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ABSTRACT

Cannabis sativa L. is cultivated for its fiber or seeds (var. sativa; hemp), or for its high
content in cannabinoids (var. indica; marijuana). Knowledge of the genetic structure of C.
sativa var. indica is important for selection and breeding of cultivars with medicinal
interest. We used six genomic SSRs (gSSRs) for genotyping 154 individual plants of 20
cultivars of C. sativa var. indica, plus two cultivars of C. sativa var. sativa. A very high
polymorphism was observed, with an average of 17 alleles and 23.8 genotypes per locus.
Expected (He) and observed (Ho) heterozygosities were high, with average values of
0.753 and 0.429, respectively. In some cultivars He and Ho presented similar values, while
in others He was considerably higher than Ho suggesting that consanguinity and fixation
had taken place during its development. In addition, some cultivars had a reduced number
of alleles per locus (in some cases only two) indicating that a genetic bottleneck had taken
place during its development. Gene flow (Nm) between both botanical varieties was high,
with Nm=1.736. The molecular analysis of variance (AMOVA) revealed that only
31.94% of the molecular variation observed was caused by differences among cultivars,
while the variation among plants of the same cultivar was of 37.11%, and within
individual variation, due to heterozygosity, was of 30.96%. This indicates that a large
variation exists within cultivars, which can be exploited for selection, but also
complicates germplasm management and regeneration. The population structure analysis
identified 14 genetic clusters, with most individuals of a single cultivar clustering
together. This analysis, together with UPGMA cluster analysis shows that the two C.
sativa var. sativa cultivars studied are differentiated from C. sativa var. indica, and that
some cultivars of C. sativa var. indica seem to represent different selections from a

common original cultivar. Our results represent the first comprehensive study of intra-
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varietal diversity in C. sativa var. indica and provide information of relevance for
selection, breeding, and germplasm conservation, as well as for forensic studies in this

crop.
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Molecular markers

1. Introduction

Cannabis sativa L. (2n = 2x = 20) is a hypervariable multi-use crop which
includes two botanical varieties with different morphologies are recognized: C. sativa var.
sativa (hemp) and C. sativa var. indica (marijuana) (de Meijer and Keizer, 2012; Salentjin
et al., 2015; Small, 2015). While C. sativa var. sativa is mostly cultivated for its fiber and
seeds (Salentijn et al., 2015), C. sativa var. indica is mainly grown for its high content of
cannabinoids, some of which, like the usually predominant tetrahydrocannabinol (THC),
have psychotropic activities (Small, 2015). Because these two botanical varieties have
been selected for different purposes, the plant morphology is very different (de Meijer

and Keizer, 2012) and they are also differentiated at the genetic level (Sawler et al.,
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2015). Other than from THC, C. sativa var. indica also contains other cannabinoids with
therapeutic interest, like cannabidiol (CBD) (Small, 2015). In consequence, the
development of C. sativa var. indica cultivars with high contents in CBD and low
contents of THC for medical purposes is a current breeding objective; however, its
forbidden use as recreational drug in many countries (van Ours, 2012) has hampered
genetic diversity studies, a pre-requisite for the application of breeding programs and
appropriate germplasm collection and management strategies (Welling et al., 2016).
Cannabis sativa is a essentially dioecious species and therefore is an obligate
allogamous species under natural reproduction conditions (Small, 2005), which favours
genetic heterogeneity. Sex expression in C. sativa is determined by chromosome
heteromorphisms, where XY and XX individuals are male and female, respectively
(Moliterni et al., 2004). Some cultivars are monoecious despite having an XX
chromosomic configuration (Razumova et al., 2016), but have a high degree of allogamy.
Because female plants of C. sativa var. indica have much higher contents in cannabinoids
than males (Small, 2015), the production of feminized cultivars, where 100% of the
individuals are female, is a common practice (Green, 2005). This is possible thanks to sex
reversion, mediated by the application of chemicals such as silver thiosulfate, in
inflorescences of genetically female plants (Green, 2005). These functionally male
flowers produce 100% of X gametes resulting, after fertilizing the X female gametes, in
feminized (XX) cultivars. This alteration of the reproduction, which allows self-
pollinations and crossings between genetically female plants, may increase inbreeding
and, therefore, have a considerable impact in the genetic structure of C. sativa var. indica
cultivars. Also, breeding methods used to develop new cultivars may have a major impact

