Chapter 18
Classical and Molecular Cytogenetics
of Cannabis Sativa L.
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Abstract Hemp (2n = 20) is an economically important crop and good model
species for plant sex studying. It has the XX/XY system of sex chromosomes in
which Y is longer then X. Cytogenetic studies of hemp were evidently started in the
early 20th century and are continuing today. The most modern karyotype of hemp
is described by formula 8 m + 1sm (SAT) + Xm/Ym for male and 8 m + 1sm
(SAT) + Xm for female plants. The number of widely used cytogenetic markers
(for example 5S rDNA and 45S rDNA) and species specific probes were mapped to
mitotic and meiotic hemp chromosomes. The history of formation of knowledge
about hemp karyotype and modern results of cytogenetic studies are discoursed in
detail in this chapter.

18.1 Introduction

Hemp (Cannabis sativa L.) is an economically important crop and one of the
earliest known cultivated plants (van der Werf et al. 1996; Struik et al. 2000; Truta
et al. 2007; Shahzad 2012). Hemp has dioecious nature, though monoecious cul-
tivars have been developed. Hemp has a diploid genome (2n = 20) with a kary-
otype composed of nine autosomes and a pair of sex chromosomes (X and Y)
(Sakamoto et al. 1998; Divashuk et al. 2014).

Although the cytogenetic studies of hemp chromosomes started relatively early,
from the cytogenetic point of view Cannabis sativa is relatively poorly studied in
comparison with other economically important species. This is because of the small
size of the chromosomes and inability of their identification based on morphology,
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the lack of heterochromatin banding (C-banding) and the limitation of the methods
available to cytologists early to mid last century. The downturn of research interest
to Cannabis also may have contributed by the restrictions on the hemp planting set
in 50-60 years of XX century in a number of countries. In the second half of the
XX century cytogenetic studies of Cannabis were not almost carried out, started
again only at the end of 1990s. After the introduction of Non-Psychoactive Hemp
varieties the interest to its cultivation as an alternative crop increased, as well as to
the molecular genetic and cytogenetic studies.

C. sativa has a relatively small genome size (0.84-0.91 pg) (KubeSova et al.
2010). The estimated haploid genome size is 818 Mb for female plants and 843 Mb
for males (Sakamoto et al. 1998). Hemp have a chromosome set of 2n = 20 with
XX/XY chromosome system. The chromosomes are small, their size varies from
2.6 to 3.8 pm, and they can not all be distinguished by their length and centromere
position (Fig. 18.1).

The main progress was made when draft genome was published (Van Bakel
et al. 2011). This promoted the hemp karyotype analyses with molecular cytoge-
netic approaches. By now a modern karyotype has been developed (Divashuk et al.
2014). The chromosomes X and Y and 5 of 9 autosomes of haploid chromosomes
set can be clearly identified by the application of molecular cytogenetic markers by
FISH. Using modern molecular cytogenetic analysis the chromosomal constitution
of monoecious cultivars has been studied (Razumova et al. 2016). However, there
are still no physical and genetic maps, the karyotype needs more detailed analyses
including the development of modern pachytene chromosome map. In addition, the
exact role of the sex chromosomes in sex determination has still not been estab-
lished. Cytogenetics is becoming an important complement that has bridged the gap
between genetics and genomes studies.

In this chapter we examine the achievements that have been obtained using
classical and molecular cytogenetics to analyze and exploit the Cannabis sativa
genome.

