Moreover, as mature tri-cellular pollen grains never
composed exclusively the population of a pollen sac, but coexisted with mid
bi-cellular pollen grains in the locule, anthers containing both stages of
development were merged and classified in this experiment as mature
pollen stage.

3.5. Histochemical detection of starch through light microscopy

For starch recognition in anthers, meiocytes, microspores and pollen
grains from C. sativa, buds of different sizes covering all stages of
development were dissected and one of the five anthers contained in each
flower, was placed in a glass slide and stained with DAPI as described above.
After identification of its developmental stage, the four remaining anthers
were fixed in Karnovsky solution as described above. Samples were kept in
cacodylate buffer (0.025 M) at 4 °C overnight. After that, samples were
dehydrated through a series of ethanol concentrations in deionized water,
and infiltrated and embedded in Technovit® 7100 (KULZER Ltd., Wehrheim,
Germany) acrylic resin, as described by the manufacturer. Resin sections (1.5
um) were cut with a glass knife using a Reichert - Jung” (now: Leica
Microsystems®) Ultracut E (LEICA MICROSYSTEMS Ltd., Wetzlar, Germany)
ultramicrotome, collected on glass slides and exposed to Lugol® (MERCK Inc.,
Darmstadt, Germany) solution during 5 minutes for iodine-starch complex
staining and detection of amyloplasts contained in microspores and anthers.
After rinsing in distilled water and drying, preparations were mounted in
glycerol and observed in a Carl Zeiss® Axiovert.A1 (CARL ZEISS MICROSCOPY
Ltd.) inverted microscope. Histochemical detection of starch was also
performed on excised male buds after one week long cold pretreatment at
4 2C + 1 2C. Due to the absence of differences between them, stages
corresponding to meiocyte with two nuclei and meiocyte with four nuclei
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were merged together with microspore mother cell in a single meiotic stage
of development. Moreover, as mature tri-cellular pollen grains never
composed exclusively the population of a pollen sac, but coexisted with mid
bi-cellular pollen grains in the locule, both stages of development were
merged and classified in this experiment as mature pollen developmental
stage.

3.6. Correlation of the bud length with the stage of development of
microspores and pollen grains

Staminate floral buds from androecious, monoecious and gynoecious
plants of short-day variety USO31, and from androecious and gynoecious
plants of neutral-day variety Finola, were manually excised and grouped in
one-millimeter length intervals ranging from 1.00 to 6.99 mm, covering the
whole range of bud development. A minimum of 18 buds coming from at
least three different plants were considered for each length interval studied.
Buds were observed and dissected with an Optika® SZN-6 (OPTIKA S.r.l.,
Ponteranica, Italy) laboratory stereo zoom microscope, and images were
registered with an Optika® C-HP (OPTIKA S.r.1.) digital camera adapted to the
stereoscopic microscope, which allowed for live measurements. Bud
measurement was carried out from the pedicel insertion point to the bud
tip. As described above, to determine its stage of development and after
flower dissection, one anther per bud was placed in a glass slide and its
content was exposed to the DAPI solution prior to visualization in the
microscope. A minimum of 200 randomly chosen meiocytes, microspores or
pollen grains per anther preparation were counted, classifying them
following the above described different developmental stages. For each bud
length interval, the mean of each developmental stage was expressed as a
percentage (+SE) relative to the total sample size of the interval. Stages
corresponding to microspore mother cell, meiocyte with two nuclei and
meiocyte with four nuclei were merged together in a single meiotic stage of
development. As mature tri-cellular pollen grains were observed after
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anthesis, it was not possible to scale buds containing this stage, so they were
excluded from this experiment.

3.7. In vitro microspore culture experiments

Male flowers from androecious, monoecious and gynoecious plants
of short-day variety USO31, and from androecious and gynoecious plants of
neutral-day variety Finola were used for microspore embryogenesis
experiments. For the evaluation of the effect of stress on microspore
embryogenesis, we compared isolated microspore cultures coming from
non-pretreated staminate buds on the one hand, and from excised male
buds exposed to a week-long cold-shock at 4 2C £ 1 2C prior to in vitro culture
on the other in terms of microspore viability, amyloplast content of
microspores and development of multicellular structures of androgenic
origin. Microspores from different phenotypes were isolated and cultured
separately, and experiments were repeated three times. Each microspore
culture replicate consisted of 18 mL which were distributed in 6 cm diameter
Petri dishes. Microspore density was adjusted to 40,000 microspores/mL, as
described by Huang et al. (1990). For each culture, 12 buds exclusively
containing vacuolate microspores and young bi-cellular pollen grains from
at least three different plants were surface sterilized by immersion in 20 g/L
of NaClO with 0.1% (v/v) Tween 20 during 10 minutes, and finally washed
three times in sterile water for about 1, 4, and 10 minutes each. Vacuolate
microspores and pollen grains were isolated under cold (4-8°C) and aseptic
conditions as described above. Filter-sterilized MS liquid medium containing
0.04 mg/L of kinetin (KIN) and 1.0 mg/L of indoleacetic acid (IAA) (Murashige
and Skoog, 1962), was used for isolation and culture of microspores and
pollen grains. Medium pH was adjusted to 5.8 with NaOH. After
centrifugation and supernatant discarding, microspore density was
calculated by using a haemocytometer counting slide (Neubauer improved
cell counting chamber). Microspore cultures were kept in dark and grown
under controlled environmental conditions at 25 2C £ 1 2C and 60% * 1% of
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relative humidity. Viability measurement of microspores and pollen grains
coming from both non-pretreated and cold-pretreated buds was carried out
immediately after microspore extraction. Viability quantification was carried
out through light and fluorescence microscopy. For this, isolated
microspores and pollen grains were stained in a 0.4 M sucrose solution
containing fluorescein diacetate (FDA) at a concentration of 4.8 uM, as
described by Zottini et al. (1997). Data related to microspore density per
flower bud and microspore in vivo viability obtained from this experiment
were used for characterization of the different phenotypes evaluated in the
present research. Furthermore, development of multicellular structures of
androgenic origin was evaluated by means of light and fluorescence
microscopy after staining with 10 pL of a 2.5 pg/ml solution of DAPI.
Microspore cultures were examined just after in vitro culture establishment
and every three weeks during a total period of three months with a Carl
Zeiss® Axiovert.Al (CARL ZEISS MICROSCOPY Ltd.) inverted microscope
equipped with epi-fluorescence excitation LED modules.

3.8. Data analyses

Parameters of the different phenotypes evaluated such as plant
height, microspores per flower bud, and in vivo viability of microspores were
statistically analyzed. In order to correlate the different developmental
stages of microspores and pollen grains from C. sativa with the bud length,
percentages of the different stages of development were statistically
compared among the different length intervals established for each of the
phenotypes evaluated. Additionally, in order to verify the correlation among
pollen maturation and the different flower bud length intervals established,
Spearman rank correlation coefficient was calculated after data pooling
from all C. sativa varieties. Finally, viability of microspores from non-
pretreated staminate buds on the one hand, and from male buds exposed
to a week-long cold-shock at 4 @C + 1 2C prior to in vitro culture on the other,
were statistically compared. Independence among variables (Durbin-
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Watson test), homoscedasticity (Bartlett’s test for mean variance analysis or
Fligner-Killeen median test), and normality (Shapiro-Wilk test) were
evaluated for the data coming from the experiments and, depending on
results, ANOVA parametric test followed by Fisher's least significant
difference (LSD) test (p<0.05), or Kruskal-Wallis non-parametric test
followed by pairwise Nemenyi test (p<0.05), were used to statistically
determine significant differences between levels of each factor evaluated.
Statistical analysis was carried out using R software (R Core Team, 2019).

4, Results

4.1. Male reproductive anatomy of C. sativa, microspore density per
flower bud and in vivo viability of microspores

Approximately 30 days after seed germination, all phenotypes
studied showed male flowers in all developmental stages of stamen
formation, including anthesis. Androecious individuals showed a prominent
production of staminate buds, mostly located on the main apical meristem
of the plant and arranged in a panicle (Fig. 1A). Regarding monoecious
specimens, while the top of the apical meristem was fully covered by
pistillate flowers, its middle section produced a high amount of male floral
buds (Fig. 1B). Finally, in contrast to what occurred with non-treated
gynoecious plants, whose floral apices appeared fully covered by pistillate
flowers shaping the female inflorescence of the plant (Fig. 1C), STS treated
gynoecious plants yielded a remarkable number of staminate flowers mainly
situated on the top of the apical meristem (Fig. 1D).
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Figure 1: Floral apices of different C. sativa phenotypes. (A) Panicle from an
androecious plant showing prominent production of staminate flowers: arrow
points to a male flower bud. (B) Floral apex from a monoecious specimen fully
covered by pistillate flowers on its apical section, and showing male floral buds in
its middle section: arrow points to a staminate flower. (C) Apex from a gynoecious
plant, showing multiple pistillate flowers. (D) STS treated gynoecious plant showing
male bud formation on its apical section coexisting with pistillate flowers: arrow
points to a staminate flower. Scale bars: 5 mm.
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Statistically significant differences in plant height were detected
among the different phenotypes evaluated (Table 1). Specifically,
androecious specimens from neutral-day variety Finola were significantly
taller than the other varieties tested, reaching a plant mean height of 35.18
cm just 30 days after germination of the seeds, while gynoecious plants had
the lowest plant mean height of all the evaluated phenotypes with 17.38 cm
(Table 1). Plants from short-day variety USO31 had a similar mean height for
androecious, gynoecious and monoecious specimens (Table 1).
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Table 1: Evaluation of plant height, microspore and pollen density per flower bud and in vivo microspore and pollen viability in

different phenotypes of C. sativa.

Reproduction ~ Photoperiodism  Gender  Variety Plant height (cm) Microspores per flower bud Microspore viability (%)
Dioecious Neutral-Day fes Finola 35.182+1.93 156,944°+12,483 53.712 +4.61
Dioecious Neutral-Day Q (STS) Finola 17.38°+1.39 255,494% +25,668 59.712 +4.07
Dioecious Short-Day e Uso31 22.825+2.25 476,9032+64,503 70.882 £4.27
Dioecious Short-Day Q (STS) uso31 21.00° +0.82 303,889 +32,961 60.492 £1.45

Monoecious Short-Day g+9Q Uso31 19.06° +0.86 471,8652+83,205 65.872 £3.64

Means are expressed as a percentage (+SE) calculated from data coming from at least three replicates.
Different letters among factors indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis and pairwise

Nemenyi tests.

Not significant differences were detected among factors evaluated in “Microspore viability (%)” column according to parametric ANOVA test.

d': “Only male flowers present in the plant”.

Q: “Only female flowers present in the plant”.

J + ?: “Male and female flowers present in the plant”.
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Significant differences among phenotypes were also observed for
microspores and pollen grains produced per flower bud (Table 1). In this
case, short-day variety USO31 showed a higher capability for pollen
production than neutral-day variety Finola. Androecious plants from USO31
yielded the highest microspore density of this experiment with 476,903
microspores and pollen grains per flower bud, followed by monoecious and
gynoecious individuals with, respectively, 471,865 and 303,889 microspores
per flower bud (Table 1). Gynoecious and androecious plants from neutral-
day variety Finola displayed a lower efficiency in terms of pollen production
with, respectively, 255,494 and 156,944 microspores per flower bud (Table
1).

No significant differences were observed among the different
phenotypes evaluated for in vivo viability of microspores and pollen grains
(Table 1). Microspore viability ranged from 53.71% for microspores and
pollen grains from androecious plants of neutral-day variety Finola, to
70.88% for microspores and pollen grains coming from androecious
specimens of short-day variety USO31 (Table 1). Viability of microspores and
pollen grains from STS treated gynoecious plants from both USO31 and
Finola varieties, achieved similar viability levels as those from androecious
and monoecious specimens (Table 1).

4.2. Cellular characterization of the different developmental stages of
meiosis, microsporogenesis and microgametogenesis

Regardless of the anther maturity degree, all evaluated phenotypes
presented highly uniform anthers containing microspores and pollen grains
in a predominant developmental stage (with the only exception of mature
tri-cellular pollen grains, which never composed exclusively the population
of a pollen sac, but coexisted with mid bi-cellular pollen grains in the locule).
This synchronized development was also observed among different anthers
coming from the same bud, which enclosed microspores and pollen grains
in the same stage of development. Microsporogenesis initiated when
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microspore mother cells (MMCs) proceeded through meiosis. Meiotic stages
of development were present in buds ranging from 1.00 to 2.99 mm in the
neutral-day variety Finola (Figs. 2A-E), and from 1.00 to 3.99 mm in the
short-day variety USO31. Pollen grain formation started from a compact
mass of clustered MMCs (Fig. 2A") in which multiple nuclei were observed
(Fig. 2A”). This kind of cells were firmly attached one to each other (Fig. 2B’),
and underwent meiosis synchronously (Fig. 2B”’). Some nuclei exhibited 10
bivalents clearly differentiated and centrally located in the metaphase plate
(inset in Fig. 2B”). Isolated MMCs showed a regular polygonal shape, with a
rounded cytoplasm encircled by a thick callose layer (Fig. 2C’), and with a
large nucleus located in the middle of the cytoplasm (Fig. 2C”’). After meiosis
I, meiocytes with two nuclei were generated. As observed in MMC stage of
development, they also showed a thick callose coat surrounding their
rounded cytoplasm (Fig. 2D’), although the main characteristic of this phase
was the presence of two prominent nuclei located in the cytoplasm (Fig.
2D"”). There were no evidences of wall formation separating nuclei and
cytoplasm at meiocyte with two nuclei stage of development. Successively,
development of meiosis Il gave rise to meiocytes with four nuclei, which still
preserved their thick external callose layer and their rounded cytoplasm (Fig.
2E’). They were characterized by the presence of four nuclei clearly
distinguishable in their cytoplasm (Fig. 2E”). As in the previous stage of
development, no wall separating their nuclei and cytoplasm was observed.
All these developmental stages of meiosis were common for the three types
of plants and for the two varieties evaluated.