in the genetic structure of the crops. In this respect, the the most common methods of
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developing new C. sativa var. indica cultivars generally include selection of individuals
within heterogenous cultivars, hybridization of different cultivars, or a combination of
both (Green, 2005). When the population size used for the development of new cultivars
is small, which due to the illegal nature of the crop may be a frequent phenomenon in the
development of new C. sativa var. indica varieties, a genetic bottleneck effect may take
place, which reduces diversity and may increase homozygosity due to crossings among
related individuals (Sawler et al., 2015; Welling et al., 2016).

Many studies have been performed with different types of molecular markers to
evaluate the diversity among accessions in C. sativa, revealing that the crop is genetically
very diverse (e.g., Shirley et al., 2013; Gao et al., 2014; Sawler et al., 2015). Amazingly,
there are very few studies evaluating the intra-varietal diversity of C. sativa, which is very
important for selection, breeding and developing uniform cultivars. Gilmore et al. (2003)
used five simple sequence repeat (SSR) markers to evaluate the molecular diversity of six
C. sativa var. sativa cultivars and nine C. sativa var. indica germplasm accessions and
they found considerable variation among plants of individual accessions. However, only
three of the C. sativa var. indica cultivars had four or more (up to eight) individuals,
which is a limited number of cultivars to draw general conclusions. Shirley et al. (2013)
using a single SSR marker found several genetic profiles in DNA extracted from
individual seeds of each of several C. sativa var. indica accessions, with an important
level of heterozygous loci. However, this study consisted of a single marker and no
diversity statistics were presented. Furthermore, as whole seeds were used this means that
a mixture of the maternal (endosperm) and zygote (embryo) genomes were surveyed, and
the results may not represent a single individual, but a mixture of maternal and zygotic

genetic material.
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Among the genetic markers used to evaluate genetic diversity in Cannabis, SSRs
(also called short tandem repeats, STS) have proved to be highly polymorphic (Gilmore et
al., 2003; Howard et al., 2008; Allgeier et al., 2011; Shirley et al., 2013; Gao et al., 2014;
Soler et al., 2016). Cannabis sativa genomic SSRs, which in general are more
polymorphic than expressed sequence tag SSRs (EST-SSRs) (Eujayl et al., 2011; Mufioz-
Falcon et al., 2011), can be obtained from previously published reports (Gilmore et al.,
2003; Soler et al., 2016) or developed de novo from the available genome sequence of C.
sativa (van Bakel et al., 2011).

In this paper, we use gSSR markers to evaluate the inter- and intra-accession
genetic diversity of a set of C. sativa var. indica cultivars. This will provide information
of relevance on the extent of intra-varietal genetic diversity, including the level of
heterozygosis, as well as on the diversity and relationships of the evaluated varities. The
information on the genetic structure will have important implications for breeding new

cultivars and for conservation of germplasm, as well as for forensic analyses.

2. Material and Methods

2.1. Plant material

Twenty feminized (i.e., 100% of the seed give female individuals) cultivars of C.
sativa var. indica were provided by Hemp Trading (Beniparrell, Spain) for the study
(Table 1). These feminized cultivars were obtained by the breeders by sex reversion of
genetically female plants using chemical agents (Green, 2005), which allowed inter-

crossing of genetically female individuals which give an offspring of 100% of female
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individuals. Some of the cultivars used are selected derivatives of the crossings between
different plants of other cultivars, so that the pedigree is indicated in the cultivar name
(e.g., ‘Black Domina x Black Domina’) (Table 1). In addition to these, two C. sativa var.
sativa cultivars were used as controls.