(a) (b)

Fig. 18.1 Chromosomes of C. sativa: male metaphase (a) and female metaphase (b). The
chromosome Y indicated by arrow
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18.2 Classical Cytogenetic Study of Hemp Chromosomes

Cytogenetic studies of hemp were evidently started in the 1920s and it is difficult to
tell who first described the hemp chromosomes. Yosito Sinot6 in his review “On the
Chromosome Number and the Unequal Pair of Chromosomes in Some Dioecious
Plants” (1928) reported about research by Strasburger, Hirata, MacPhee and other
scientists who had established that haploid set of hemp is equal to 10 (Sinotd 1928).
In 1926, Breslavets (1926) described the polyploid cells (2n = 40) in hemp roots
that had arisen by endomitosis. Tetraploid plants were obtained by a number of
researchers (Breslavets 1932; Lindstrom 1939; Warmke and Blakeslee 1939;
Nishiyama 1940), who noted fertility and vitality of these plants, the normal process
of meiosis, with infrequent abnormalities in meiosis where formation of tetravalents
and sexual bivalents XX, YY instead of the normal XY was found. All researchers
described the hemp chromosomes as metacentric and had small size that did not
allow its identification.

About the same time, with the establishment of the haploid number of chro-
mosomes, studies on the mechanism of sex determination in hemp were started.
McPhee (1924) gave a detailed description of the hemp meiosis stages, but mor-
phologically could not identify the sex chromosomes, as well as Strasburger twenty
years earlier (from McPhee 1924, Strasburger 1900).

At metaphase I of meiosis a pair of heteromorphic sex chromosomes were
described by Sinotd (1928). Schaffner in the studies on sex determination in
Cannabis on various environmental conditions (Schaffner 1919, 1921, 1923)
insisted on epigamic mechanism of sex determination and directly denies the role of
sex chromosomes: «The mere fact that sex determination and segregation usually
do not at all coincide with fertilization of reduction in the higher plants and also not
in most lower forms, and that such coincidence is confined to a comparatively few
out of many types of sexual cycles, made it plain that those botanists who were
seeking an explanation of sex determination and sex segregation in a Mendelian
formula of homozygous and heterozygous chromosome or factor constitutions were
not only following a delusion, but attempting to establish an hypothesis of sexuality
that would result in nothing except a contradiction of the most evident phenomena»
(Schaffner 1923, p. 225). However, Hirata (1927) did not agree with him and
reported about the XY-mechanism of determination of sex in hemp. In his study, he
found a pair of unequal chromosomes in the meiotic preparations of one of the two
studied cultivars. Breslavets (1932) identified heteromorphic sex chromosomes:
large chromosome was referred to as X and small chromosome as Y. Referring to
the discrepancy between the results obtained in different studies, some authors
suggested that Hemp varieties can differ in the presence or absence of the sex
chromosomes in the karyotype (Hoffmann 1938). Elizabeth L. Mackay (1939)
refuted these data and reported that XY chromosomes appeared to be present in all
male plants, and the Y-chromosome is still regarded as the smallest chromosome in
the karyotype. Yamada in (1943) also reported about the unequal pair of chro-
mosomes (Yamada 1943). Lindsay, in his review of the sex chromosomes in plants,
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discussed sex determination mechanism in Cannabis. He believed that, despite the
appropriateness of using the term “sex chromosomes”, they are not the chromo-
somes that directly affect the formation of sex, but only chromosomes that carry
some of the factors that can contribute to the formation of male and female flowers
under the influence of certain environmental conditions (Lindsay 1930).

The role of Y chromosome is not clear, considering the experiments on poly-
ploid plants (Warmke and Davidson 1944), in which phenotypically female plants
were shown to have XXY and XXXY genotypes. In addition, in hemp spontaneous
monoecious forms of plants occur. Although monoecious forms are rare and are
more likely to be an exception, it was shown that the transformation of one form to
another is achieved by the influence of various kinds of biologically active sub-
stances, as well as some chemical compounds (e.g., carbon monoxide II — CO). By
now, breeders have developed the monoecious hemp varieties, but monoecity is not
stable due to contamination by cross hybridization with monoecious plants, and all
such varieties have a tendency to return to dioecy.

Hoffman (1952) suggested that plants of either sex may have karyotype XX, XY,
and even YY. Therefore, a plant with a male habit and female flowers may have the
XX sex chromosomes. Like the Westergaard (1958), Hoffman thought that the Y
chromosome is less active than X. However, while Westergaard supported the
balance theory of sex determination in hemp, Hoffman suggested multifactor
hereditary mechanisms. Based on a series of crosses between monoecious and
dioecious hemp plants Dierks and von Sengbusch assumed the mortality of the YY
genotype (Dierks and von Sengbusch 1967).