9

Figure 2: Meiosis development in C. sativa: (A—E) C. sativa var. Finola (dioecious male) staminate
flowers growing in size. (A’, A”’) Compact mass of clustered microspore mother cells in prophase I. (B’,
B”’) Compact mass of clustered microspore mother cells in metaphase | and individual microspore
mother cell showing 10 bivalents (inset in Fig. 2B”). (C’, C"’) Isolated microspore mother cell. (D’, D"’)
Meiocyte with two nuclei in telophase I. (E’, E””) Meiocyte with four nuclei in telophase Il. (A’—E’)
Phase-contrast microscope images. (A”’—E’’) Fluorescent microscope images after DAPI staining. Scale
bars (A—E): 1 mm. Scale bars (A’-B’) and (A”’—B"’): 40 um. Scale bar (inset in B”): 5 um. Scale bars (C'—
E’) and (C”—E”): 10 um. Abbreviations = n: nucleus.
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Post-meiotic stages were observed in buds ranging from 1.00 to 5.99
mm in the case of neutral-day variety Finola (Figs. 3A-E), and from 2.00 to
5.99 mm in the case of short-day variety USO31. After meiosis, tetrads (Fig.
3A’) were visualized. They were characterized by the presence of four
haploid microspores of polygonal shape constricted in a tetrahedral
disposition by a callose wall resembling the thick coat observed in MMC and
more advanced meiotic developmental stages. The perspective of the nuclei
observed in Fig. 3A” revealed the tetrahedral arrangement of microspores
inside the tetrad. After degradation of the tetrad wall, the spherical young
and mid microspores (Fig. 3B’), with a prominent and centrally located
nucleus (Fig. 3B”), were released. At this phase, microspores reached a
diameter of =12 um. During their development, microspores went through
a progressive vacuolation process, concluded with the formation of a large
vacuole, main characteristic of vacuolate microspores (Fig. 3C’). At this
developmental stage, also an increase in exine thickness was observed,
which allowed visualization of three prominent apertures distributed
throughout the exine (arrows in Fig. 3C’). The vacuole occupied most of the
cytoplasm, displacing the nucleus towards the cell periphery (Fig. 3C").
Commonly considered as one of the suitable developmental stages for the
induction of microspore embryogenesis, vacuolate microspores were also
characterized by an increase in volume compared with young and mid
microspores. The diameter of vacuolate microspores was =17 um.
Subsequently, an asymmetric mitotic division of the nucleus was observed.
This first pollen mitosis, defines the young bi-cellular pollen stage (Fig. 3D’),
determining the completion of microsporogenesis and the start of
microgametogenesis. Noteworthy, together with vacuolate microspore,
young bi-cellular pollen stage is usually defined as the most sensitive stage
of development for androgenic induction in a wide range of species. Its main
feature is the presence of two cells of different size and level of chromatin
condensation in the cytoplasm. The vegetative cell grew and its chromatin
appeared more dispersed, showing weaker fluorescence in comparison with
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the generative cell (Fig. 3D”). A slight increase in volume was appreciated,
with young pollen grains acquiring a diameter of =19 um. In succession to
these stages, mid bi-cellular pollen grains (Fig. 3E’) were visualized whose
diameter reached =21 um, although the main difference with respect to the
previous stage of development was observed by means of fluorescence
microscopy. First, the vegetative cell migrated to the center of the pollen
grain. After that, generative nucleus moved to the center, close to the
vegetative nucleus and acquired a fusiform morphology (Fig. 3E”’) which
finally defined the mid bi-cellular pollen stage. Until this phase, flower buds
increased in size (Figs. 3A-E) as more advanced stages of development were
observed. However, only after anthesis (Fig. 3F) and prior to the issuance of
the pollen tube, mature tri-cellular pollen grains (Fig. 3F’) were visualized.
No significant variations in diameter were observed among mid bi-cellular
and mature tri-cellular pollen stages of development. Mature tri-cellular
pollen grains had a diameter of =23 um. Nonetheless, an important nuclear
event took place at this stage. Generative cell, initially inactive as revealed
by a high degree of chromatin condensation, entered in cell cycle and
underwent second pollen mitosis, which led to the formation of the two
spermatid cells (Fig. 3F”’), typical from the mature tri-cellular pollen stage of
development. It is remarkable how this stage never was exclusively present
in a single loculus, always being visualized together with mid bi-cellular
pollen grains. This developmental process including characteristics of each
stage, was observed for both Finola and USO31 varieties, and also for
androecious, monoecious and gynoecious plants. In all evaluated
phenotypes, anthers coming from the same bud always showed the same
developmental stage.
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& Figure 3: Microsporogenesis and microgametogenesis developed in C. sativa.
The different developmental stages are described as follows: (A—E) C. sativa var.
Finola (dioecious male) staminate flowers growing in size. (F) C. sativa male flower
after anthesis. (A’, A”’) Tetrad stage. (B’, B”’) Young and mid microspore stage. (C/,
C”) Vacuolate microspore stage: arrows highlight apertures. (D’, D”’) Young bi-
cellular pollen stage. (E’, E”’) Mid bi-cellular pollen stage. (F’, F’’) Mature tri-cellular
pollen stage. (A’—F’) Phase-contrast microscope images. (A”—F") Fluorescent
microscope images after DAPI staining. Scale bars (A—F): 1 mm; Scale bars (A’—F’)
and (A”’—F""): 10 um. Abbreviations = n: nucleus; v: vacuole; vg: vegetative nucleus;
gn: generative nucleus; an: anther; fi: filament; se: sepal; s: spermatids.

4.3. Evolution of the exine throughout microsporogenesis and
microgametogenesis

The surface of microspores and pollen grains from tetrad until
mature pollen stage of development was studied through SEM. In the early
tetrad stage, a callose wall was fully covering the four microspores contained
inside of the tetrad (Fig. 4A). At this phase, the tetrad surface presented a
regular and smooth texture (Fig. 4A’). As microsporogenesis advanced, the
callose coat was progressively degraded until the shape of the microspores
contained in the tetrad was noticeable (Fig. 4B). Deterioration of callose wall
was characterized by the formation of fissures and holes along the entire
tetrad surface (Fig. 4B’), which lost its regular and smooth pattern, giving
way to an irregular, disorganized and porous texture. Just before being
released, in late tetrad stage, microspores presented a disordered surface of
rough appearance and apertures were still covered by callose remnants (Fig.
4C). At this phase, fissures and holes extended in size, which allowed
observation of the microspore exine among residual callose fibers (Fig. 4C’).
Once liberated, young and mid microspores showed a spherical shape, being
partially covered by the last pieces of the callosic layer (Fig. 4D). Their exine
exhibited a scabrate pattern characterized by presence of protrusions
sticking out less than one micron from a layer full of deep cleavages regularly
distributed along its surface (Fig. 4D’). After that, in vacuolate microspore
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stage of development (Fig. 4E) the triporate nature of the cannabis pollen
grain was revealed. Throughout the exine, three prominent apertures were
clearly visible. Each aperture (Fig. 4E’) was composed by a circular pore
whose diameter reached =1.0 um. It was surrounded by a pore protrusion
with a diameter of =3.5 um, which raised up =0.8 um from the exine.
Following this phase, at young bi-cellular pollen stage of development (Fig.
4F), some variation in the exine ornamentation was perceived. Mainly, the
rifts responsible for the characteristic texture acquired by microspores
during their development were not present. Instead of this, a layer
resembling sporopollenin seemed to have partially filled the fissures, only
keeping visible some protuberances emerging along the entire surface of the
pollen grain (Fig. 4F’). Finally, in mature pollen developmental stage (Fig.
4G), a reduction in pore protrusion was observed. It decreased until the
annular prominence circumscribing the pore was hardly distinguishable,
while exine scabrate pattern was mainly composed by the tip of
protuberances arising from a smooth layer of sporopollenin (Fig. 4G’).
Regarding exine evolution, no differences were observed neither among
Finola and USO31 varieties, nor androecious, monoecious and gynoecious
plants.

S5
Figure 4: SEM images showing detailed development of the exine ornamentation
during microsporogenesis and microgametogenesis in C. sativa var. USO31
(monoecious). The different developmental stages are described as follows: (A—C)
and (A’—C’) Tetrad stage: detail of the callose layer covering the four enclosed
microspores can be observed in A’; fissures and holes as a result of callose
degradation can be seen in B’; microspore exine appears among callose fibers in C'.
(D, D’) Young and mid microspore stage. (E) Vacuolate microspore stage. (E’) Detail
of an aperture of a vacuolate microspore. (F, F') Young bi-cellular pollen stage. (G,
G’) Mature pollen stage. Scale bars (A—G): 5 um. Scale bars (A’-G’): 1 um.
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4.4. Development of the different layers that compose the anther wall
during stamen formation

The study of fractured anthers through cryo-SEM, allowed for the
elucidation of the changes developed in the different tissues that compose
the anther wall during the whole process of pollen grain formation.
Development of these layers was closely related with the stage of
development of the microspores and pollen grains contained in the locule,
which denotes a synchronized development between them. Cannabis sativa
male buds contained five anthers (arrow in Fig. 5A), which were individually
excised (Fig. 5B) in order to carry out freeze-fracture of the anthers (Fig. 5C).
After that, the four locules of each anther joined by the connective tissue,
which was mainly composed by vascular bundles (inset in Fig. 5C) were
clearly visible. All the layers of the anther wall were already developed by
the time of MMCs differentiation (Fig. 5D). The anther wall was composed
by an external epidermis followed by endothecium, two middle layers and
tapetum. Endothecium and the outer middle layer presented a high number
of rounded plastids ranging in size from 1 to 3 um in diameter (arrows in Fig.
5D). Total anther wall thickness at this stage was =17 um. The anther wall
layers enclosed the sporogenous tissue, which completely filled the loculus.
After meiosis, in tetrad stage (Fig. 5E), while epidermis and the inner middle
layer were narrowed, tapetum layer reached its maximum thickness. Some
bright orbicules of spherical shape embedded on tapetal cells were observed
(arrows in Fig. 5E). Their diameter oscillated between 1 and 5 um. At this
phase, total anther wall width extended to =45 pum. As microspores
progressed in their development, degeneration of tapetum was more
severe, being clearly visible from the young and mid-microspore stage of
development (Fig. 5F). At this stage, the inner middle layer was completely
degraded and some fissures starting from the inner face of tapetal cells
advanced perpendicularly to the outer layers of the anther wall, whose total
thickness was reduced to =28 um. Degeneracy of tapetal cells allowed
observation of the orbicules enclosed in tapetum (arrows in Fig. 5F), which
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in this stage ranged in size from 1 to 2 um in diameter. Thereafter, in
vacuolate microspore stage (Fig. 5G), tapetum cells showed strong signs of
degradation, being quite difficult to detect. At this phase, anther wall
reached a total thickness of =24 um, while in the young bi-cellular pollen
stage of development (Fig. 5H), the tapetal layer was absent, and in its place
it was observed how tapetum sticky remnants covered the surface of pollen
grains (arrow in Fig. 5H), which were in direct contact with the remaining
middle layer. In this developmental stage the anther wall reached =20 pum in
some sections. Finally, the mature pollen stage (Fig. 51) was characterized by
anther locule dehydration, which resulted necessary for subsequent anther
longitudinal dehiscence through septum and stomium degeneration. There
was no trace of the locular fluid and only mature pollen grains ready for
dispersal were visualized. As in the previous phase, only epidermis,
endothecium and middle layer were observed. Their total width was =15
pum, which was the minimal thickness of the anther wall measured in this
study. No differences were observed for anther wall development either in
Finola or USO31 varieties, or among androecious, monoecious and
gynoecious plants.
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€ Figure 5: Cryo-SEM images showing anther wall development in C. sativa. The
different developmental stages are described as follows: (A) Staminate flower with
its five anthers being visible: arrow points to the anthers. (B) Anther excised from a
male bud. (C) Cross-section of an anther after freeze-fracture showing four
microsporangia and vascular bundles from connective tissue (inset in Fig. 5C). (D)
Microspore mother cell stage: arrows point plastids in endhotecium and outer
middle layer. (E) Tetrad stage: arrows point orbicules embedded in tapetum layer.
(F) Young and mid microspore stage: arrows point orbicules embedded in tapetum
layer. (G) Vacuolate microspore stage. (H) Young bi-cellular pollen stage: arrow
points to tapetum sticky remnants covering the pollen grain surface. (I) Mature
pollen stage. Scale bars (A, B): 200 um. Scale bars (C): 100 um. Scale bar (inset in C):
5 um. Scale bars (D—I1): 10 um. Abbreviations - lo: locule; ct: connective tissue; ep:
epidermis; en: endothecium; ml: middle layer; tp: tapetum; st: sporogenous tissue.

4.5. Amyloplasts in anthers, microspores and pollen grains from C. sativa

Amyloplasts were detected in all the different developmental stages
of meiosis, microsporogenesis and microgametogenesis, although in meiotic
stages of development, they were only present in some anther wall layers.
Specifically, from MMC stage (Fig. 6A) and throughout meiosis, starch
deposits were only visualized in endothecium and the outer middle layer of
the anther wall (Fig. 6A’). Amyloplasts exhibited a dark purple coloration.
MMCs lacked any kind of starch accumulation. After emergence of tetrads
(Fig. 6B), amyloplasts showing a red coloration started to be visible within
the four microspores contained inside of the callose wall. At this stage, dark
purple amyloplasts remained in endothecium and the outer middle layer of
the anther wall (Fig. 6B’). In young and mid microspore stages (Fig. 6C), the
number and coloration of the starch deposits contained inside of the
microspores followed a similar trend as was observed for tetrad stage. Still
in this stage, endothecium and the remaining middle layer showed
carbohydrates reserves in the form of dark purple stained starch deposits
(Fig. 6C’). When microspores reached the vacuolate microspore stage and
due to the space restrictions promoted by the development of a large
vacuole, red stained microspore amyloplasts were exclusively located in the
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periphery of the microspore (Fig. 6D), while dark purple amyloplasts were
still present in endothecium and middle layer (Fig. 6D’). After first pollen
mitosis (Fig. 6E), the amyloplast content of the pollen grains was increased.
They were distributed along the entire pollen grain cytoplasm and presented
a red to purple coloration. Simultaneously, energy reserves of the anther
tissue were drastically reduced, with the last remnants of dark blue stained
amyloplasts being present in endothecium (Fig. 6E’). From this phase
onwards, no more amyloplasts were detected in the anther wall. The
progressive increase of amylogenesis observed during pollen maturation
concluded in mature pollen stage (Fig. 6F). Pollen grains drastically increased
their amyloplast content, appearing totally filled with purple stained
amyloplasts. No energy reserves in the form of starch grains were observed
in the remaining anther layers (Fig. 6F’). It should be noted how tapetum
layer did not present organelle-staining in none of the developmental stages
studied.

S
Figure 6: Histochemical detection of the amyloplasts contained in microspores and
pollen grains (A—F), and in endothecium and the outer middle layer of the anther
wall (A’=F’) throughout microsporogenesis and microgametogenesis in C. sativa.
The different developmental stages are described as follows: (A, A’) Microspore
mother cell stage. (B, B’) Tetrad stage. (C, C’) Young and mid microspore stage. (D,
D’) Vacuolate microspore stage. (E, E’) Young bi-cellular pollen stage. (F, F’) Mature
pollen stage. (A—F) and (A’—F’) bright-field microscope images after iodine-starch
complex staining. Arrows point to amyloplasts. Scale bars (A—F) and (A’—F’): 20 um.
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4.6. Correlation of the bud length with the different C. sativa
microgametophyte developmental stages

A correlation between bud length and the different stages of
microsporogenesis and microgametogenesis was observed in all phenotypes
evaluated. Small buds showed earlier microspore stages of development
and, as the buds grew, these stages disappeared and more advanced stages
emerged. The Spearman rank correlation coefficient calculated was p =
0.9428, which denotes a strong positive correlation among bud length
interval and pollen maturation. However, some differences with respect to
the correlation of the bud length and the developmental stage of
microspores and pollen grains contained were detected for the studied
cultivars. The main difference observed was the fact that androecious plants
from neutral-day variety Finola were the fastest maturing plants of this
experiment, as male buds presented more advanced stages of development
in less sized buds in comparison with the rest of evaluated phenotypes.
Regarding the presence of the commonly considered as suitable stages for
androgenesis induction in C. sativa male floral buds, significant differences
were identified between the different bud length intervals established. The
bud length interval which significantly presented the highest percentage of
vacuolate microspores (70.00%) coexisting with young bi-cellular pollen
grains (15.00%) was 2.00 to 2.99 mm (Table 2). With respect to gynoecious
Finola plants, buds oscillating from 4.00 to 4.99 mm were found to contain
significantly higher amounts of vacuolate microspores (68.42%) together
with the lowest content of young bi-cellular pollen grains (5.26%) (Table 2).
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Table 2: Bud length correlation with meiosis, microsporogenesis and microgametogenesis in different C. sativa phenotypes. At least 18 buds were
used per bud length interval (expressed in mm).

Microspore and pollen grain developmental stages (%)

Reproduction Photoperiodism Gender Variety Bud Length MEIOSIS TET YM-MM VM YBP MBP
1.00-1.99 40.9°+10.7 31.8°+10.2 2277491 455445 0.0°40.0 0.06£0.0
2.00-2.99 0.0°+0.0 10.0° +6.9 5.0°45.0 70.0°410.5 15.0648.2 0.06+0.0

Dioecious Neutral-Day g Finola 3.00-3.99 0.0°£0.0 0.05+0.0 0.05+0.0 20.09.2 5500114  25.0%9.9
4.00-4.99 0.0°£0.0 0.0°+0.0 0.0°+0.0 0.0°£0.0 70.0°£10.5  30.0°$10.5
5.00 - 5.99 0.0°+0.0 0.06+0.0 0.06+0.0 0.0°+0.0 50.0%+8.0 50.0° 8.0
1.00-1.99 100.0° £0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0
2.00-2.99 66.75+11.4  33.32:114 0.0640.0 0.0°+0.0 0.0°£0.0 0.06+0.0
Dioecious Neutral-Day Q (STS) Finola 3.00-3.99 0.0°:40.0 16.7%£9.0 61194118 22.2+10.1 0.0°+0.0 0.06£0.0
4.00-4.99 0.0°40.0 0.05+0.0 26301104  68.4°+11.0 536453 0.0640.0
5.00 - 5.99 0.0°:40.0 0.06+0.0 0.05+0.0 8.7946.0 39.12410.4 52224106
1.00-1.99 100.0° £0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0
2.00-2.99 83.3249.0 16.7°£9.0 0.05£0.0 0.0°+0.0 0.0°£0.0 0.0°£0.0
Dioetious Short-Day s Usozp  300-3.99 10.50 £7.2 52.6°£11.8 31.6°£11.0 5.3b453 0.0°+0.0 0.0°£0.0
4.00-4.99 0.0°£0.0 5.3v45.3 26301104  68.4°+11.0 0.0640.0 0.02£0.0
5.00-5.99 0.0°+0.0 0.05+0.0 5.6%15.6 88.9°17.6 5.6045.6 0.0°0.0
6.00 - 6.99 0.0°+0.0 0.06+0.0 0.06+0.0 44405120  44.4°+12.0 11.1247.6
1.00-1.99 100.0° £0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0 0.0°£0.0
2.00-2.99 75.0°£9.9 25.0%£9.9 0.06+0.0 0.05+0.0 0.05+0.0 0.06+0.0
Dioecious Short-Day Q(STS)  USO31  3.00-3.99 0.0°:40.0 31.6°£11.0 52.6°+11.8 15.8648.6 0.05+0.0 0.06£0.0
4.00-4.99 0.0°40.0 0.05+0.0 0.05+0.0 95.29+4.8 4.8v44.8 0.0640.0
5.00 - 5.99 0.0°:40.0 0.06+0.0 0.06+0.0 16.0047.5 60.0°+10.0 24.00+8.7
1.00-1.99 100.0° £0.0 0.0°£0.0 0.0°£0.0 0.0°:0.0 0.0°40.0 0.0°£0.0
2.00-2.99 75.95 8.1 13.846.5 10.3° 5.8 0.0°40.0 0.0°40.0 0.0°£0.0
) 3.00-3.99 3333 3337187 3331487 300485 0.0°:40.0 0.0:£0.0
Monoecious Short-Day g+e USO31 4 00-4.99 0.0°40.0 0.05+0.0 200 £7.4 46.7°19.3 20.0°47.4 13.3%46.3
5.00-5.99 0.0°40.0 0.05+0.0 0.05+0.0 40.0°+10.0 36.049.8 24.0% £8.7
6.00 - 6.99 0.0°:40.0 0.06+0.0 0.06+0.0 11.1%47.6 50.0°£12.1 38.99+11.8

The mean of each developmental stage is expressed as a percentage (+SE) relative to the total sample size of the interval.