For each cultivar, seeds were germinated in Petri dishes with moistened
hydrophylic cotton covered by a layer of filter paper (Soler et al., 2016). Once seeds had
germinated, between four and eight plants per cultivar depending on availabilty, totalling
154 plants (on average 7 plants per cultivar), were transferred to seedling trays containing
commercial growing substrate. When plantlets had four to six true leafs, young leaf
samples of individual plants were taken for DNA extraction. Permission to cultivate the
plantlets was obtained from the Agencia Espafiola del Medicamento. After DNA
extraction, plantlets were cut and the plant remains were disposed off by delivering them

to the Spanish National Police for destruction.

2.2. DNA extraction and SSR characterization

DNA was extracted from young leaf tissue using the CTABO protocol, as reported
by Soler et al. (2016). DNA concentrations and purity were measured with a NanoDrop
ND-1000 spectrophotometer (Nano Drop Technologies, Wilmington, Delaware, USA)
and DNA integrity with a 0.8% agarose gel electrophoresis. Initially, 29 dinucleotide
genomic simple sequence repeat (gSSR) markers were developed de novo from the
publicly available nuclear genome sequence of C. sativa var. indica cultivar ‘Purple
Kush’ (van Bakel et al., 2011). Of these 23 amplified successfully, and after some

preliminary tests, six of them were selected because of their polymorphism and good
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amplification results in all cultivars (Table 2). The PCR reactions were performed as
described in Soler et al. (2016). Basically, the PCR reaction mixture contained 1 x PCR
buffer, 1.5 mM MgCl,, 0.04 units of Taqg DNA polymerase, 0.2 mM dNTPs, 0.05 uM
forward primer, 0.25 uM reverse primer, 0.2 uM M13 fluorescent labeled primer and 10
ng of template DNA and H20 to make a total volume of 10 mL. The PCR amplifications
program was as follows: an initial step at 94°C for 3 min, 35 cycles of 94°C for 30 s, 58°C
for 45 s, 72°C for 1 min, and a final step at 72°C for 10 min. SSR alleles were separated
on an ABI Prism 3100 (Applied Biosystems, Carlsbad, California, USA) automatic
sequencer using GeneScan 3.7 (Applied Biosystems) software and sized using GeneScan
500 LIZ (Thermo Fisher Scientific, Waltham, Massachussets, USA) molecular size

standards with Genotyper 3.7 (Applied Biosystems) software.

2.3. Data analysis

The following diversity statistics were calculated for each gSSR marker: number
of alleles, allele range, major allele frequency, number of genotypes, expected (He) and
observed (Ho) heterozygosities (Nei, 1973), fixation index (Fis) (Wright, 1965), and
polymorphic information content (PIC) (Botstein et al., 1980). For each cultivar, the He,
Ho and highest number of alleles per locus found among the six gSSR loci investigated,
was determined. Gene flow (Nm) between C. sativa var. indica and C. sativa var. sativa
was estimated according to Wright (1951) using the formula Nm= [(1/Fsr)-1]/4, where
Fst is the fixation index between both botanical varieties. In order to investigate the
between and within genetic differentiation of the cultivars in study as well as the

heterozygosity/homozygosity of each SSR locus in each individual, an analysis of
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molecular variance (AMOVA) was performed using GenAlEx version 6.5 (Peakall and
Smouse, 2012). Population structure was estimated using a model-based Bayesian
structure implemented in the software STRUCTURE version 2.3.4 (Pritchard et al.,
2000). The analysis was carried out using a burning period of 500,000 iterations and a run
length of 750,000 MCMC replications. A continuous series of clusters (K), from 1 to 22
was tested in 20 independent runs. No prior knowledge of the cultivar of origin was
introduced. The most informative K value was identified using the 4K statistic (Evanno et
al., 2005), using the STRUCTURE HARVESTER version 0.6.94 software (Earl and
vonHoldt, 2012). Based on maximum membership probability of each individual plant,
they were assigned to the corresponding groups as described by Remington et al. (2001).
An unrooted neighbor-joining phenogram based on Nei et al. (1983) genetic distance was
built using Powermarker version 3.25 software (Liu and Muse, 2005) to graphically
represent the relationships among cultivars. Branch support on the phenogram was tested
by bootstrap analysis with 1,000 replications using the PHYLIP version 3.67 software
(Felsenstein, 2007). Bootstrap values of 50% or higher were used to indicate support for

the phenogram topology at a node (Highton, 1993).