First karyotype and pachytene map was developed only in 1964 by Menzel (1964)
This study was done on the monoecious hemp varietie ‘Kentucky’ and several
dioecious plants of unknown origin. The author failed to identify the sex bivalent at the
pachytene stage, although it was well visualized at the diakinesis stage. At the same
time, all the dioecious male habit plants with the male flowers had the XY genotype,
while female and monoecious—XX, regardless of what kind of flowers they carried.

At the end of 20-th century attempts to develop the hemp karyotype were
undertaken by several research groups and the most significant results were
obtained by Sakamoto et al. (1998) and Srivastava et al. (1999). Sakamoto et al.
(1998) developed a karyotype where the Y chromosome is described as the longest
chromosome with heterochromatic arm that is intensively stained by Giemsa and
shows bright fluorescence when stained with DAPI. The authors also suggested that
the Y chromosome carries satellite that was not confirmed by later research
(Srivastava et al. 1999; Divashuk et al. 2014). Srivastava et al. (1999) analyzed
metaphase chromosomes of Cannabis sativa L. var. indica (Lam.) and suggested
the presence of satellites on one pair of autosomes only (chromosome 3). In this
paper, it was also noted that the sex chromosomes are submetacentric, with Y
longer than X, and autosomes (with exception for submetacentric chromosome 1)
are metacentric and difficult to distinguish from each other. It seems that all the
contradictions relating to the sex chromosomes of Cannabis sativa can be attributed
to a small and very similar size of the chromosomes in its karyotype, and the lack of
classical cytogenetic markers for its identification.
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18.3 Molecular Cytogenetics in Hemp

The development of fluorescent in situ hybridization (FISH) techniques has made a
huge contribution to karyotyping and analyzing genome organization in many plant
and animal species (De Jong et al. 1999; Figueroa and Bass 2010; Iovene et al.
2011). Molecular cytogenetic maps of cultivated plants have great practical and
research value. Fluorescent in situ hybridization techniques have been used mainly
for mapping repetitive DNA sequences, multicopy gene families and, recently, for
mapping of low or single-copy sequences (Heslop-Harrison and Schwarzacher
2011; Kirov et al. 2014). FISH offer new opportunity not only for reliable chro-
mosome identification, structural and functional chromosome analyses, but also for
evaluation physical genome distances and the integration of genetic and physical
maps (Kirov et al. 2015).

The application of FISH analyses to the study of the hemp chromosomes yielded
new data on the features of its karyotype. Firstly, FISH on hemp was used by
Sakamoto et al. (2000) and Sakamoto et al. (2005). The male associated DNA
sequences (MADCI1, MADC3, MADC4) were used as probes in FISH experiments.
It was demonstrated that MADC3 and MADC4 probes show more intense
fluorescence signal on chromosome Y. Furthermore, a signal of the MADC4 probe
with similar intensity was detected on one pair of autosomes, so that, according to
the authors, it can be used as a cytogenetic marker for this pair. On the remaining
chromosomes the MADC3 and MADC4 probes showed equally dispersed signals
typical for retroelements. In contrast to the previous two probes, the MADCI1 probe
showed signal in the terminal part of the long arm of chromosome Y only. Because
the MADC1 sequence was classified as the LINE-like retroelements, the data on its
FISH mapping give reason to assume that the formation of the Y chromosome was
accompanied by the accumulation of this sub-type of retroelements. However, it
should be noted that the low frequency of MADCI signals (probably due to the
small size of the locus) does not make it possible to use it as a reliable cytogenetic
marker. Several male associated DNA sequences (SCARopa08, C11Komp,
C11Seq, AAT_330Komp, 330_GW) were used in other FISH experiments (Riedel
2005). In these experiments, the C11Komp and 330_GW probes showed uniform
distribution of the signals on all chromosomes, while SCARopa08 and
AAT_330Komp probes showed more intense signals on one chromosome (prob-
ably, on Y). The S11Seq probe was localized on one chromosome pair.
Furthermore, Riedel in this study localized 5S rDNA and 45S rDNA to different
chromosomes pairs. Unfortunately, in this study neither karyotyping nor chromo-
some identification was carried out.