Stages corresponding to microspore mother cell, meiocyte with two nuclei and meiocyte with four nuclei are merged together in a single meiotic stage of development.

Different letters among bud sizes in each genotype indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis and pairwise Nemenyi tests.
Abbreviations - TET: tetrad; YM-MM: young and mid microspore; VM: vacuolate microspore; YBP: young bi-cellular pollen; MBP: mid bi-cellular pollen.

d, ?, or & + 2 indicate male, female or both flowers present in the plant.
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On the other hand, concerning short-day phenotypes, androecious
USO31 plants had a significantly higher quantity of vacuolate microspores
(88.89%) coexisting with young bi-cellular pollen grains (5.56%) in male buds
fluctuating from 5.00 to 5.99 mm (Table 2), while the best bud length
interval for gynoecious USO31 plants was 4.00 to 4.99 mm, which showed
significant differences in comparison with the rest of bud length intervals
evaluated and contained 95.24% of vacuolate microspores together with
4.76% of young bi-cellular pollen grains (Table 2). Regarding monoecious
USO31 plants, the highest percentage of vacuolate microspores (46.67%)
was found in buds ranging from 4.00 to 4.99 mm, which also contained
microspores in young and mid microspore stage (20.00%), and pollen in
young bi-cellular (20.00%) and mid bi-cellular pollen stage (13.33%) (Table
2). It is worth noting that the bud length interval from monoecious plants
with more vacuolate microspores, showed the lowest percentage in
comparison with the bud length intervals from the rest of phenotypes
evaluated which contained the highest percentage of vacuolate
microspores.

4.7. Effect of cold-shock bud pretreatment on microspore viability,
amyloplast content, and development of multicellular structures of
androgenic origin

After merging together data from all evaluated phenotypes, it was
found that the cold-shock applied on buds during one week resulted in a
statistically significant reduction of microspore viability, which fell from
62.13% of viable microspores and pollen grains under in vivo conditions to
46.89% of viability rate for cold treated buds (Table 3). Despite of this, some
of the evaluated phenotypes did not show a significant reduction of
microspore viability, as is the case of androecious and gynoecious plants
from Finola (Table 3). On the other hand, amyloplast content of vacuolate
microspores and young bi-cellular pollen grains did not vary after exposure
of male buds to a week-long cold-shock at 4 C + 1 2C, showing the same
starch distribution pattern as observed under in vivo conditions.
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Table 3: Effect of a week-long cold pretreatment (4 2C + 1 2C) applied directly on excised buds from
C. sativa prior to microspore in vitro culture. Mean of microspore viability rates is expressed as a
percentage (+SE) calculated from data coming from at least three replicates.

Treatment All varieties J Finola Q (STS) Finola d uso31 @ (STS) USO31 d'+?Us0o31
Flower buds (in vivo) 62.12+2.1 53.72 4.6 59.72+4.1 70.92+4.3 60.52 +1.4 65.92+3.6
Flower buds at 4 °C (7 days) 46.9° +2.5 45.6° £3.0 50.32 6.4 42.44+9.0 52.325.2 43.8°+5.3

Different letters among treatments indicate significant differences between them (p<0.05) according to parametric ANOVA and
pairwise Fisher's least significant difference (LSD) tests.

d': “Only male flowers present in the plant”.

?: “Only female flowers present in the plant”.

J +2: “Male and female flowers present in the plant”.

Finally, different cannabis microspore developmental pathways were
observed under in vitro conditions. Some of the microspores and pollen
grains coming from both non-pretreated and cold-pretreated buds were
already dead when starting in vitro culture (arrows in Fig. 7A), as shown by
the lack of enzymatic activity and/or cell-membrane integrity and its
consequent absence of fluorescence (Fig. 7A’). It is worth mentioning that
FDA vital staining did not penetrate into vacuoles, retaining its fluorescent
product in the cytoplasm of viable microspores and pollen grains. Other
pollen grains followed their gametophytic developmental pathway with the
consequent germination of the pollinic tube (Fig. 7B), through which
spermatids circulated behind the vegetative nucleus (Fig. 7B’) trying to carry
out fertilization of endosperm and egg cell. On the other hand, and although
with an extremely low frequency, it should be noted how embryogenic
microspores were also observed, but only after cold pretreatment of flower
buds. As a consequence of cold-shock bud pretreatment prior to in vitro
culture, some microspores from androecious and gynoecious USO31 plants
deviated from their gametophytic pathway towards a sporophytic
development. The first signal of microspore reprogramming was observed
just after cold-shock bud pretreatment, which resulted in a striking nuclear
disturbance. Instead of generating a vegetative nucleus and a more
condensed generative nucleus as a result of first pollen mitosis, a
sporophytic microspore from a gynoecious USO31 plant showed two nuclei
similar in size and degree of chromatin condensation (Figs. 7C and 7C’).
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Another multicellular microspore from this replicate containing up to 5
nuclei was also observed (Figs. 7D and 7D’), while 3 weeks after in vitro
culture, an embryogenic pollen grain from an androecious USO31 plant
containing 7=8 nuclei was found (Figs. 7E and 7E’). In this last case, among
the different nuclei observed, one of them seemed to be a generative
nucleus. While previous described events constituted the first stages of
Cannabis microspore embryogenesis, 9 weeks after in vitro culture a
microspore-derived embryo (Fig. 7F) from the previously mentioned
androecious USO31 replicate was identified. Specifically, a heart-shaped
embryo which suffered a secondary-embryogenesis event that promoted
development of a globular embryo on it was visualized (arrow in Fig. 7F). The
embryogenic structure developed protoderm (arrow in Fig. 7F’) and showed
a well-organized and regular cellular structure (inset in Fig. 7F’). During its
development, this embryogenic structure showed oxidation symptoms, as
reflected by browning, stopping its development from the moment of its
visualization onwards. In summary, both gynoecious and androecious
USO31 phenotypes produced 1.11 microspore-derived embryoids per 100
anthers (each phenotype produced two microspore-derived multicellular
structures from 180 anthers squashed to perform the microspore culture).
9

Figure 7: Developmental pathways of C. sativa microspores and pollen grains cultured under in vitro conditions:
(A, A’) An enriched population of vacuolate microspores and young bi-cellular pollen grains just after in vitro culture
stablishment: Arrows point to dead microspores, which does not exhibit any fluorescence. (B, B’) Gametophytic
pathway developed by a pollen grain, with pollinic tube emission. (C, C') Gametophytic and sporophytic pathways
developed after a week-long cold-shock bud pretreatment. (D, D’) Microspore under sporophytic development
showing five nuclei after cold-shock bud pretreatment. (E, E’) Pollen-derived embryogenic structure generated
after cold-shock bud pretreatment and three weeks of in vitro culture. (F) First C. sativa microspore-derived
embryos: Secondary embryogenesis event consisting in the development of a globular embryo on a heart-shaped
microspore-derived embryo: arrow points to the globular embryo. (F’) Protoderm development (arrow) in the
embryogenic structure, which showed a well-organized and regular cellular structure (inset in F’). (A—E) Differential
Interference Contrast (DIC) microscope images. (A’) Fluorescent microscope image after FDA staining. (B'—E’)
Fluorescent microscope images after DAPI staining. (F) Stereomicroscope image. (F’) Bright-field microscope
image. Scale bars (A—E) and (A’-E’): 10 um. Scale bar (F): 1 mm. Scale bars (F’) and (inset in F’): 50 um.
Abbreviations = v: vacuoles; pt: pollinic tube; vn: vegetative nucleus; s: spermatids; gn: generative nucleus; n:
sporophytic nucleus.
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5. Discussion

5.1. Cannabis sativa is a suitable candidate for androgenesis experiments
mainly due to its fast production of viable and potentially inducible
microspores and pollen grains

Even though the various phenotypes evaluated showed different
sexual systems (dioecious and monoecious), photoperiodism (short and
neutral-day) and sex (male and female), direct exposition of seedlings to a
photoperiod constituted by 12 hours of light per day resulted in male bud
availability in all evaluated phenotypes just 30 days after seed germination.
As observed in other C. sativa works, male plants were taller than female
individuals (Onofri and Mandolino, 2017). The great amount of microspores
and pollen grains produced in each flower bud (>150,000), together with the
high rates of microspore viability reached for all phenotypes (>50%), makes
C. sativa a suitable system able to provide, in a very quick period of time (=30
days after seed germination), huge populations of viable vacuolate
microspores and young bi-cellular pollen grains potentially inducible to
afford microspore and pollen embryogenesis experiments. Viability rates
obtained in our research are similar to the ones reported by Choudhary et
al. (2014) which, depending on the season, oscillated among 33.3% and
83.0%, while in another work (Zottini et al., 1997) a viability rate for mature
pollen grains of 92% was reported. This difference among viability rates
could be attributable to the microspore isolation procedure, as viability
measurements in the former works were performed on mature pollen grains
naturally released after anthesis. Regarding gynoecious phenotypes,
undoubtedly the most interesting of the species due to their exclusive
capability for secondary metabolite production (Small, 2017), it is worth
noting how sexual reversion did not influence microspore viability, as
compared to androecious and monoecious specimens. This particularity
allows to assay microspore embryogenesis protocols with gynoecious plants,
which could lead to produce the first cannabis female pure lines 100%
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homozygous in only one in vitro generation. These double haploids could be
used in breeding programs for the development of authentic high-yielding
female hybrids, whose biochemical profile could be reliably reproduced
through seed. Moreover, taking into account the already known XX female
sexual chromosomal inheritance of the species (Hirata, 1927; Faux et al.,
2014), and how promotion of male flowers on cannabis female plants can
be routinely achieved through STS treatment (Ram and Sett, 1982), it would
also be possible to self-pollinate the double haploids obtained, thus keeping
these genotypes through seed and avoiding the perpetual maintenance of
mother plants through vegetative propagation.

5.2. Anthers from C. sativa present a high degree of uniformity in the
developmental stages of microspores and pollen grains contained

Despite of their biological differences, none of evaluated phenotypes
showed significant differences between them throughout the different
developmental stages emerged during microsporogenesis and
microgametogenesis. Additionally, a high uniformity grade was observed
both in the developmental stage of microspores and pollen grains contained
in anthers, as well as among anthers coming from the same bud, which
presented microspores and pollen grains in the same stage of development.
In all phenotypes, MMCs entered in meiosis simultaneously. This
synchronized development could be attributable to the presence of
cytoplasmic connections between meiocytes, as it has been described in C.
sativa (Heslop-Harrison, 1966; Mascarenhas, 1975). On the other hand, the
present work also certifies the cytokinesis by furrowing already described in
this species (Reed, 1914; McPhee, 1924), evidenced by the coexistence of
different nuclei in the same cytoplasm after meiosis | and meiosis Il, and the
polygonal shape of the microspores enclosed by the callosic layer in tetrad
stage. Size of mature pollen grains observed in this study was similar to the
data published in other works (Punt and Malotaux, 1984; French and Moore,
1986; Shinwari et al., 2015; Halbritter, 2016), which indicates that the
conditions tested in our experiments did not affect the size of mature pollen
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grains. With respect to the second pollen mitosis developed in this species,
and in contrast with results published in other C. sativa related works
(Asanova, 2002), this study demonstrates that it can occur before
germination of the pollen tube, as it has been reported in other species such
as Arabidopsis thaliana L. Heynh. or Zea mays L. (Ma, 2005).

Regarding identification of vacuolate microspores and young bi-
cellular pollen grain stages of development in C. sativa, it should be noted
that fluorescence microscopy has been shown to be the most effective
technique to discriminate among the different microspore and pollen grain
stages of development in this species. This technique allowed a detailed
study of nuclear dynamics emerged during the whole process of pollen grain
formation, which finally represent the most reliable and easily identifiable
events associated with the different developmental stages studied.

5.3. The exine ornamentation of C. sativa microspores and pollen grains
presents a scabrate sculpture which is almost completely covered by
sporopollenin at maturity

After degradation of the callose wall, young and mid microspores
appeared spherical and showed their scabrate sculpture, which was slightly
modified through progressive addition of sporopollenin on its surface until
maturity. It may be noted how sporopollenin deposition and its role in exine
pattern and pollen wall formation is preserved across taxa (Wiermann and
Gubatz, 1992; Ariizumi and Toriyama, 2011; Borg and Twell, 2011; Garcia et
al., 2017). As protrusions observed during microspore development did not
stick out more than a micron from the pollen surface in any of its
developmental stages, its exine sculpture perfectly fits the scabrate pattern
described by Lain (2004). Thus, although our results are in contrast with
those reported by Halbritter (2016), who defined the exine of cannabis
mature pollen grain as granulate, previously published works are in line with
our findings (Bradley, 1958; Punt and Malotaux, 1984; Shinwari et al., 2015).
Despite the robust exine exhibited by microspores and pollen grains of C.

144



Chapter Il

sativa, it could be traversed by microchannels that, together with apertures,
could act as routes for nutrient uptake from loculus into pollen cytoplasm,
as has been described in other species like Olea europaea L. (Fernandez and
Garcia, 1990), Betula verrucosa Ehrh. and Chenopodium album Bosc ex Moq.
(Rowley et al., 1987), or Lopezia, Gaura, and Gelsemium (Rowley et al.,
2003). The fact that microspores and pollen grains of C. sativa are
surrounded by locular fluid for nutrient supply during great part of their
development, coupled with the possible existence of these microchannels
distributed in the exine, could also explain the high homogeneity observed
in the stage of development of microspores and pollen grains contained in
the microsporangium. The fact that desynchronization in development was
only detected in mature pollen stage, when mid bi-cellular and mature tri-
cellular pollen grains coexisted in the microsporangium (which lacked locular
fluid), could confirm this hypothesis.

5.4. The anther wall of C. sativa is composed by an external epidermis,
endothecium, two middle layers and a secretory type of tapetum

Anther wall composition of C. sativa corresponds with the typical
pattern commonly described in angiosperms (Clément and Pacini, 2001). In
addition, Reed (1914) described the same wall layers in his observations
concerning cannabis stamen formation. However, some discordances
among results reported by Reed (1914) and our results were detected.
Specifically, while in the former work it is described how inner middle layer
had already disappeared in tetrad stage, and how only epidermis and
endothecium persisted after locule dehydration, we observed remnants of
the inner middle layer in tetrad stage and how rests of the outer middle layer
were present in mature pollen stage of development. It is necessary to
emphasize that in our study, anther dehydration took place at mature pollen
stage, in which pollen grains were ready for their dispersal. In this respect,
regarding locular fluid desiccation and depending on the species, it could be
performed by passive transpiration through anther wall tissues, by
reabsorption through stamen filament, or both, being greatly influenced by
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environmental factors (Pacini, 1994; Keijzer, 1999). It can be concluded that
drastic reduction of the anther wall during pollen grain formation and
maturation, together with anther dehydration, facilitates longitudinal
dehiscence of the anther and subsequent pollen dispersal through the wind,
main vector responsible for pollination in an anemophilous species such as
C. sativa.