3. Results

The six gSSR markers were polymorphic, yielding a total of 102 alleles, with an
average of 17 alleles per locus, which resulted in an average of 23.8 genotypes per SSR
locus (Table 3). However, considerable differences were found in the number of alleles
and genotypes among gSSR markers, with a minimum of 8 alleles (CGS18 locus) and 12

genotypes (CSGO1 locus) and a maximum of 30 alleles and 41 genotypes (CSG12 locus).
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As expected for a diploid, for every individual, a maximum of two alleles were found per
locus. The allele size varied among gSSR loci in number and range of repeats. In this
respect, amplicons of locus CSG13 had the smaller sizes, not overlapping with the ones of
markers CSG01, CSGO05, CSG18, and CSG24 (Table 3). The major allele frequency
ranged from 0.149 (CSG12) to 0.625 (CSG13), with an average value of 0.371 (Table 3).
Expected heterozygosity (He) was higher than 0.5 for all loci, with an average value of
0.753 and a range between 0.567 (CSG18) and 0.919 (CSG12). On the other had,
observed heterozygosity (Ho) was lower than 0.5 for all loci, with an average value of
0.293 and a range between 0.049 (CSGO01) and 0.429 (CSG13). For all markers Ho was
lower than He, although in some cases, like CSGO01, the difference was very marked,
while in others, like CSG13 the differences were much smaller (Table 3). This resulted in
large differences among loci in the fixation index, with values ranging from 0.251
(CSG13) to 0.936 (CSGO1). The PIC values ranged between 0.544 for CSG13 and 0.914
for CSG12, with an average value of 0.727 (Table 3).

The observed heterozygosity (Ho) for individual cultivars ranged between 0.150 in
‘BL-57" and 0.602 in “Critical’ (Figure 1), with an average value of 0.293, while the
expected heterozygosity (He) varied between 0.174 for *NST-75-75" and 0.617 for
‘Futura’, and had an average value of 0.406. The averages for the observed and expected
heterozygosities of the two C. sativa var. sativa cultivars ‘Finola’ and ‘Futura’ (Ho=0.405
and He=0.603), were higher than those of the 20 C. sativa var. indica cultivars (Ho,=0.282
and He=0.387). Three cultivars (‘Critical’, “Hindu Kust’ and ‘Finola’) had more than 50%
of loci in heterozygous state (Ho>0.5) (Figure 1). In some cultivars, like ‘BL-57’,
‘Deimos’, ‘Purple’, “Kali Mist x Kali Mist’, or ‘Futura’, the Ho values were considerably

lower than those of He; in others, like ‘NST-75-75’, ‘BL-26’, ‘Hindu Kust x Hindu Kust’,
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‘Hindu Kust’ or “Critical’, both values were very similar. When considering the
maximum number of alleles per locus found among the six gSSR loci, there were two
cultivars with a maximum of two alleles per locus, nine with a maximum of three alleles,
six with a maximum of four alleles, two with a maximum of five, two with maximum of
six alleles, and one with a maximum of seven alleles per locus (Figure 2). The fixation
index (Fst) and gene flow (Nm) values between C. sativa var. indica and C. sativa var.
sativa were Fst=1.736 Nm=1.736.

The molecular analysis of variance (AMOVA) revealed that the variation among
individuals within cultivar accounts for a greater proportion of the molecular variance
(37.11%) than the variation among cultivars (31.94%) (Table 4). Within individual
variation due to heterozygosity accounted for 30.96% of the total molecular variance.
Analogous results were obtained when AMOVA was performed only on C. sativa var.
indica cultivars, as one third (33.34%) of the variation was detected between cultivars and
36.07% among individuals within cultivar, while 30.59% was due to heterozygosity
(Table 4).

The 4K statistic had a maximum peak at K=14, indicating the presence of 14
clusters in the panel of 154 plants from 22 cultivars of C. sativa. In general, most of the
plants of a given cultivar belonged to the same cluster (Figure 3), although in some cases,
admixture of individuals from different clusters were found in the same cultivar. Most of
the individuals of the two C. sativa var. sativa varieties belonged to a single genetic
cluster, which was unique to C. sativa var. sativa individuals. Also, most of the
individuals of some different varieties of C. sativa var. indica belonged to the same
genetic cluster. This was the case of cultivars having a same origin, like ‘BL26” and ‘BL-

58, ‘NST-75-75" and ‘“NST-75-76", or ‘Deimos-75-3’, ‘Deimos 75-4’ and ‘Deimos 75-5’

11
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(Figure 3). In some instances, the majority of individuals from cultivars of different
origins, like ‘Black Domina x Black Domina’ and ‘Kali Mist x Kali Mist’, or ‘Hindu
Kush” and ‘NST-75-78" belonged to the same genetic cluster. Amazingly, in some cases,
cultivars having a same origin clustered in different genetic groups, like ‘Deimos’ on one
hand and ‘Deimos 75-3’, ‘Deimos-75-4’ and ‘Deimos-75-5" on the other or ‘BL-26" and
‘BL-58" on one hand and ‘BL-57" on the other.

The multivariate UPGMA cluster analysis performed with the 22 C. sativa
cultivars showed that the two C. sativa var. sativa cultivars (‘Finola’ and ‘Futura’) cluster
together, being differentiated from the C. sativa var. indica cultivars with a high bootstrap
value (Figure 4). The analysis reveals that some groups of cultivars with similar names,
like ‘BL-26’, ‘BL-57" and ‘BL-58" on one side, ‘Deimos-75-3’, ‘Deimos-75-4’ and
‘Deimos-75-5" on another, or *‘NST-75-757, *‘NST-75-76" and ‘NST-75-75" on another,
cluster together in single branches, generally supported by high bootstrap values. On the
other hand, some cultivars that have similar names, like ‘Deimos’ on one side and the
‘Deimos-75-3’, ‘Deimos-75-4" and ‘Deimos-75-5" group on the other, or ‘Hindu Kust’

and ‘Hindu Kust x Hindu Kust’, are found in separate branches (Figure 4).

4. Discussion

The high values obtained for molecular diversity statistics confirm the wide
genetic diversity of C. sativa (Piluzza et al., 2013; Gao et al., 2014; Sawler et al., 2015)
and the hypervariability of gSSR in Cannabis (Gilmore et al., 2003). In this respect, these
latter authors found a similar number of alleles per locus (15.7 alelles/locus) in a sample

of 93 individual plants from 15 cultivars of C. sativa genotyped with gSSRs (Gilmore et

12
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al., 2003). On the other hand, Gao et al. (2014) using EST-SSRs for the characterization
of 115 cultivars of C. sativa found a much lower number of alleles per locus (2.87). This
confirms that, as in other crops (Eujayl et al., 2001; Mufioz-Falcon et al., 2011), gSSRs
are more informative than EST-SSRs for genetic fingerprinting and diversity studies. The
large number of alleles found per locus is probably caused by the fact that new SSR
alleles can be produced at a high rate (Kalia et al., 2011), and that in the particular case of
gSSRs it is assumed that most of them are neutral and so new allelic variants are not
eliminated by selection. Also, the natural strictly allogamous reproductive system of
Cannabis sativa (Small, 2005) would have contributed to the maintenance of large
number of alleles. In all cases, with our dinucleotide gSSR markers we detected a
maximum of two alleles per locus in individual plants, confirming the diploidy of C.
sativa (van Bakel et al., 2011).