On the other side, it is important to highlight how tapetal cells must
be considered essential for the reproductive status of angiosperms, being
directly involved in crucial events such as callase supply, which digests the
callose wall that encloses microspores in tetrad stage (Garcia et al., 2017),
nutrition of the microspores and pollen grains developed in the locule, and
formation of the exine of mature pollen grains (Heslop-Harrison, 1962;
Clément and Pacini, 2001; Garcia et al., 2017). In our work, we observed
small spheres embedded in the tapetum cell layer from tetrad until young
and mid microspore stages of development. With regards to the function of
these spheres, which have been previously described in C. sativa, some
researchers argued that these orbicules could be derived from mitochondria
(Heslop-Harrison, 1962), and that during tapetum cell degeneration, they
could transport sporopollenin to the microspore exine, a complex of fatty
acid derivatives and phenylpropanoids that form an extremely inert
biopolymer in the exine to resist physical, biological and chemical attacks
(Wang et al., 2003; Ariizumi and Toriyama, 2011). Huysmans et al. (1998)
stated that, although there are some exceptions, presence of orbicules in
the tapetal cells can be considered a general feature of a secretory type of
tapetum, classifying these structures as Ubisch bodies. Moreover, in the
same study, the author categorized the tapetum cell layer as secretory type
when it remains in situ until its degeneration. With respect to their
degeneration, it is well known how tapetal cells of secretory type
degenerate by programmed cell death, process generally completed around
the first microspore haploid mitosis (Ma, 2005; Garcia et al., 2017), as it was
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found in the studied phenotypes. Thus, findings from our research support
the idea of a secretory type of tapetum in C. sativa.

5.5. Starch content of microspores and pollen grains from C. sativa is
coincident with the amyloplast pattern observed in species recalcitrant to
androgenesis

It was found that microspores and pollen grains from C. sativa
contained amyloplasts from tetrad stage until mature pollen stage. During
maturation, microspores and pollen grains experimented a progressive
starch accumulation (especially after first pollen mitosis), along with the
emptying of the starch reserves from the anther wall. Some authors have
suggested how locule external surrounding layers (in particular their
plastids) are mainly involved in sugar physiology, storing carbohydrates in
form of starch grains (Clément and Audran, 1999; Clément and Pacini, 2001).
It is necessary to highlight how our observations strongly suggest that
carbohydrates reserves could be transported from microsporangium
external surrounding layers into the locule for microspore absorption, as has
already been described by other researchers (Bhandari, 1984; Keijzer and
Willemse, 1988; Heberle-Bors, 1989; Clément and Pacini, 2001). On the
other hand, total absence of amyloplast-staining in tapetum cells during
microsporogenesis and microgametogenesis could imply that tapetal cells
did not synthetize neither accumulate starch. Instead, other authors have
reported that, in anemophilous species, tapetal plastids evolve into
elaoiplasts, being responsible for lipid synthesis, accumulation and
subsequent secretion into the locule (Clément and Pacini, 2001).

With regards to amyloplast coloration after iodine-starch complex
staining, it has been reported how binding of iodine with amylose leads to
the formation of deep-blue complexes, while binding with amylopectin
results in a reddish-brown color formation, and how when hydrolyzed, both
polysaccharides, as far as their chain length is reduced, gradually lose the
capacity to be stained with iodine (Bates et al., 1943; Bailey et al., 1961). The

147



Chapter |l

physical properties of starch, which is mainly conformed by two types of
molecules namely amylose and amylopectin, could explain the different
colors showed by amyloplasts in our experiments.

Finally, the pattern of plastids contained in microspores and pollen
grains from C. sativa could help to estimate the androgenic potential of this
species. Our observations fit perfectly with the description reported by
Sangwan and Sangwan-Norreel (1987) for recalcitrant or nonandrogenic
species. As it can be concluded from our results, presence of amyloplasts
from tetrad until mature pollen stage of development, along with the strong
increase of starch biosynthesis in young bi-cellular pollen stage, points to a
high level of recalcitrance of C. sativa to androgenic induction.

5.6. The bud length can be used as a floral morphological marker to
identify male floral buds containing specific microgametophyte
developmental stages

With respect to male bud maturity rate and the slight discrepancies
observed among androecious plants from Finola and the rest of evaluated
phenotypes, it should be noted how differences observed could be
attributable to the fact that neutral-day Finola presented the early-blooming
character typical from ssp. ruderalis (Callaway and Laakkonen, 1996). As C.
sativa plants belonging to ssp. ruderalis do not depend on a decrease of light
hours in order to start flowering, they have a shorter life cycle than short-
day varieties. Particularly, male plants show a faster development which
drives them to enter sooner in senescence, which would force microspores
to mature sooner to be able to carry out fertilization and continue with
species evolution.

On the other hand, since stage of development of microspores and
pollen grains is crucial for microspore embryogenesis (Ferrie et al., 1995;
Dunwell, 2010; Canonge et al., 2020), establishment of the correlation
between a simple, accurate and reproducible floral morphological marker
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and the different microgametophyte stages of development, must be
considered as the first approach in order to study androgenesis induction in
a species whose microspores have never been subjected to experimental
embryogenesis, as is the case of C. sativa, thus increasing the population of
specific developmental stages available for the induction. This approach has
been successfully applied in model species in which a reliable and highly
effective androgenesis induction protocol has been established like
Nicotiana tabacum L. (Kasperbauer and Wilson, 1979) or Oryza sativa L.
(Mishra and Rao, 2016). With this aim, this study was focused on finding bud
length intervals that contained exclusively the commonly considered as
suitable for androgenesis induction vacuolate microspores and young bi-
cellular pollen grains. Additionally, an attempt was made to identify the bud
length interval where young bi-cellular pollen stage started to appear. In this
way, more vacuolate microspores close to go through first pollen mitosis can
be present in the interval. If it was not possible and not only vacuolate
microspores and young bi-cellular pollen grains were present in the interval,
we recommend to choose the bud length interval with these developmental
stages coexisting with earlier stages of development, because considering
that microspores follow their development during in vitro culture, more
microspores potentially inducible could be present in the buds. However, it
should be noted that in our study, buds with the same length and coming
from the same plant, do not necessarily contained microspores and pollen
grains in the same developmental stages, as it occurred with buds of the
same length belonging to different plants of the same variety. Thus, prior to
routinely implementation, it is recommended to adapt this approach to each
of the phenotypes with which experiments are going to be developed.
Finally, due the absence of studies concerning microspore and pollen
embryogenesis in C. sativa, we strongly encourage to study and evaluate the
androgenic competence of all the microspore and pollen grain stages of
development before consider that any of them is the most suitable for
androgenesis induction in this species.
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In light of the results obtained in this work, bud length is presented
as a simple, accurate and reproducible floral morphological marker
correlated with the stage of development of the microspores and pollen
grains contained, although this method needs to be adjusted for each variety
studied to get reliable and reproducible results. Through this methodology,
it is possible to avoid additional work like the dissection of buds and the
staining of the microspores and pollen grains with DAPI prior to in vitro
culture for identifying their developmental stage, thus significantly
increasing the number of potentially inducible microspores and pollen grains
available for androgenesis induction experiments.

5.7. Although with an extremely low frequency, cold-shock bud
pretreatment can promote microspore embryogenesis in C. sativa

Our research sheds light on the different developmental pathways of
C. sativa microspores and pollen grains cultured under in vitro conditions,
and how, although with an extremely low frequency, cold-shock
pretreatment applied on buds can deviate the naturally occurring
gametophytic pathway towards an embryogenic development. As a result of
a week-long cold pretreatment applied directly on excised buds prior to
microspore culture, a stress-derived slight decrease in microspore viability
was detected. Our findings are in agreement with results published by
Choudhary et al. (2014), who studied how pollen viability was significantly
influenced by seasonal fluctuations in temperature and humidity.
Researchers reported a significant decrease of pollen viability at low
temperatures, reaching the lowest viability rates in the winter season.
Interestingly, in our work, none of the Finola phenotypes evaluated (neither
androecious nor gynoecious plants) showed a significant reduction of
microspore viability rate after cold-shock bud pretreatment. This could be
explained by the fact that Finola is an early-blooming and frost tolerant
hybrid developed in Finland (where genetic-selection work was conducted)
and derived from Vavilov Research Institute (VIR) accessions descended
from C. sativa ssp. ruderalis, which is thought native to the Altai region of
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Siberia (Callaway and Laakkonen, 1996). Furthermore, and although cold
treatment has been found to partially or completely inhibit the formation of
starch grains in Datura proplastids and in pollen from Hordeum vulgare L.
(Sangwan and Sangwan-Norreel, 1987), this was not observed in vacuolate
microspores and young bi-cellular pollen grains coming from a week-long
cold pretreated C. sativa buds, whose starch distribution pattern was similar
to the one observed under in vivo conditions.

On the other hand, our research constitutes the first illustration of
the early events of microspore embryogenesis ontogeny in C. sativa. It is
worth noting how analysis of nuclear dynamics through fluorescence
microscopy proved to be the best option for unequivocal differentiation
among embryogenic and gametophytic development of microspores, being
also a useful tool for avoiding wrong diagnoses of different structures which
could be incorrectly classified as embryos and/or multicellular structures of
microspore origin (Bal et al., 2012). This represents a common problem in
microspore embryogenesis research, specially with new species which have
never been submitted to androgenesis induction experiments. First trace of
microspore reprogramming was observed just after the week-long cold-
shock bud pretreatment, consisting in the presence of two nuclei with a
similar size and low-condensed chromatin. It has been suggested that first
symmetrical division of the microspore leads to microspore embryogenesis
in model species such as Brassica napus L. (Zaki and Dickinson, 1991) or
Nicotiana tabacum L. (Nitsch, 1974), and also in recalcitrant species like
Antirrhinum majus L. (Barinova et al., 2004), Solanum lycopersicum L. (Bal
and Abak, 2005) or Solanum melongena L. (Bal et al., 2009). Furthermore,
two multicellular embryogenic microspores containing several nuclei were
also observed, although in one of them, the nuclei coexisted with a
generative nucleus, which denotes that in this last case, successive divisions
of the vegetative nuclei after first pollen mitosis gave rise to this
embryogenic structure. This developmental pathway has already been
related to microspore embryogenesis and described in model species such
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as Nicotiana tabacum (Sunderland and Wicks, 1971), or Datura metel L. (lyer
and Raina, 1972), and also in less studied species like Solanum surattense
Burm. fil. or Luffa cylindrica L. Roem. (Sinha et al., 1978). In this respect, it is
worth noting that development of C. sativa pollen under low temperatures
derived in nuclear disturbances observed during the course of meiosis, as
was previously reported by Medwedewa (1935). Finally, more advanced
stages of microspore embryogenesis were also identified in our study.
Although it suffered a secondary embryogenesis event, showed oxidation
signs and stopped its development, a microspore-derived embryo with a
compact and regularly distributed cell structure, together with a well-
differentiated protoderm was observed. It should be noted that formation
of the protoderm is considered a marker for embryo formation (Yeungetal.,
1996; Soriano et al., 2013). On the other hand, as it has been observed in
our work, and as stated by other researchers (Fan et al. 1988; Telmer et al.
1995), the majority of sporophytic structures stop growing after a few
divisions and die, which could explain why only multinuclear structures,
which did not develop further, were observed at low frequency. In this
respect it is necessary to emphasize that frequency of embryo induction and
plant regeneration, together with secondary embryogenesis of the
embryoids, are among some of the obstacles for an efficient implementation
of microspore culture (Zhou et al., 2002). Finally, addition of auxins to the
culture medium (Nehlin et al., 1995), failure to transfer embryos at the right
time to regeneration or germination media (Oleszczuk et al., 2014), or the
effect of culture temperature (Huang et al., 1991), could be responsible for
secondary embryogenesis and growth arrest observed in our work.
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6. Conclusion

We have found that C. sativa is an appropriate candidate to be
submitted to microspore and pollen embryogenesis experiments. The high
amount of viable microspores and pollen grains present in its buds, together
with the high uniformity grade observed in both the developmental stage of
microspores and pollen grains contained in anthers, as well as among
anthers coming from the same bud, and the fact that it was possible to
correlate the different stages of development with bud length, represent
important advantages that can be exploited by researchers who want to
advance in this field. However, we recommend to adjust this method for
each variety studied to get reliable and reproducible results. Furthermore,
although the starch content of C. sativa microspores and pollen grains is
coincident with the amyloplast pattern observed in species recalcitrant to
androgenesis induction, here we demonstrate that it may be possible to
deviate the naturally occurring gametophytic pathway towards an
embryogenic development through cold-shock bud pretreatment. Although
further studies are needed in order to optimize a reliable and effective
protocol, here we lay the foundations for androgenesis research in this
species, and propose this technique as a promising alternative for genetic
standardization of C. sativa traits such as cannabinoid content of female
inflorescences, avoiding the intrinsic heterogeneity of the species and
setting the standards for the future of industrial and medical cannabis.
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1. Abstract

The development of genetically transformed plants is an elusive landmark in
Cannabis sativa L. breeding. Despite its economic interest, at present,
protocols for producing transgenic C. sativa plants are scarce. We studied
the ability of hypocotyl, cotyledon and meristem explants from six C. sativa
hemp varieties for transgenic plant regeneration. For this, we firstly
evaluated in vitro regeneration rates of hypocotyls cultured in medium
without plant growth regulators, and cotyledons cultured in medium
supplemented with 0.4 mg L of thidiazuron (TDZ) and 0.2 mg L of a-
naphthaleneacetic (NAA). Subsequently, the effect of different kanamycin
concentrations (50, 100, 200, 500 and 750 mg L) on hypocotyl regeneration
rate was determined. Finally, we assessed transformation rates after
hypocotyl, cotyledon and meristem co-culture with Agrobacterium
tumefaciens strain LBA4404 carrying the binary plasmid pBIN19 containing
the B-glucuronidase (uidA) reporter gene and the kanamycin resistance
neomycin phosphotransferase (nptll) genes. Plant transformation was
validated through in vitro culture of regenerating shoots in kanamycin-
containing selective regeneration medium, by GUS histochemical assay for
uidA expression, and by PCR amplification of uidA and nptll genes. Our
results showed that hypocotyls reached a higher regeneration rate (53.3%)
than cotyledons (18.1%) without Agrobacterium co-culture. On the other
hand, 100 mg L kanamycin proved to be the best concentration in terms of
regeneration rate (63.3%) and spontaneous rooting rate of hypocotyl
regenerating shoots (12.2%), which displayed a 7.1% of albinism rate. After
co-culture with A. tumefaciens and subsequent culture in antibiotic-
containing selective regeneration medium, hypocotyl was the best explant
type achieving 23.1% of regeneration rate, which contrasts with the 1.0%
regeneration rate detected for cotyledons. Transgenic plants were obtained
from all explant types evaluated. Although there were significant differences
among varieties evaluated, hypocotyls proved to be superior to already-
developed meristems, reaching a transformation rate of 5.0% and 0.8%
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respectively. Despite the extremely low regeneration rate of cotyledons
after A. tumefaciens co-culture, all cotyledon-derived regenerating shoots
analyzed were successfully transformed. Our hormone-free protocol
doubles the transformation rate of regenerating shoots, also producing
transgenic plants three times faster than other already published protocols.
This has relevant implications for C. sativa breeding, enabling not only
genetic transformation, but also the use of new plant breeding techniques
such as targeted genome editing by using CRISPR/Cas systems. This may
foster the development of C. sativa varieties with specific biochemical
profiles, or tolerant to biotic and abiotic stresses among others.

Keywords: Cotyledon; Genetic transformation; GUS; Hemp; Hypocotyl;
Kanamycin; Meristem; nptll; PCR; Transgenesis; uidA
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2. Introduction

Cannabis sativa L. is a dicotyledonous and angiosperm species with
multiple uses belonging to the Cannabaceae family. Cannabinoids are
responsible for the pharmacological and psychoactive properties of this
species. Since A°-tetrahydrocannabinol (THC) was first isolated and
characterized by Gaoni and Mechoulam (1964), the therapeutic properties
of C. sativa have attracted the interest of researchers around the world.
Additionally, hemp (C. sativa varieties containing less than 0.3% w/w of THC)
is cultivated for biomass and fiber that constitute feedstock for industrial
uses such as energy, construction and automotive markets, and for
hempseeds that are components of functional foods and animal feeds (Zuk-
Gotaszewska and Gotaszewski, 2020).