When comparing the two C. sativa var. sativa cultivars with the 20 C. sativa var.
indica, some differences were found in heterozygosity. In this respect, the higher
observed and expected heterozygosity values found in the former were probably caused
by the higher inbreeding in C. sativa var. indica cultivars that reduces diversity through
genetic drift in small populations and increases homozygosis. In the particular case of the
new cultivars obtained by selection within a breeding stock, in general low values of
observed heterozygosity have been observed compared to older prominent cultivars. Also,
the fact that by means of chemical treatments it is possible to reverse sex in genetical
female plants (Green, 2005) makes possible performing selfings of selected C. sativa var.
indica plants. In fact, for some cultivars, a maximum of two alleles are found in the
population, suggesting that these cultivars could come from the selfing of a single

selected founder plant, resulting in a genetic bottleneck. In addition, selfing in C. sativa
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induces inbreeding depression for vigour and plant size (Small, 2015), which may be
detrimental in hemp production (Salentijn et al., 2015), but much less, and even may be
favoured, in marijuana (Green, 2005). In any case, the lower heterozygosity in C. sativa
var. indica with respect to C. sativa var. indica has not been a general phenomenon and
the range in the observed heterozygosity has been very variable, reflecting differences in
the breeding processes. In this respect, in some cultivars the expected heterozygosity is
much higher than the observed one, revealing fixation probably due to inbreeding, while
in others both values are similar. Despite the differences in genetic structure between C.
sativa var. indica and C. sativa var. sativa, the estimate of fixation index (Fst) among
them is very low, while the gene flow (Nm) is high, considerably higher than Nm=0.5,
indicating that gene flow between both botanical varieties is a major determinant of their
genetic structure (Wright, 1951).

The high intra-varietal diversity observed has several implications of interest for
breeding and conservation of germplasm (Salentijn et al., 2015; Weiling et al., 2016). On
one hand this high diversity can be exploited for selection, and in fact many cultivars of
C. sativa var. indica have been produced by selection within variable landraces or
cultivars (Green, 2005). However, it also difficults producing genetically homogeneous
cultivars, which can be needed for cultivars used for the medical industry, in which a high
uniformity is needed (Potter, 2013). In these cases, the use of methods based on
inbreeding that increase uniformity or the use of clonal propagation may be needed
(Green, 2005; Lata et al., 2009). Regarding conservation of germplasm, the large intra-
varietal diversity will require a high number of plants to be used in the multiplication of
accesions to avoid loss of alleles at low frequencies and genetic drift (Weiling et al.,

2016). Finally, the large intra-varietal diversity for gSSRs also suggests that other types of
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markers may be needed to discriminate precisely between hemp and drug types. In this
respect, Rotherham and Harbison (2011) suggested the use of a single single nucleotide
polymorphism (SNP) from the tetrahydrocannabinolic acid synthase gene for
distinguishing both types of Cannabis plants.

The partition of molecular variation reveals that only around one third of the
molecular variation is attributable to differences among C. sativa var. indica cultivars.
Gilmore et al. (2003) in a study of six cultivars of C. sativa var. sativa and five of C.
sativa var. indica found similar results. However, this study contained mostly individuals
of C. sativa var. sativa and therefore these results mostly represent C. sativa var. sativa
intra-varietal variation. Datwyler and Weiblen (2006), using dominant amplified fragment
length polymorphism (AFLP) markers in four C. sativa var. indica cultivars found that
inter-individual variation accounted for 51.9% of the molecular variance. Anyway, due to
the different nature of markers used (AFLPs) and low number of variaties used, the
results may not be comparable to ours. Piluzza et al. (2013) also performed an AMOVA
with AFLP data of 19 cultivars of Cannabis using two bulks of ten plants per cultivar,
which obviously reduces the estimate of intra-accession diversity. Even under these
conditions the intra-varietal component of variation was of 26%. All these results indicate
that much of the molecular variation observed in C. sativa is attributable to differences
within cultivars. This has important consequences for studies of relationships among C.
sativa materials based on a single plant per cultivar, as depending on the plant used the
results and interpretations may be very variable. Our study also reveals that a large
proportion of the molecular variation observed is within-individual variation due to