Biotechnological approaches such as genetic transformation could be
an important landmark in C. sativa breeding, as demonstrated in other plant
species through the development of improved varieties resistant to biotic
and abiotic stresses, with better nutritional and processing qualities, or with
increased yields among others (Gosal and Wani, 2018). However, before the
implementation of this technique in C. sativa species, it is imperative to
develop an efficient transformation protocol that allows the regeneration of
transgenic plants.

In this respect, there have been some attempts at transformation of
C. sativa. Successful Agrobacterium tumefaciens-mediated transformation
of stem and leaf-derived callus suspension cultures from four hemp varieties
expressing phosphomannose-isomerase (PMI) gene has been reported
(Feeney and Punja, 2003, 2015). Additionally, there are reports of effective
establishment of Agrobacterium rhizogenes-transformed hairy root cultures
showing f3-glucuronidase (GUS) positive staining from three hemp varieties
plus two drug-type varieties (Wahby et al., 2013, 2017). These latter studies
also reported in vivo and in vitro Ri and Ti plasmid-bearing Agrobacterium
infection of hypocotyl and cotyledonary node explants. Agrobacterium
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tumefaciens-mediated transformation of leaf, male and female flowers,
stem, and root tissues from eight hemp varieties using vacuum infiltration
has also been achieved, being verified through subsequent detection of GUS
and green fluorescence protein (GFP) in the transformed tissues (Deguchi et
al., 2020). In the former work, also phytoene desaturase (PDS) gene silencing
resulting in an albino phenotype in leaves and male and female flowers was
carried out. Agrobacterium tumefaciens-mediated transformation of C
sativa seedlings from three medical cannabis varieties that transiently
expressed GUS gene has also been reported (Sorokin et al., 2020). In
addition, nanoparticle-based transient gene transformation of trichomes
and leaf cells from one hemp variety, in which transcription of soybean
genes and localization of fluorescent-tagged transcription factor proteins
were detected, has also been achieved (Ahmed et al.,, 2020). Finally,
transient transformation with A. tumefaciens and Cotton leaf crumple virus
(CLCrV) induced gene silencing of PDS and magnesium chelatase subunit |
(Chll) genes in leaves from one hemp variety (Schachtsiek et al., 2019), and
GFP-transient expression through polyethylene-glycol (PEG)-mediated
protoplast transformation have also been obtained (Beard et al., 2021).
However, despite the successful genetic transformation of different non-
regenerating explants, C. sativa recalcitrance to plant regeneration have
prevented the recovery of transgenic plants (Feeney and Punja, 2017;
Wrdbel et al., 2018). It was only recently that regeneration of one C. sativa
transformed plant has been reported (Zhang et al., 2021).

In this work, we aimed at the development of a novel protocol for
the regeneration of stably transformed C. sativa plants. For this, we assessed
the feasibility of different explants for the production of Cannabis
transformed plants. Consequently, we compared their transformation rates
after co-cultivation with Agrobacterium tumefaciens strain LBA4404
containing binary plasmid pBIN19 carrying the B8-glucuronidase (uidA)
reporter gene and the kanamycin resistance neomycin phosphotransferase
(nptll) genes. While the nptll gene (Fraley et al., 1983) confers the ability to
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proliferate on a medium containing normally inhibitory levels of kanamycin
in transformed cells, the uidA gene (Jefferson et al., 1987) encodes for the
B-glucuronidase (GUS) enzyme that is commonly used as a reporter gene in
GUS histochemical assay for validating the integration and expression of
foreign DNA in the transformed cells. In our work, plant transformation was
verified through the growth of regenerating shoots on kanamycin-
containing selective regeneration medium, evaluation of the uidA gene
expression by GUS assay in regenerant-derived tissues, and amplification of
uidA and nptll genes by PCR, which is routinely employed for quick detection
of cell transformation in plant tissues (Lassner et al., 1989). Due to the lack
of studies concerning plant growth inhibitory effects of kanamycin in in vitro
culture of C. sativa, we also performed a dose-response experiment with
hypocotyls.

3. Materials and methods
3.1. Plant material and growth conditions

Seeds from monoecious C. sativa short-day varieties ‘Ferimon’,
‘Felina32’, ‘Fedoral?’, ‘Futura75’ and ‘USO31’, and from dioecious neutral-
day variety ‘FINOLA’ were used in our experiments. Seeds were surface
sterilized by manual shaking in 75% (v/v) ethanol for two min and 30 sec,
followed by immersion in 30 g L™* of NaClO with 0.1% (v/v) of Tween 20 for
25 min, and finally washed three times with sterile deionized water. Once
sterilized, seeds were germinated in 9 cm diameter plastic Petri dishes
containing previously autoclaved semi-solid half-strength MS medium
(Murashige and Skoog, 1962) with sucrose (Table 1). Explants were dissected
from seven-days-old seedlings grown in plastic Petri dishes with semi-solid
germination medium (Table 1) under aseptic conditions. In C. sativa, this
stage of seedling development is equivalent to the phenological growth
stage 11 according to the corresponding BBCH-scale (Mishchenko et al.,
2017). Seedlings and explants were grown in a climatic chamber with
controlled conditions (25212C and 60+5% relative humidity) under a 16 h
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light / 8 h dark photoperiod. The light was provided by Light Emitting Diode
(LED) tubes of 18W and a color temperature of 6,000K, which provided 6,010
lux and 90.15 umol m2 s, Plants used in this study were grown under
license for the cultivation of C. sativa for research purposes, issued by the
Spanish Ministry of Health via the Spanish Agency of Medicines and Health
Products (Agencia Espafiola de Medicamentos y Productos Sanitarios or
AEMPS) to Ploidy and Genomics Ltd.
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Table 1: Media tested for the in vitro culture experiments with hypocotyls and cotyledons, and for A. tumefaciens LBA4404 infection
and co-culture of hypocotyls, cotyledons and already-developed meristems and subsequent in vitro culture in selective regeneration
media. Media pH was adjusted to 5.8 in all protocol stages (except liquid LB medium in which pH was adjusted to 7.0). Semi-solid
medium was employed for all protocol stages except for Agrobacterium inoculation. All semi-solid media were supplemented with
3.5 g L Gelrite®. Abbreviations © MS: Murashige and Skoog medium; LB: Luria-Bertani medium; RIF: rifampicin; KAN: kanamycin;
CTX: cefotaxime; AcS: acetosyringone; CAR: Carbenicillin; TDZ: thidiazuron; NAA: a-naphthaleneacetic acid.

Explant Protocol stage Media composition
Seed Seed germination % MS + 1.5% (w/v) sucrose
Control % MS + 1.5% (w/v) sucrose
Agrobacterium inoculation 25g L1 LB + 50 mg L' RIF + 50 mg L'* KAN +39.2 mg L AcS
Hypocoty| Agrobacterium co-culture % MS + 1.5% (w/v) sucrose + 39.2 mg L™t AcS
Selective regeneration % MS + 1.5% (w/v) sucrose + 250 mg L't CTX + 250 mg L'* CAR + 100 mg L™ KAN
Control % MS + 1.5% (w/v) sucrose + 0.4 mg L'* TDZ + 0.2 mg L'* NAA
Cotyledon Agrobacterium inoculation 25 g L't LB + 50 mg L' RIF + 50 mg L'* KAN +39.2 mg L AcS
Agrobacterium co-culture % MS + 1.5% (w/v) sucrose + 0.4 mg L' TDZ + 0.2 mg L' NAA + 39.2 mg L't AcS
Selective regeneration % MS + 1.5% (w/v) sucrose + 0.4 mg L1 TDZ + 0.2 mg L' NAA + 250 mg L* CTX + 250 mg L'* CAR + 100 mg L': KAN
Agrobacterium inoculation 25g Lt LB +50 mg L' RIF + 50 mg L' KAN + 39.2 mg L™ AcS
Meristem Agrobacterium co-culture % MS + 1.5% (w/v) sucrose + 39.2 mg L™t AcS
Selective regeneration % MS + 1.5% (w/v) sucrose + 250 mg L' CTX + 250 mg L™* CAR + 100 mg L™t KAN

178



Chapter Il

3.2. Hypocotyl and cotyledon explant in vitro culture, and hypocotyl
kanamycin dose-response experiments

Cannabis sativa L. plant in vitro regeneration efficiency of already
published protocols from hypocotyls (Galan-Avila et al., 2020), and
cotyledons (Chaohua et al., 2016) was compared. Regarding kanamycin-
resistance of in vitro hypocotyl-derived regenerating shoots, a dose-
response experiment consisting of adding increasing concentrations (50,
100, 200, 500 and 750 mg L?) of kanamycin to the semi-solid control medium
was performed (Table 1). Culture dishes were examined with an Optika®
SZN-6 (OPTIKA S.r.l., Ponteranica, Italy) laboratory stereo zoom microscope
equipped with an Optika® C-HP (OPTIKA S.r.l.) digital camera. Explants
producing shoots and roots, number of shoots developed on each of
responding explants and albino regenerating shoots were counted one
month after in vitro culture initiation. Media employed as the control for
hypocotyl and cotyledon in vitro culture experiments are described in Table
1.

3.3. Media used, bacterial strain and transformation vector

The Luria-Bertani medium (LB) (Bertani, 1951) was used for all the
processes involved in the liquid bacterial culture, always supplemented with
the appropriate antibiotic (50 mg L* of rifampicin and 50 mg L' of
kanamycin). The Agrobacterium tumefaciens strain LBA4404 containing the
binary plasmid pBIN19 was employed for transformation experiments. The
combination strain/plasmid confers the kanamycin resistance for the
presence of the nptl/l gene in the plasmid and the rifampicin resistance for
the bacterial chromosome. The reporter gene uidA present in the pBIN19
binary vector from A. tumefaciens strain LBA4404 is interrupted by an
intronic sequence to deduce expression only from eukaryotic cells (Bakhsh,
2020).
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3.4. Agrobacterium tumefaciens co-cultivation of explants and
subsequent culture in antibiotic-containing medium

Hypocotyls, cotyledons and the remaining already developed
meristems from seven-days-old C. sativa seedlings were employed as
explants in transformation experiments. The Agrobacterium suspension
culture was initiated from frozen 25% glycerol stocks on LB medium
preserved at -809C. The seeding in 100 ml of fresh LB culture medium
containing 50 mg L of kanamycin and 50 mg L of rifampicin was carried
out scratching the surface of the frozen stock with an inoculating loop
without thawing, and immediately the tube was dipped in liquid nitrogen to
avoid damage in the stock. The bacterial culture was grown for about 24 h
at 282C under orbital agitation (220 rpm). At optical density at 600 nm
(OD600) of =1, cells were precipitated by centrifuging at 2,236 g for 15 min
at RT and resuspended to an OD600 of 0.5 with the sterile Agrobacterium
inoculation medium (Table 1). Then, the explants were placed in Petri dishes
with the prepared medium for about 40 min for static infection. Immediately
following the inoculation, the explants were cultured in Petri dishes with
semi-solid co-culture medium (Table 1) for 4 days in the growth conditions
indicated above. Subsequently, the explants were cultured in the semi-solid
selective regeneration medium (Table 1) for approximately 26 days in equal
conditions.

Culture dishes were examined with an Optika® SZN-6 laboratory
stereo zoom microscope equipped with an Optika® C-HP digital camera.
Explants producing shoots and roots, number of shoots developed on each
of responding explants and albino regenerating shoots were counted one
month after in vitro culture initiation. Media used in the different C. sativa
transformation protocol stages are described in Table 1.
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3.5. Visual analysis of GUS expression in hypocotyls, cotyledons and
already-developed meristems after regenerant-derived tissue incubation
with X-Gluc

Approximately one month after in vitro culture of explants, samples
(leaves or newly developed meristems) were taken from the top of
regenerated plants, incubated with X-Gluc (0.5 mM potassium ferrocyanide,
0.5 mM potassium ferricyanide, 100 mM NaPO4 pH 7, 10.0 mM EDTA, 0.1%
Triton X-100, 1.0 mM 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid)
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at 372C for
approximately 12 h as described by Jefferson (1987), and decolored through
a graded ethanol series in deionized water (75% EtOH for 2 h + 90% EtOH for
2 h + 100% EtOH o/night). High-resolution images of the different events
observed were recorded with an Optika® SZN-6 (OPTIKA S.r.l.) laboratory
stereo zoom microscope equipped with an Optika® C-HP (OPTIKA S.r.l.)
digital camera.

3.6. Primer design and polymerase chain reaction (PCR) detection of f3-
glucuronidase (uidA) and kanamycin resistance neomycin
phosphotransferase Il (nptil) genes

Approximately one month after explant in vitro culture initiation,
samples (leaves or newly developed meristems) were taken from the top of
regenerated plants and genomic DNA was extracted following the SILEX
method (Vilanova et al., 2020). DNA quality and integrity were checked by
agarose gel electrophoresis and Nanodrop spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Integration of the T-DNA in the plant genome
was confirmed by PCR amplifying a 206-bp fragment of the uidA reporter
gene (Forward primer 5'-CCCATCATGACCTTGCCAAG-3’, Reverse primer 5’-
CAGGGCTACAAAATCACGGG-3’) and a 795-bp fragment of the nptll gene
(Forward primer 5’-ATGATTGAACAAGATGGATTGCAC-3’, Reverse primer 5'-
TCAGAAGAACTCGTCAAGAAGGCG-3’). PCR amplifications were performed in
a volume of 25 pl including 19 pL water, 2.5 pL 10 x PCR buffer, 1 uL MgCl,

181



Chapter Il

50 mM, 0.5 pL dNTPs 10 mM each, 0.5 L of each primer 10mM, 0.5 plL Taq
DNA Polymerase (1 U/uL), and 0.5 pL DNA template 100 ng/uL. The PCR
program used was the following: 94 °C for 5 min for DNA denaturation, 30
cycles of 20 s at 94 °C followed by 30 s at 60 °C (either for uidA and nptll
genes), and of 20 s at 72 °C and finally 72 °C for 1 min for the last step of
extension. Only regenerating shoots that concurrently showed a green
phenotype after culture on selective regeneration medium, uniform
expression (non-chimeric) of the uidA gene after X-Gluc regenerant-derived
tissue incubation by GUS histochemical assay, plus amplification of the uidA
and nptll genes by PCR, were considered as transformed regenerating
shoots.

3.7. Data analyses

Depending on the experiment analyzed, the number of shoots per
responding explant and plant regeneration, spontaneous rooting, albinism
and/or transformation rates were compared for the different factors
evaluated (explant type, hemp variety and/or kanamycin concentration).
Experiments were repeated at least three times. Each replicate consisted of
a Petri dish containing at least 5 explants coming from 5 different seedlings
per variety in the case of hypocotyls, and at least 10 explants coming from 5
different seedlings per variety in the case of cotyledons. Independence
among variables (Durbin-Watson test), homoscedasticity (Bartlett’s test for
mean variance analysis or Fligner-Killeen median test), and normality
(Shapiro-Wilk test) were evaluated for the data. Subsequently, Kruskal-
Wallis non-parametric tests followed by pairwise Wilcoxon or Nemenyi tests
(p<0.05) were used to statistically determine significant differences between
levels of each factor evaluated. Pairwise testing was based on whether
analysis comprised more than one pairwise comparison (Nemenyi) or not
(Wilcoxon). Statistical analysis was carried out using R software (R Core
Team, 2019).
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4, Results

4.1. Efficiency comparison of C. sativa hypocotyl and cotyledon in vitro
plant regeneration protocols

We compared the ability of C. sativa hypocotyls and cotyledons for
plant in vitro regeneration without Agrobacterium co-culture. The different
regeneration patterns observed for hypocotyls and cotyledons are
illustrated in Fig. 1 and Fig. 2 respectively. While hypocotyls developed at
most one (Fig. 1A) or two shoots per explant (Fig. 1B), they were able to
develop roots spontaneously (Fig. 1C). In contrast, single-shoot regeneration
(Figs. 2A and 2B), and multiple-shoot regeneration (Figs. 2C and 2D) were
observed in cotyledons, although despite the vigorous growth of cotyledon-
derived regenerating shoots (Fig. 2E), they were incapable of developing
roots spontaneously.