heterozygosis.
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In our case, in which several plants per cultivar were used, the genetic structure
analysis reveals a large number of genetic clusters (14) compared to other allogamous
crops (Vigouroux et al., 2008; Richards et al., 2009; Hu et al., 2015), although most of the
individuals of a single cultivar generally belong to the same genetic cluster. Nonetheless,
the genetic structure analysis also shows that some cultivars present a high degree of
genetic admixture, with individuals belonging to different genetic clusters, suggesting
genetic flow and that these cultivars may not be stable from a genetic point of view. The
genetic structure and UPGMA cluster analyses confirm the genetic differentiation of C.
sativa var. sativa from C. sativa var. indica (Sawler et al., 2015). Both analysis also show
that some cultivars with similar names cluster together, suggesting a common origin.
These results confirm the utility of gSSRs for establishing relations among C. sativa
cultivars, at least when several plants per cultivar are included in the study.

In conclusion, our study reveals that gSSRs are highly informative for studying
the genetic structure, diversity and relationships in C. sativa var. indica. Despite evidence
of inbreeding and genetic bottlenecks in some C. sativa var. indica cultivars, a large
variation exists within these materials, which has important implications for selection,

breeding and germplasm management, as well as for forensic applications.
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Table 1

Cultivars of C. sativa var. indica and C. sativa var. sativa used for genotyping with SSR markers, including the number of plants

genotyped, origin and sexual type.

Cultivar Origin Sexual type
C. sativa var. indica
‘BL-26’ New cultivar derived by selection from the BL breeding stock Female
‘BL-57’ New cultivar derived by selection from the BL breeding stock Female
‘BL-58’ New cultivar derived by selection from the BL breeding stock Female
‘Black Domina x Black Domina’ New cultivar derived by intercrossing of selected individuals of cultivar Female
‘Black Domina’
‘Critical’ Prominent cultivar of unknown pedigree Female
‘Deimos’ Cultivar of unknown pedigree Female
‘Deimos-75-3’ New cultivar derived by selection from cultivar ‘Deimos’ Female
‘Deimos-75-4’ New cultivar derived by selection from cultivar ‘Deimos’ Female
‘Deimos-75-5’ New cultivar derived by selection from cultivar ‘Deimos’ Female
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Gitane

‘Hindu Kush’

‘Hindu Kush x Hindu Kush’

‘Kali Mist x Kali Mist’

‘Northern Lights x Northern Lights’

‘NST-75-75’
‘NST-75-76’
‘NST-75-78’
‘Purple’

‘Somango x Somango’

Cultivar derived from intercrossing of cultivars ‘Super Silver Haze’ and
‘Critical Chiva’

Prominent cultivar of unknown pedigree

New cultivar derived by intercrossing of selected individuals of cultivar
‘Hindu Kush’

New cultivar derived by intercrossing of selected individuals of cultivar
‘Kali Mist’

New cultivar derived by intercrossing of selected individuals of cultivar
‘Northern Lights’

New cultivar derived by selection from the NST breeding stock

New cultivar derived by selection from the NST breeding stock

New cultivar derived by selection from the NST breeding stock
Prominent cultivar of unknown pedigree

New cultivar derived by intercrossing of selected individuals of cultivar

‘Somango’

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female
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“White Widow x White Widow’

C. sativa var. sativa
Finola

Futura

New cultivar derived by intercrossing of selected individuals of cultivar

“‘White Widow’

Cultivar developed by Finola ky (Finland)

Cultivar developed by FNPC (France)

Female

Dioecious

Monoecious

478
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479  Table 2
480  Characteristics of the six genomic SSR (gSSR) markers used for molecular characterization of C. sativa materials. These SSR markers

481  were obtained from the genome sequence of C. sativa var. sativa ‘Purple Kush’ (van Bakel et al., 2011).

SSR marker Genomic scaffold  Repeat motif Size (bp) Primer sequence (5°-37) Annealing temperature (°C)

CSGO01 309 (AT)ss 350 F- ACAACCAACCTGGAATCTGC 59.5
R- TCAATCTGTGTGCTGTGTGC

CSG05 5874 (AC)so 307 F- GCCCATAAGGGGGTTTGTAT 60
R- CTCACCTCGTCCTTTGATCC

CSG12 160138 (AG)a7 144 F-TCCAACACCTTGATGCTCTG 59
R-GGGCATAAAACCTAACATGAGA

CSG13 17433 (AG)s1 189 F-TGGTTTCTACTCCCTCTTACTCG 59.5
R-TTCAAGCTCCAAATCAAGCA

CSG18 829 (AT)72 236 F-CCGGTGGTTGTGGAGATGAT 59
R-GATCAGAGTAGAGAGAGGCGA

CSG24 4142 (AG)ss3 343 F-CAGGGAAGCAATTGGAAAAA 60

R-GATGAGGAGAAAAGGGCACA

482
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Table 3

Diversity statistics for the six genomic SSR (gSSR) markers studied in a collection of 22 C. sativa accessions.

gSSR locus Number of  Number of  Allele size  Major allele Expected Observed Fixation index Polymorphic
alleles genotypes range frequency  heterozygosity heterozygosity (Fis) information
(He) (Ho) content (PIC)
CSGO01 9 12 218-231 0.332 0.770 0.049 0.936 0.735
CSGO05 25 32 198-375 0.243 0.867 0.296 0.659 0.854
CSG12 30 41 144-340 0.149 0.919 0.304 0.669 0.914
CSG13 10 16 114-147 0.625 0.573 0.429 0.251 0.544
CSG18 8 13 198-215 0.593 0.567 0.304 0.464 0.509
CSG24 20 29 318-340 0.286 0.823 0.379 0.539 0.804
Mean 17.0 23.8 - 0.371 0.753 0.293 0.587 0.727
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Table 4

Molecular analysis of variance (AMOVA) among cultivars, among individuals and within

individuals for the 22 C. sativa cultivars evaluated (20 C. sativa var. indica plus 2 C.

sativa var. sativa), and for the subset of 20 C. sativa var. indica cultivars. Results are

based on six genomic SSR (gSSR) markers.

Source of variation d.f. S.S. M.S. Variance Percentage of
components variation
C. sativa (n=22)

Total 307 729.41 2.412

Among cultivars 21 279.54 13.312 0.770 31.94
Among individuals 132 334.87 2.537 0.895 37.11
Within individuals 154 115.00 0.747 0.747 30.96

C. sativa var. indica (n=20)

Total 281 653.06 2.365

Among cultivars 19 257.12 13.53 0.788 33.34
Among individuals 121 293.94 2.429 0.853 36.07
Within individuals 141 102.00 0.723 0.723 30.59
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Fig. 1. Observed (Ho; black bars) and expected (He, white bars) heterozygosity based on

genomic SSR (gSSR) markers for each of the C. sativa cultivars evaluated. Cultivars are

ordered according to increasing values for the Ho value.
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Fig. 2. Maximum number of alleles found in a single genomic SSR (gSSR) locus among

the six gSSR loci scored for each of the C. sativa cultivars evaluated. Cultivars are

ordered according to increasing values of number of alleles.

29



505
506

507

508

509

510

511

C. sativa var. indica
BL-26 BL-57 BL-58 Black Domina x Black Domina Critical

Deimos Deimos-75-3 Deimos-75-4 Deimos-75-5 Gitane

Hindu Kush Hindu Kush x Hindu Kush Kali Mist x Kali Mist Northern Lights x Northern Lights NST-75-75
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Finola Futura

Fig. 3. Estimated population structure for 154 individual plants of 20 Cannabis sativa var.
indica and two C. sativa var. sativa cultivars based on a number of clusters (K) of K=14.
Each individual plant is represented by a vertical bar, which is partitioned into coloured
segments that provide an estimate of the membership fraction in each of the 14 genetic

clusters.
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Fig. 4. Unrooted neighbor-joining phenogram of 22 C. sativa cultivars based on six
polymorphic genomic SSR (gSSR) markers. Phenetic relationships among cultivars were
derived from Nei et al. (1983) genetic distances. Bootstrap values (based on 1,000
replications; expressed in percentage) greater than 50% are indicated at the corresponding
nodes. Cannabis sativa var. indica cultivars are represented in normal font, while C.

sativa var. sativa in italics and underlined.
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