183



Chapter Il




Chapter Il

& Figure 1: Different C. sativa hypocotyl-derived plant regeneration patterns. The
different images are described as follows: (A) Single-shoot hypocotyl regeneration
three weeks after in vitro culture initiation: arrow points to shoot. (B) Regeneration
of two shoots from a hypocotyl three weeks after explant in vitro culture: arrows
point to both shoots. (C) Spontaneous rooting of hypocotyl derived regenerating
shoots after three weeks of in vitro culture: arrows point to roots. Scale bars (A-C):
4 mm.
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& Figure 2: Different C. sativa cotyledon-derived plant regeneration patterns. The
different images are described as follows: (A) Single-shoot cotyledon regeneration
one week after in vitro culture initiation: arrow points to shoot. (B) Cotyledon-
derived regenerating shoot two weeks after in vitro culture: arrow points to shoot.
(C) Regeneration of three shoots from a cotyledon one week after explant in vitro
culture: arrows point to shoots. (D) Multiple shoot regeneration from a single
cotyledon after two weeks of in vitro culture. (E) Shoot development one month
after cotyledon in vitro culture initiation. Scale bars (A-D): 2 mm. Scale bar (E): 4
mm.

Furthermore, hypocotyls had a significant higher regeneration rate
(53.3%) than cotyledons (18.1%) (Table 2). Significant differences were also
detected among both types of explant in terms of spontaneous rooting rate.
Almost 26% of hypocotyl-derived regenerating shoots developed roots
(Table 2), in contrast with cotyledon-derived regenerating shoots, which
were unable to develop roots in the evaluated medium. On the other hand,
cotyledon-derived regenerating shoots developed more shoots per
responding explant compared to hypocotyl-derived regenerating shoots.
Both explant types reached 1.6 and 1.3 shoots respectively (Table 2). It
should be noted that neither cotyledons nor hypocotyls developed albino
plants after in vitro culture in control media (Table 2).

187



Chapter Il

Table 2: Regeneration rate (%), shoots per responding explant, spontaneous rooting rate (%) and albinism rate (%) of C. sativa
hypocotyl and cotyledon-derived regenerating shoots after in vitro control, kanamycin and transformation treatments. For each
factor, mean is expressed as a percentage (+SE) relative to the total amount of cultured explants.

Treatment Explant Responding explants (%) Shoots/explant Spontaneous rooting (%) Albino regenerating shoots (%)
Control Hypocotyl 53.3244.3 1.3240.1 25.92+3.8 0.0°+0.0
Control Cotyledon 18.10+2.3 1.62 +0.1 0.0° +0.0 0.0° 0.0
0 mg L kanamycin 53.3®°+4.3 1.32+0.1 25.92+3.8 0.0°+0.0
50 mg L kanamycin 60.0% £7.0 1.3240.1 4.0°+2.8 0.0° +0.0
100 mg L'* kanamycin 63.32+7.0 1.72+0.1 12.2°+4.7 7.1° 5.0
. Hypocotyl
200 mg Lt kanamycin 64.0° +6.9 1.7240.1 6.0 +3.4 12.5°+5.9
500 mg L* kanamycin 56.9% +7.0 1.32+0.1 0.0¢£0.0 90.9% £6.3
750 mg L't kanamycin 40.8°+7.1 1.22+0.1 0.0¢£0.0 93.3216.7
Co-culture+selective regeneration  Hypocotyl 23.12+1.3 1.22+0.0 2.12+0.5 18.0°+2.6
Co-culture+selective regeneration  Cotyledon 1.0 0.2 1.02£0.0 0.0° 0.0 16.72+9.0
Control 53.32#4.3 1.32+0.1 25.92+3.8 0.0° +0.0
X . Hypocotyl
Co-culture+selective regeneration 23.1°+1.3 1.2 +0.0 2.1°+0.5 18.02 £2.6
Control 18.12+2.3 1.6°+0.1 0.02+0.0 0.0° +0.0
. . Cotyledon
Co-culture+selective regeneration 1.0 0.2 1.0° 0.0 0.0*0.0 16.72 £9.0

Different letters among the levels of each factor indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis and pairwise
Wilcoxon or Nemenyi (for more than one pairwise comparison) tests.
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Significant differences were detected among the different varieties
studied indicating that there is a genotype effect on hypocotyl-derived plant
regeneration. While ‘Fedoral7’ had the highest regeneration rate of this
experiment with 76.5% of responding explants (Table 3), ‘FINOLA’ displayed
the lowest hypocotyl plant regeneration with 36.4% (Table 3). Additionally,
some varieties had a significantly higher capacity for spontaneous rooting
than others. Again, while ‘Fedoral7’ produced the best results of the
experiment, ‘FINOLA’ yielded the lower percentages of regeneration. These
varieties achieved 47.0% and 13.6% of spontaneous rooting rate respectively
(Table 3). The genotype had no effect on cotyledon-derived plant
regeneration and no significant differences were detected among the
different parameters evaluated (Table 3).

Table 3: Regeneration rate (%), shoots per responding explant, spontaneous rooting rate (%) and
albinism rate (%) of C. sativa hypocotyl and cotyledon-derived regenerating shoots from different
varieties after in vitro culturing in their respective control media. For each factor, mean is expressed
as a percentage (+SE) relative to the total amount of cultured explants.

Explant Variety Responding explants (%) Shoots/explant Spontaneous rooting (%) Albino shoots (%)

‘Fedoral?’ 76.52 7.4 1.32+0.1 47.12 £8.7 0.02+0.0
‘Felina32’ 39.1°+10.4 1.2210.1 17.4> £8.1 0.0°+0.0
‘Ferimon’ 51.8%0 +9.8 1.22+0.1 25.9%0 +8.6 0.02+0.0
Hypocotyl
‘FINOLA’ 36.4+10.5 1.62+0.3 13.6° 7.5 0.02+0.0
‘Futura7s’ 54.5% +15.7 1.02+0.0 18.20+12.2 0.0°+0.0
‘Uso3r’ 50.0°° +12.1 1.62+0.2 16.7° £9.0 0.0°+0.0
‘Fedoral?’ 20.22 4.4 1.52+0.2 0.02+0.0 0.02+0.0
‘Felina32’ 11.87 5.6 1.2210.2 0.0° +0.0 0.0°+0.0
‘Ferimon’ 17.32+4.2 1.7210.2 0.0° +0.0 0.0°+0.0
Cotyledon
‘FINOLA’ 26.3247.2 2.0°+0.4 0.0°+0.0 0.0° 0.0
‘Futura7s’ 452445 1.0" +* 0.0°+0.0 0.0" +*
‘Uso3r’ 21.4247.9 1.2210.2 0.0° +0.0 0.0°+0.0

Different letters among the levels of each factor indicate significant differences between them (p<0.05) according to non-
parametric Kruskal-Wallis and pairwise Wilcoxon or Nemenyi (for more than one pairwise comparison) tests.

*As only one plant was regenerated, neither mean nor standard error of the mean were calculated and statistically compared with
the remaining factor levels.
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4.2. Effect of kanamycin on C. sativa hypocotyl regeneration in in vitro
culture

Different parameters were compared after in vitro hypocotyl culture
in the control medium and after the addition of increasing kanamycin
concentrations. Shoot patterns developed during hypocotyl in vitro culture
in kanamycin containing media can be observed in Fig. 3. While some
explants produced synchronous development of albino regenerating shoots
(Figs. 3A and 3B), other hypocotyl-derived regenerating shoots, even coming
from the same explant, showed different ability for kanamycin resistance
(Figs. 3C and 3D). Although hypocotyl-derived regenerating shoots cultured
in kanamycin containing medium displayed an albino phenotype, they were
able to exhibit a vigorous growth one month after in vitro culture initiation
(Figs. 3E and 3F).

S5
Figure 3: Shoot development patterns observed during hypocotyl in vitro culture in
different kanamycin concentrations containing media. The different images are
described as follows: (A) Albino hypocotyl-derived regenerating shoots developed
in medium with 200 mg L't kanamycin four days after in vitro culture initiation (front
view): arrows point to both primordia. (B) Albino hypocotyl-derived regenerating
shoots developed in medium with 200 mg L™ kanamycin four days after in vitro
culture initiation (top view): arrows point to both primordia. (C) Kanamycin-
resistant and non-resistant regenerating shoots arising from the top of a Cannabis
hypocotyl one week after in vitro culture in medium containing 100 mg L*
kanamycin: arrow points to kanamycin non-resistant shoot. (D) Kanamycin-
resistant and non-resistant hypocotyl-derived regenerating shoot developed in
medium with 100 mg L kanamycin two weeks after in vitro culture: arrow points
to kanamycin non-resistant shoot. (E) One-month-old hypocotyl-derived albino
shoot (front view) developed in medium with 500 mg L'! kanamycin: arrow points
to shoot primordia. (F) One-month-old hypocotyl-derived albino shoot (top view)
developed in medium with 500 mg L kanamycin: arrow points to shoot primordia.
Scale bars (A, B): 1.31 mm; Scale bar (C): 2.64 mm; Scale bars (D-F): 4mm.
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A decrease in regeneration and spontaneous rooting rates was
observed with increasing kanamycin concentrations. Specifically, the highest
kanamycin concentration tested (750 mg L) decreased the regeneration
rate to an average of 40.8% (Table 2). Conversely, compared with the
control, 100 mg Lt and 200 mg L slightly increased the hypocotyl plant
regeneration rate, attaining 63.3% and 64.0% of responding explants
respectively (Table 2). The best result for spontaneous rooting rate in
kanamycin-containing medium (12.2%), was registered for the
concentration of 100 mg L (Table 2). Although this concentration caused a
significant decrease of the rooting rate with respect to the control treatment
(Table 2), it showed the best shoot regeneration and rooting rates on
kanamycin, which led us to choose it for the subsequent transformation
experiments. Concentrations ranging from 500 mg L' to 750 mg L*
prevented spontaneous root formation in regenerating shoots (Table 2). On
the other hand, an increase in the albinism rate was observed as kanamycin
concentrations raised. While no albino plants were detected in 50 mg L*
kanamycin concentration treatment, albino plants were already observed at
100 mg L7, with a 7.1% of albinism rate (Table 2). The higher kanamycin
concentrations tested in our work (500 mg L and 750 mg L), resulted,
respectively, in 90.9% and 93.3% of albino plants (Table 2). Apart from the
control, only one of the evaluated treatments showed a significant influence
of the genotype in some of the parameters evaluated. Specifically, in the 100
mg L1 kanamycin concentration treatment, regeneration rate and the
number of shoots per responding explant significantly differed among C.
sativa varieties evaluated (Table 4). ‘Felina32’ (83.3%) and ‘Fedoral7’
(77.8%) exhibited the best plant regeneration rate, contrasting with
‘Futura75’ which was the worst variety with 16.7% of explants developing
shoots (Table 4). ‘FINOLA’ achieved the highest number of shoots per
responding explant with 2.5 shoots, while ‘Felina32’ only produced 1.0 shoot
per responding hypocotyl (Table 4).
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Table 4: Regeneration rate (%), shoots per responding explant, spontaneous rooting rate (%) and albinism rate (%)
of C. sativa hypocotyl-derived regenerating shoots from different varieties after in vitro culturing in control
medium supplemented with different kanamycin concentrations. For each factor, mean is expressed as a
percentage (+SE) relative to the total amount of cultured explants.

Treatment (mg L?) Variety Responding explants Shoots/explant Spontaneous rooting Albino shoots
‘Fedoral7’ 77.82 £14.7 1.8210.2 0.0°+0.0 0.0°+0.0
‘Felina32’ 28.6° +18.4 1.02+0.0 0.0°+0.0 0.0°+0.0
‘Ferimon’ 66.7% +16.7 1.52+0.3 11124111 0.02 +0.0
50 kanamycin
‘FINOLA’ 55.6% +17.6 1.2210.2 0.0°+0.0 0.0°+0.0
‘Futura7s’ 66.72 £21.0 1.02+0.0 0.0°+0.0 0.0°+0.0
‘Uso31r’ 60.07 £16.3 1.220.2 10.0° +£10.0 0.02+0.0
‘Fedoral7’ 77.82 £14.7 1.4%° 10.2 11.12+11.1 0.0°+0.0
‘Felina32’ 83.32+16.7 1.0°+0.0 0.02+0.0 20.02 £20.0
‘Ferimon’ 66.7% £16.7 1.7% +0.2 22.22£14.7 16.7° £16.7
100 kanamycin
‘FINOLA’ 66.7°° +16.7 2.5240.2 0.0°+0.0 0.0°+0.0
‘Futura7s’ 16.7° £16.7 2.0" £* 0.02+0.0 0.0" +*
‘Uso3r’ 60.0°° +16.3 2.0% +0.4 30.07 £15.3 0.0°+0.0
‘Fedoral?’ 40.0° £16.3 1.52+0.3 10.0% +10.0 25.0° £25.0
‘Felina32’ 66.72 £21.1 1.52+0.3 0.02+0.0 0.02+0.0
‘Ferimon’ 66.72 £16.7 2.0°+0.4 0.02+0.0 0.02+0.0
200 kanamycin
‘FINOLA’ 55.6% +17.6 1.62+0.2 0.0°+0.0 0.0°+0.0
‘Futura7s’ 83.32+16.7 2.0°+0.3 0.02+0.0 40.0° +24.5
‘Uso3r’ 80.0°£13.3 1.620.3 20.0° +13.3 12.52+12.5
‘Fedoral?’ 50.0° +16.7 1.02+0.0 0.0°+0.0 100.0? +0.0
‘Felina32’ 33.32421.1 2.02£1.0 0.02+0.0 100.0° +0.0
‘Ferimon’ 55.62 £17.6 1.02+0.0 0.02+0.0 50.02 +28.9
500 kanamycin
‘FINOLA’ 60.0° +16.3 1.52+0.2 0.0°+0.0 100.0? +0.0
‘Futura7s’ 50.07 £22.4 1.02+0.0 0.0°+£0.0 50.0° £50.0
‘Uso3r’ 80.0° +13.3 1.220.2 0.0°+0.0 100.0? +0.0
‘Fedoral?’ 20.0° £13,3 1.02+0.0 0.0°+0.0 100. 0? +0.0
‘Felina32’ 50.07 £22,4 1.3210.3 0.0°+0.0 66.72 £33.3
‘Ferimon’ 33.32 16,7 1.02+0.0 0.0°+0.0 100. 0? +0.0
750 kanamycin
‘FINOLA’ 62.52 +18,3 1.4210.2 0.0°+0.0 100.0? +0.0
‘Futura7s’ 33.32+21,1 1.02+0.0 0.0°+0.0 100. 02 +0.0
‘Uso3r’ 50.0°+16,7 1.02+0.0 0.0°+0.0 75.0° £25.0

Different letters among the levels of each factor indicate significant differences between them (p<0.05) according to non-
parametric Kruskal-Wallis and pairwise Wilcoxon or Nemenyi (for more than one pairwise comparison) tests.

*As only one plant was regenerated, neither mean nor standard error of the mean were calculated and statistically compared with
the remaining factor levels.
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4.3. Effect of A. tumefaciens co-culture and subsequent explant culture in
antibiotic-containing selective regeneration medium in in vitro C. sativa
regeneration, spontaneous rooting and albinism rates

Agrobacterium co-culture and successive explant culture in
antibiotic-containing selective regeneration medium reduced in vitro plant
regeneration ability of hypocotyls and cotyledons, although once again,
hypocotyl explants displayed a superior efficiency (23.1%) than cotyledons
(1.0%) under these experimental conditions (Table 2). Both explant types
significantly diminished their respective regeneration rates in comparison
with control treatment, from 53.3% to 23.1% in the case of hypocotyls, and
from 18.1% to 1.0% in cotyledons (Table 2). Although there were no
significant differences among both types of explant in terms of the number
of shoots per responding explant, when explants were analyzed separately,
this parameter was significantly reduced in comparison with control
treatments. While hypocotyl decreased from 1.3 shoots per responding
explant under control conditions to 1.2 shoots after culture with
Agrobacterium and antibiotics, this same trend was observed in cotyledons,
which reduced from 1.6 to 1.0 shoot per responding explant (Table 2).
Regarding spontaneous rooting of hypocotyl-derived regenerating shoots,
both Agrobacterium and antibiotics explant exposure promoted a significant
rate decrease which ranged from 25.9% in the control treatment to 2.1%
after Agrobacterium and antibiotic exposure (Table 2). No significant
differences were detected among hypocotyl and cotyledon explantsin terms
of albinism rate, which reached, respectively, 18.0% and 16.7% of albino
regenerating shoots (Table 2). The only parameter significantly influenced
by the genotype was the albinism rate of hypocotyl-derived regenerating
shoots, varying from 45.4% for ‘Futura75’ regenerating shoots, to 4.2% for
‘USO31’ regenerated plants (Table 5).
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Table 5: Regeneration rate (%), shoots per responding explant, spontaneous rooting rate (%) and albinism rate (%) of C.
sativa cotyledon and hypocotyl-derived regenerating shoots from different varieties after co-culture with Agrobacterium
tumefaciens LBA4404 containing binary plasmid pBIN19 carrying uidA reporter gene and the kanamycin resistance
neomycin phosphotransferase (nptll) gene, and culture in their respective selective regeneration media. For each factor,
mean is expressed as a percentage (+SE) relative to the total amount of cultured explants.

Explant Variety Responding explants (%) Shoots/explant Spontaneous rooting (%) Albino shoots (%)
‘Fedoral?’ 18.22+3.3 1.22+0.1 292+1.4 8.02b 5.5
‘Felina32’ 20.3243.0 1.12+0.0 4.52+1.6 19.4°0 +6.7
‘Ferimon’ 21.82 3.2 1.12+0.1 1.821.0 20.62p +7.0
Hypocotyl
‘FINOLA’ 24.43 £3.3 1.22+0.1 1.22+0.8 14.6°0 +5.6
‘Futura7s’ 29.12+3.8 1.0 0.0 0.72£0.7 45.4° 8.8
‘Uso31’ 24.92+3.1 1.32+0.1 1.52+0.9 420429
‘Fedoral?’ 0.73 0.5 1.02 £0.0 0.02 £0.0 0.0 0.0
‘Felina32’ 0.3210.3 1.0" +* 0.02 £0.0 0.0" +*
Cotyledon ‘Ferimon’ 0.32+0.3 1.0 +* 0.02 0.0 0.0" +*
‘FINOLA’ 0.3210.3 1.0" +* 0.02 £0.0 100.0" +*
‘Futura7s’ 0.4210.4 1.0" +* 0.02 £0.0 0.0" +*
‘Uso31’ 3.22+0.9 1.02£0.0 0.02£0.0 16.72 £11.2

Different letters among the levels of each factor indicate significant differences between them (p<0.05) according to non-parametric Kruskal-Wallis
and pairwise Wilcoxon or Nemenyi (for more than one pairwise comparison) tests.

*As only one plant was regenerated, neither mean nor standard error of the mean were calculated and statistically compared with the remaining
factor levels.
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4.4. Effect of explant on the production of C. sativa transgenic plants after
A. tumefaciens co-culture and subsequent explant culture in antibiotic-
containing selective regeneration medium

Transgenic plants were obtained from all explants evaluated,
although hypocotyls, cotyledons and already-developed meristems
presented different transformation rates (Table 6). In total, nine transgenic
plants were obtained from all the experiments: six transformed plants from
hypocotyls (four plants from ‘Futura75’, one plant from ‘Ferimon’, and one
plant from ‘USO31’), two transformed plants from cotyledons (both plants
from ‘USO31’ variety), and one transformed plant from an already-
developed meristem (from ‘USO31’). Hypocotyls achieved a higher
transformation rate than already-developed meristems. While 5.0% of
hypocotyl-derived regenerating shoots were successfully transformed
(Table 6), only 0.8% of already developed meristems developed a
transformed regenerating shoot (Table 6). As only two cotyledon-derived
regenerating shoots grew enough to be analyzed, the cotyledon
transformation rate was not statistically compared with the transformation
rates of the remaining explants. However, both cotyledon-derived
regenerating shoots were stably transformed (Table 6).

Furthermore, as only two transgenic plants from cotyledons, and one
transformed plant from an already-developed meristem were obtained, the
genotype effect on transgenic plant regeneration was only evaluated for
hypocotyl explants. Significant differences were detected among varieties
studied in terms of the transformation rate of hypocotyl-derived
regenerating shoots. ‘Futura75’ stood out significantly among the rest of the
evaluated varieties, reaching 28.6% of hypocotyl-derived transformed
regenerating shoots (Table 6), followed by ‘Ferimon’ and ‘USO31’ with,
respectively, 5.9% and 3.1% of transformation rate (Table 6). No transgenic
plants were obtained from ‘Fedoral?’, ‘Felina32’ and ‘FINOLA’ hypocotyls
(Table 6).
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Table 6: Effect of explant on the production of Cannabis sativa L. transgenic plants
after co-culture of hypocotyls, cotyledons and already-developed meristems with
Agrobacterium tumefaciens LBA4404 containing binary plasmid pBIN19 carrying
uidA reporter gene and the kanamycin resistance neomycin phosphotransferase
(nptll) gene, and subsequent explant culture in their respective selective
regeneration media. Only were considered transformed regenerating shoots those
that simultaneously exhibited a green phenotype after culture on selective
regeneration medium, and uniform expression (non-chimeric) of the uidA gene
after X-Gluc regenerant-derived tissue incubation by GUS histochemical assay, plus
amplification of the uidA and nptll genes by PCR.

Explant Variety Transformation rate (%) n
Hypocotyl Pooled varieties 5.0°+2.0 120
Meristem Pooled varieties 0.8°+0.8 130
Cotyledon Pooled varieties 100.0" +0.0 2
‘Fedoral?’ 0.0°+0.0 16
‘Felina32’ 0.0° +0.0 22
‘Ferimon’ 5.9 +59 17
Hypocotyl ‘FINOLA’ 0.0°+0.0 19
‘Futura7s’ 28.6° £12.5 14
‘Uso3r’ 3.1°+3.1 32

Different letters among the levels of each factor indicate significant differences between
them (p<0.05) according to non-parametric Kruskal-Wallis and pairwise Wilcoxon or
Nemenyi (for more than one pairwise comparison) tests.

*Not analyzed statistically

4.5. uidA and nptll gene expression in C. sativa in vitro regenerating
shoots

Hypocotyls dissected from seven-days-old C. sativa seedlings (Figs.
4A and 4B) were co-cultivated with A. tumefaciens LBA4404 for 4 days.
During co-cultivation, both single hypocotyl-derived regeneration (Fig. 4C),
and synchronized regeneration of various primordia in the periphery of the
organ (arrows in Fig. 4D) were observed. After the co-cultivation period,
explants were transferred to a selective regeneration medium. Within 16
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days after initiation of the hypocotyl in vitro culture, we were able to observe
the spontaneous rooting of Cannabis regenerating shoots developed on
selective regeneration medium (Fig. 4E). Approximately one month after in
vitro culture initiation, samples from regenerating shoots were incubated in
X-Gluc and decolored. Leaves coming from non-transformed regenerating
shoots were white (Fig. 4F), with no signals of uidA gene expression (insert
in Fig. 4F). Conversely, Cannabis leaves from one-month-old hypocotyl-
derived transformed shoots showed different GUS staining patterns. On the
one hand, some leaf samples showed non-uniform uidA expression (Fig. 4G),
being characterized by blue spots with different color intensity irregularly
distributed along the putatively chimeric tissue. Furthermore, newly-formed
primordia derived from transformed shoots showed strong and uniform GUS
staining (Fig. 4H). Even the whole shoot apical meristem (SAM) acquired an
intense dark-blue coloration (insert in Fig. 4H). Finally, also some leaf
samples coming from one-month-old hypocotyl-derived transformed shoots
showed strong and uniform GUS staining (Fig. 41), which also reached the
leaflet outline (insert in Fig. 4l).

9

Figure 4: GUS staining of C. sativa hypocotyl-derived in vitro regenerating shoots: (A) Newly dissected
hypocotyl from a seven-days-old hemp seedling. (B) Transversal section of hypocotyl just before co-
cultivation with Agrobacterium. (C) Shoot in vitro regeneration from Cannabis hypocotyl after three-
day Agrobacterium co-culture. (D) Two primordia arising from the top of a Cannabis hypocotyl after
three-day co-culture with Agrobacterium: arrows point to both primordia. (E) Spontaneously-rooted
Cannabis hypocotyl-derived regenerating shoot 16 days after culture on selective regeneration
medium: arrows point to roots. (F) Cannabis leaflet from a non-transformed hypocotyl-derived shoot
after incubation in X-Gluc and decoloration through a graded ethanol series: detail of leaflet outline
(right side in panel F). (G) Cannabis leaflet from a one-month-old transformed hypocotyl-derived
regenerant showing non-uniform GUS staining after incubation in X-Gluc and decoloration through a
graded ethanol series. (H) Shoot apex from a one-month-old transformed hypocotyl-derived
regenerant showing strong and uniform GUS staining after incubation in X-Gluc and decoloration:
detail of shoot apical meristem (SAM) after GUS staining (insert in panel H). (I) Cannabis leaf from a
one-month-old hypocotyl-derived transformed shoot showing uniform GUS staining after incubation
in X-Gluc and decoloration: detail of leaflet outline (right side in the panel 1). Scale bar (A): 1 mm. Scale
bar (B): 0.75 mm. Scale bar (C): 2.16 mm. Scale bar (D): 1.31 mm. Scale bar (E): 4 mm. Scale bar (F): 1
mm; Scale bar of insert (F): 0.5 mm. Scale bar (G): 1.73 mm. Scale bar (H): 2.16 mm; Scale bar of insert
(H): 0.5 mm. Scale bar (l): 2.64 mm; Scale bar of insert (I): 0.5 mm.
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Regarding cotyledon-derived regenerant genetic transformation,
explants dissected from seven-days-old C. sativa seedlings (Fig. 5A) were co-
cultured with A. tumefaciens LBA4404 during 4 days. During co-culture,
single cotyledon-derived regenerating shoots (Fig. 5B) were observed. After
co-culture, explants were transferred to a selective regeneration medium.
After 14 days of in vitro culture of cotyledons, regenerating shoots reached
~1 cm in length (Fig. 5C). Approximately one month after in vitro culture
initiation, shoot samples were incubated in X-Gluc and decolored. While leaf
samples coming from non-transformed regenerating shoots were white,
with no signals of uidA expression, some leaf samples from one-month-old
cotyledon-derived transformed regenerating shoots displayed strong and
uniform GUS staining, acquiring an intense dark-blue coloration, although
the tip of some leaflets did not show any signal of GUS staining (Figs. 5D and
5E).

S
Figure 5: Genetic transformation of C. sativa cotyledon-derived in vitro
regenerating shoots and GUS staining. The different images are described as
follows: (A) Newly dissected cotyledons from a seven-days-old hemp seedling:
detail of the transversal section of a newly dissected cotyledon just before co-
cultivation with Agrobacterium (right side in panel A). (B) Shoot in vitro
regeneration from Cannabis cotyledon after three-day co-cultivation with
Agrobacterium. (C) Cannabis cotyledon-derived transformed shoot 14 days after
culture on selective regeneration medium. (D) and (E) Cannabis leaflets from a one-
month-old transformed cotyledon-derived shoot showing non-uniform GUS
staining after incubation in X-Gluc and decoloration through a graded ethanol
series. Scale bar (A): 2.64 mm; Scale bar of insert (A): 0.65 mm. Scale bar (B): 1 mm.
Scale bar (C): 4 mm. Scale bar (D): 1.73 mm. Scale bar (E): 1.73 mm.
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Concerning meristem transformation, already-developed meristems
dissected from seven-days-old C. sativa seedlings (Fig. 6A), which contained
the whole shoot apical meristem (SAM) (Fig. 6B), were co-cultured with A.
tumefaciens LBA4404 for 4 days. After that time, explants were transferred
to a selective regeneration medium. Approximately one month after in vitro
culture initiation, leaf samples were taken from regenerating shoots, which
showed a prominent growth (Fig. 6C), incubated with X-Gluc and decolored.
While no evidence of GUS staining was detected in samples coming from
non-transgenic regenerating shoots (not shown), leaflets coming from the
only meristem-derived transformant of the experiment showed a blue
coloration distributed along its entire surface (Fig. 6D).
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Figure 6: Genetic transformation of C. sativa meristem-derived in vitro regenerant
and GUS staining. The different images are described as follows: (A) Newly
dissected meristem from a seven-days-old hemp seedling. (B) Detail of shoot apical
meristem (SAM). (C) Meristem-derived transformed regenerant after 26 days in
selective regeneration medium. (D) Cannabis leaflet from a one-month-old
transformed meristem-derived regenerant showing GUS staining after incubation
in X-Gluc and decoloration through a graded ethanol series. Scale bar (A): 0.44 mm;
Scale bar (B): 0.29 mm; Scale bar (C): 4.00 mm; Scale bar (D): 1.73 mm.
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With respect to the response of regenerating shoots after
Agrobacterium co-culture and culturing in selective regeneration medium
containing 100 mg L of kanamycin, it should be noted that, regardless of
the explant from which they originated, all those transformed regenerating
shoots that showed GUS staining signal, developed a normal green
phenotype during their development in selective regeneration medium (Fig.
7A). Conversely, some hypocotyls had regenerating shoots with different
kanamycin tolerance, as illustrated in Fig. 7B, were kanamycin-resistant (left)
and non-resistant (right) regenerating shoots arising from the top of a
Cannabis hypocotyl can be observed. On the other hand, some kanamycin-
non-resistant shoot primordia arising from the basal zone of cotyledons
were detected three days after culture on selective regeneration medium
(Fig. 7C), although they stopped their development at this stage. In contrast,
hypocotyl-derived regenerating shoots showed vigorous growth. Nine-days-
old (Fig. 7D), and 20-days-old (Fig. 7E) kanamycin-non-resistant hypocotyl-
derived transformants developed on selective regeneration medium and
showing an albino phenotype were also observed. Independently of the
explant origin of regenerated plants, regenerating shoots were only
considered successfully-transformed if they complied with these three
conditions: a) green phenotype shown after in vitro culture on selective
regeneration medium, b) uniform expression (non-chimeric) of the uidA
gene after incubation of shoot-derived tissue in X-Gluc by GUS histochemical
assay, and c) uidA and nptll gene amplified by PCR (Fig. 8).

9

Figure 7: Kanamycin-resistant and non-resistant phenotypes of C. sativa transformants. The different
images are described as follows: (A) Kanamycin-resistant hypocotyl-derived regenerant 16 days after
culture on selective regeneration medium. (B) Kanamycin-resistant (left) and non-resistant (right)
regenerating shoots arising from the top of a Cannabis hypocotyl three days after culture on selective
regeneration medium. (C) Kanamycin-non-resistant shoot primordium arising from the basal zone of
a cotyledon three days after culture on selective regeneration medium. (D) Kanamycin-non-resistant
shoot primordium arising from the top of a hypocotyl five days after culture on selective regeneration
medium. (E) Kanamycin-non-resistant hypocotyl-derived regenerant 16 days after culture on selective
regeneration medium.
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Figure 8: Polymerase chain reaction (PCR) detection of the f8-glucuronidase (GUS) (206-bp fragment) and kanamycin
resistance neomycin phosphotransferase Il (NPTII) (795-bp fragment) genes. Lanes 1-9, 11-> Non-transformed shoots.
Lanes 10, 12, 14-20-> Transformed shoots. Lane 13- 1 kb marker DNA. Lane 21-> DNA from non-transformed control
plant. Lanes 22 and 23> Replicates from lane 10 and lane 18 respectively. Lane 24— Plasmid. Lane 25— Negative control.
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5. Discussion

In the present work, we have been able to regenerate C. sativa
transgenic plants. This represents an important landmark in C. sativa
breeding and research. Even without addition of plant growth regulators in
the culture media employed in the different protocol steps, our results
indicate that hypocotyls present higher rates of in vitro plant regeneration,
transformation, and spontaneous rooting of regenerating shoots compared
to the rest of the studied explants. Furthermore, by means of our protocol
for Agrobacterium-mediated transformation and production of C. sativa
transgenic plants, hyperhydricity of hypocotyl-derived regenerating shoots
was prevented to a great extent. Hypocotyl explants have been reported as
having a superior ability for in vitro plant regeneration (Mandolino and
Ranalli, 1999; Galan-Avila et al., 2020; Zhang et al., 2021), and suitability for
genetic transformation (Wahby et al., 2013, 2017; Zhang et al., 2021). High
plant regeneration ability of C. sativa hypocotyls dissected from 7-days-old
seedlings, coupled with the putatively unicellular origin of hypocotyl-derived
regenerating shoots (Galdn-Avila et al., 2020, and references therein), might
have facilitated the genetic transformation of a pluripotent pericycle cell and
its subsequent regeneration into a whole transgenic plant, making the
difference with previously published attempts concerning transgenic plant
regeneration in this species (Feeney and Punja, 2003, 2015; Wahby et dl.,,
2013, 2017). In comparison with the only published report concerning the
innovative implementation of the CRISPR/Cas system for genome edition in
C. sativa species (Zhang et al., 2021), our protocol shows not only an
improved efficiency in terms of shoot regeneration and transformation
rates, but also a faster capability for C. sativa transformed plant production.

The transgenic nature of C. sativa regenerated plants was confirmed,
among other techniques, by means of GUS histochemical assay.
Employment of uidA as a reporter gene in order to validate Cannabis
transformation constitutes an appropriate strategy, as its expression in
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different C. sativa explants has already been evaluated satisfactorily (Wahby
et al., 2013, 2017; Deguchi et al., 2020; Sorokin et al., 2020). In our work,
among regenerated plants, putatively chimeric individuals harboring both
transformed and non-transformed cells and showing non-uniform GUS
staining were also observed. Chimeric transgenic plants have been reported
in several species (Ding et al., 2020). Shoot regeneration from a mixture of
transformed and untransformed cells, transformed cells conforming only a
sector in a shoot, cell cycle arrest of transformed cells, or transient
expression of a transgene in some cells of a shoot are possible explanations
for the generation of chimeras (Chen, 2011). On the other way, the
combined use of uidA and nptll genes for verifying Agrobacterium-mediated
plant transformation has been widely implemented in many other species
such as Nicotiana rustica L. and Nicotiana tabacum L. (Hamill et al., 1991),
Solanum lycopersicum L. (Dan et al., 2006), or more recently, Gossypium
hirsutum L. (Ahmed et al., 2020) and Acmella oleracea L. (Maggini et al.,
2021). Regarding kanamycin resistance nptll gene, it should be noted that
there are no previous works concerning its expression in C. sativa. Here we
have demonstrated that, among the rest of the evaluated concentrations,
the addition of 100 mg L of kanamycin to selective regeneration medium
yielded the best results of the dose-response experiment, as it ensured both
optimal in vitro plant regeneration and spontaneous rooting of regenerating
shoots. However, despite the recognized biosafety of nptl//-derived
kanamycin resistance (Nap et al., 1992; Das et al., 2020), and although
similar concentrations of kanamycin to those used by us have been
employed to successfully select transformants in other species such as
Solanum lycopersicum L. (Chetty et al., 2013), Antirrhinum majus L. (Lian et
al., 2020), or Solanum tuberosum L. (Bakhsh, 2020), due to the low albinism
rate achieved under these experimental conditions, kanamycin-resistance
proved to be a poor selectable marker for C. sativa. A similar situation has
been reported for other species like Glycine max L. Merr. (Meurer et al.,
1998), or Phelipanche ramosa L. (Kullacova and Matusova, 2020). With
respect to the rest of the antibiotics present in selective regeneration
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medium (250 mg L cefotaxime plus 250 mg L? carbenicillin), their combined
use at these concentrations is routinely used for Agrobacterium elimination
in several in vitro plant transformation procedures (da Silva, 2006; Pawar et
al., 2013; Yaqoob et al., 2017). Evidence further suggests that antibiotic
phytotoxicity can negatively influence explant regenerative ability (Pollock
et al., 1983; Qin et al., 2011; Li et al., 2019), as occurs with Agrobacterium
explant co-culture (Srivastava et al., 2017; de Melo et al., 2020). This might
account for the drastic in vitro plant regeneration rate reduction registered
in our experiments for both C. sativa hypocotyl and cotyledon explants.

Cannabis sativa cultivation and research are booming and breeding
programs can benefit from the development of transgenic plants, as has
occurred with major crops (Herrera-Estrella et al., 2005; Abiri et al., 2015).
In addition, new plant breeding techniques such as genome editing offer
new avenues for breeding C. sativa for medicinal or industrial purposes.
Among the most important present challenges is the development of C.
sativa varieties resistant to biotic (Hadad et al., 2019; Punja et al., 2019;
Jerushalmi et al., 2020), and abiotic stresses (Cosentino et al., 2013;
Guerriero et al., 2017; Gao et al., 2018; Landi et al., 2019), as well as the
development of varieties with specific cannabinoid profiles (Lynch et al.,
2016).

6. Conclusions

The present work represents a pioneering study documenting the
production of C. sativa transgenic plants. Our tissue culture-based
procedure for C. sativa plant genetic transformation could also enable the
implementation of genome editing through CRISPR/Cas systems for C. sativa
breeding, promoting the development of varieties with enhanced agronomic
and medicinal properties with industrial and pharmacological utility.
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In recent years, C. sativa versatility has promoted the booming of its
research, which is mainly focused on its medical properties derived from its
content in cannabinoids and other secondary metabolites. This trend is
clearly reflected in the large number of recent publications dealing with this
crop. After performing an exhaustive search in “PubMed” and “Web of
Science”, Treister-Goltzman et al. (2019) reported that between the years
2000 and 2017, the number of publications on cannabis increased 4.5-fold,
and the number of publications on medical cannabis increased almost 9-
fold, while the number of publications on medical cannabis in “Web of
Science” increased 10-fold. In that study, the authors also foresaw an even
greater increase in the number of publications in this area in the coming
years. Furthermore, according to data compiled by the “National Library of
Medicine” and “PubMed.gov”, the record number of cannabis scientific
papers published in 2020 confirms that scientific interest in cannabis has
increased exponentially in recent years (Armentano, 2020).

As its prohibition dwindles, legalization is inevitably bringing an
increase in cannabis cultivation and research and, with this, new challenges
are emerging. To face them, the development of new biotechnological tools
to complement cannabis conventional breeding should be a priority, thus
mitigating the research deficit that decades of prohibition have promoted in
cannabis breeding in comparison with other crops. In the case of medical
cannabis, although nowadays the pharmacological utility of C. sativa and
cannabinoids is well substantiated in a wide range of pathologies (National
Academies of Sciences, Engineering, and Medicine, 2017), the lack of formal
genetic improvement of this species is translated in the absence of uniform
varieties. This, coupled with cannabis inherent variability, represents an
important bottleneck to find a supply of stable cannabis varieties capable of
producing the full range of potentially therapeutic cannabinoids (Lynch et
al., 2016; Wrobel et al., 2018).
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Connected with this, and from the point of view of cannabis
medicinal use, it is necessary to emphasize the need to maintain promising
chemotypes over time. It is crucial for researchers to exactly know the
biochemical profile of the plant to be able to develop, from this, uniform
extractions containing precise concentrations and combinations of
cannabinoids, thus being able to quantify, evaluate and guarantee the
quality of the preparations and adequately adapt the dose to be prescribed
(Carcieriet al., 2018). At present, this problem is being addressed by keeping
promising parentals in a perpetual vegetative state in indoor growing
facilities. Nevertheless, new approaches must be applied, especially when
cannabis cultivation is being implemented at a global scale, and reports on
the large carbon footprint derived from cannabis indoor cultivation are
emerging (Mills et al., 2020; Summers et al., 2021). Thus, it is mandatory to
implement environmentally-friendly strategies in this rapid-evolving
industry whose foundations are currently beginning to be erected. In this
context, biotechnology must play a key role, offering a wide range of
applications for the cannabis industry that can help to solve some of the
barriers that stand in the way, obstacles such as the current need to
implement cannabis genetic improvement. In this sense, it must be
emphasized that, although some attempts through different
biotechnological approaches such as employment of bioreactors for the
production of cannabinoids have been reported (Veliky and Genest, 1972;
Iltokawa et al., 1977; Hemphill et al., 1978; Heitrich and Binder, 1982;
Sirikantaramas et al., 2004; Raharjo et al., 2006; Flores-Sanchez et al., 2009;
Farag and Kayser, 2015; Gabotti et al., 2019), at present, C. sativa plants
remain the most efficient source of natural cannabinoids (Wrdbel et al.,
2018). Thus, its genetic improvement presents as the main alternative for
enhancing its secondary metabolite production.

Different biotechnological tools, like those studied in the present
Doctoral Thesis, could complement conventional breeding in order to
improve C. sativa species. Thus, each of the different tissue culture-based
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procedures developed in this work represent by themselves an important
milestone for C. sativa breeding. Among the different breakthroughs here
reported, the identification of an explant lacking already developed
meristems but with a high capability for plant regeneration, as is the case of
hypocotyls, represents multiple possibilities for implementation of different
plant in vitro tissue culture techniques focused on plant genetic
improvement. This is particularly relevant in a species previously considered
as recalcitrant to the in vitro plant regeneration, as is the case of C. sativa
(Hemphill et al., 1978; Mandolino and Ranalli, 1999; Lusarkiewicz-Jarzina et
al., 2005; Plawuszewski et al., 2006; Wielgus et al., 2008; Movahedi et al.,
2015, 20164, 2016b; Wahby et al., 2017; Feeney and Punja, 2017; Wrdbel et
al., 2018; Smykalova et al.,, 2019). Furthermore, the present study
contradicts findings reported in previous cannabis in vitro culture works
considered as a reference in the field. In particular, our results concerning
the poor in vitro plant regeneration capability of cannabis leaves, strongly
contrast with the extremely high plant regeneration competence reported
by Lata et al. (2010).

On the other hand, and although more research remains to be done
to validate this hypothesis, behind the hypocotyl great capability for the
plant in vitro regeneration, it could be the putative presence of pluripotent
pericycle cells adjacent to vascular poles that, even though being
surrounded by differentiated cells, can still lead the formation of a new
organ (Beeckman and De Smet, 2014), as demonstrated in other plant
species such as Populus tremula L. (Vinocur et al., 2000), Arabidopsis
thaliana L. Heynh. (Atta et al., 2009), Bixa orellana L. (da Cruz et al., 2014),
Eustoma grandiflorum Raf. Shinners (Yumbla-Orbes et al., 2017), or
Passiflora edulis Sims. (Rocha et al., 2018) among others. Furthermore,
pluripotent pericycle cells likely play a key role in the distribution of the
newly formed primordia along the whole main stem during plant growth,
determining its location and, consequently, its precise arrangement in
different spatial patterns conformed by the juxtaposition of the different
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meristems around the circumference of the main apical meristem. In this
respect, pericycle cell influence on lateral branching and phyllotaxis has
already been reported in species from the Piperaceae family such as Ottonia
martiana Miq. and Piper diospyrifolium Kunth. (Souza et al., 2004). It is worth
noting that the same plant regeneration pattern observed in our work and
consisting of a couple of primordia growing in the periphery of the
hypocotyl, strongly resembles the lateral branching pattern which defines
cannabis phyllotaxis, being composed by branches emerging from opposite
sides of the different internodes developed along the whole cannabis main
stem during plant growth.

Also, the identification of polysomaty in C. sativa cotyledons and
hypocotyls could represent, as demonstrated in the present Thesis, a new
approach for the development of polyploids in this species. This is of especial
relevance, not only because an increase in DNA content seems to be
correlated with enhanced levels of the secondary metabolites involved in
cannabis therapeutic use (Clarke, 1981; Mansouri and Bagheri, 2017;
Parsons et al., 2019; Crawford et al., 2021), but also because this is the first
report concerning the regeneration of cannabis plants with an increased
ploidy level without explant treatment with chemical microtubule disruptors
with a high toxicity grade. This represents a safer procedure for lab
technicians and also a more sustainable and environmentally-friendly
alternative that also avoids the use of plant growth regulators in the
induction process.

In contrast to an increased ploidy level, its reduction can also be
exploited to genetically improve C. sativa species through double haploid
development. This Thesis dealt with this novel approach by studying
cannabis androgenesis via microspore embryogenesis. Although the vast
majority of cannabis floral biology studies are focused on the female flower,
which can be attributed to its crucial role in the therapeutic and
psychoactive properties of C. sativa species, the cannabis male flower can
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play a key role in the breeding of the species, as it has been demonstrated
in the present work. Beyond pollination, the pollen grain can contribute to
cannabis breeding through androgenesis, which must be considered as a
promising alternative for the genetic standardization of C. sativa traits and
the development of high-yielding and consistent varieties. Undoubtedly,
microspore embryogenesis presents itself as an encouraging tool for
breeders to avoid the inherent variability of C. sativa through double haploid
plant development. Furthermore, this technique presents added advantages
such as the preservation of the selected parentals through seed, thus
avoiding the indefinite maintenance of mother plants in a perpetual state of
growth, the consequent expenditure of energy, time and resources, and the
environmental impact that this entails. Although no double haploid plants
were recovered, this Thesis presents the most in-depth study to date
concerning cannabis male floral biology, which includes the correlation of all
developmental stages from meiosis to mature pollen grain stages with an
easy-to-measure floral morphological marker as the bud length, together
with the early events of microspore embryogenesis ontogeny in C. sativa. All
these data represent valuable information that will help researchers
interested in advancing in this promising field.

Finally, probably the most relevant milestone reached in the present
Thesis, is the development of the first protocol for the production of stably
transformed C. sativa plants. Although several attempts at cannabis
transformation have been published (Feeney and Punja, 2003, 2015; Wahby
et al., 2013, 2017; Schachtsiek et al., 2019; Ahmed et al., 2020; Deguchi et
al., 2020; Sorokin et al., 2020; Beard et al., 2021), it was only recently that
regeneration of one C. sativa transformed plant was reported (Zhang et al.,
2021). Inthis respect, it is necessary to highlight that, although in the former
work the authors claim that they were the first in obtaining a transgenic
plant from C. sativa species, as it can be read in chapter 3 of the present
Thesis, expressly in the “Conflict of interests” section, there is a PCT
Application (PCT/EP2020/087829) covering the genetic transformation
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protocol for the production of C. sativa transgenic or gene-edited plants,
whose priority claim dates from 28™ of December 2019, confirming that the
present study is pioneering in cannabis genetic transformation. In any case,
our hormone-free protocol doubles the transformation rate of regenerating
shoots of the former work, also producing transgenic plants three times
faster. High plant regeneration ability of C. sativa hypocotyls dissected from
7-days-old seedlings, coupled with the putatively unicellular origin of
hypocotyl-derived regenerating shoots, might have facilitated the genetic
transformation of a pluripotent pericycle cell and its subsequent
regeneration into a whole transgenic plant, making the difference with
previously published attempts concerning transgenic plant regeneration in
this species.

The myriad of applications derived from genetic transformation of
cannabis can hardly be estimated, but undoubtedly, among its different
uses, targeted genome editing by using CRISPR/Cas systems must be
highlighted. Genome editing can bring huge advancements for cannabis
breeding. From pathogen resistance, to tolerance to drought stress, the
possibilities are endless. However, before implementation of this technique
in C. sativa species, it was imperative to develop an efficient transformation
protocol that allowed the regeneration of stably transformed plants, an
important breakthrough that has been achieved in this Thesis. The tissue
culture-based protocol here described could enable the implementation of
genome editing through CRISPR/Cas systems for C. sativa breeding, opening
the doors of a new cannabis post-legalization era in which biotechnology is
called to play a fundamental role.

The results contained in this Doctoral Thesis represent a very
significant progress in cannabis research, and will allow a greater efficiency
in the breeding of this species, as well as an increase in the genetic variation
available for the breeder, with which new varieties with improved traits will
be obtained.
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Cannabis sativa hypocotyl explants present a high plant in vitro
regeneration capability.

A highly-efficient and hormone-free in vitro tissue culture-based
protocol from C. sativa hypocotyl explants which has proven useful for
direct plant regeneration and spontaneous rooting of regenerants in all
genotypes evaluated has been developed.

Polysomaty has been identified in C. sativa cotyledon and hypocotyl
explants, and it has been possible to regenerate from them a significant
percentage of mixoploid plants.

Staminate flowers from androecious, gynoecious and monoecious C.
sativa plants have been obtained in only one month by growing plants
directly under flowering photoperiod (12 hours of light and 12 hours of
dark). Furthermore, the high amount of microspores and pollen grains
contained in male flowers have been quantified, which have shown a
high viability rate.

All developmental stages from meiosis to mature pollen grain stages
have been characterized in C. sativa, correlating them with an easy-to-
measure floral morphological marker as the bud length, and also
identifying bud length intervals containing mostly vacuolate microspores
and young bi-cellular pollen grains in all the phenotypes evaluated.

Based on the amyloplast pattern contained in microspores and pollen
grains during their development, C. sativa has been classified as
recalcitrant to androgenesis.
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7. Although a week-long cold pretreatment applied directly on excised
buds prior to microspore culture did not change the starch distribution
pattern observed under in vivo conditions, it promoted a slight decrease
in microspore viability. Furthermore, and although with an extremely
low frequency, it fostered the development of the first C. sativa
multicellular structures of androgenic origin which were easily
differentiated from gametophytic ones by fluorescence microscopy.

8. Mainly due to the low albinism rate of regenerated plants, kanamycin
proved to be a poor selectable marker for C. sativa transgenic plants.

9. An effective protocol for the production of stably genetically-
transformed C. sativa plants derived from hypocotyls has been
developed for the first time.

10. The results obtained in this Thesis represent a landmark in cannabis
research and breeding and we are confident that they will contribute to
the development of a new array of dramatically improved plant
materials and varieties.
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