The first modern hemp karyotype was developed by Divashuk et al. (2014) using
FISH with a number of DNA probes as cytogenetic markers. The karyotype for-
mula is 2n =20 with 8 m + Ism (SAT) + Xm/Ym for male and 8 m + Ism
(SAT) + Xm for female plants. The 5S rDNA signal was localized to a single
chromosome pair (the middle part of the short arm of chromosome 8). The 45S
rDNA signal was detected on the other chromosome pair (the terminal part of the
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short arm of submetacentric chromosome 9). Besides, the subtelomeric repeat CS-1
has also been localized. This repeat we isolated using genome sequence data
(Van Bakel et al. 2011). The CS-1 signals were localized to both arms of chro-
mosomes 1, 2,3, 5, 6,7, 8, and X. In chromosomes 4 and chromosome Y the CS-1
signal was observed only on the short arm, and in chromosome 9 on long arm. As in
the earlier studies (Sakamoto et al. 2005; Sakamoto et al. 1998; Sakamoto et al.
2000), it was detected that the Y chromosome is highly heterochromatic and
intensely stained by DAPIL In contrast to Sakamoto et al. 2000 opinion, it was
proved that the Y chromosome does not carry satellite. Furthermore, Divashuk et al.
(2014) statistically confirmed the statement of Srivastava et al. (1999) regarding that
the Y chromosome is longer than X and at the same time disproved that metacentric
chromosome 3 carries satellite, claiming that it is submetacentric chromosome 9,
instead. The application of the CS-1 probe in FISH experiments with meiotic
chromosomes at metaphase I stage enabled Divashuk et al. (2014) to show the
orientation of the X and Y chromosomes in the sex bivalent and location of
pseudoautosomic region (PAR) (Fig. 18.2). It was found that the PAR is located on
non heterochromatic part of short arm of chromosome Y and colocalized with
CS-1. Recently the disposition of PAR was confirmed using the self-GISH method
(Razumova et al. in preparation).

The CS-1 probe was used in FISH study of the sex chromosome status of
monoecious and dioecious hemp cultivars (Razumova et al. 2016). It was conclu-
sively proved the absence of the Y chromosome in the studied karyotypes of
monoecious cultivars ‘Gentus’, ‘Diana’, ‘Ingreda’, ‘Margo’, ‘Tzivilsky
Skorospeliy’ and ‘Rigs’ (Chuvashian Research Institute of Agriculture, Tsivilsk,
Russia) and ‘Maria’, ‘Kubanka’ (P.P. Lukyanenko Krasnodar Research Institute of
Agriculture, Krasnodar, Russia). The high level of inter- and intracultivar karyotype
variations was shown. In dioecious and monoecious cultivars, 10 cytotypes were
identified differing by the presence of the Y chromosome and the distribution of
CS-1 signals on chromosomes 2 and 9.

The data of hemp genome sequencing project (Van Bakel et al. 2011) can be
used to develop more chromosome specific molecular cytogenetic markers. We
isolated several sequences that are suitable for cytogenetic analyses. For example,
the CS-154 tandem repeat shows chromosome specific location (Fig. 18.3a). The
single copy DNA sequences such as genes can be also physically mapped on hemp
chromosomes. We used single copy fraction of scaffold 20878_8 to map it on hemp
chromosomes. This sequence showed clear signal on a single pair of homologous
chromosomes (Fig. 18.3b). The resolution of physical mapping of single copy
sequences on mitotic chromosomes is limited due to their high compactization. It is
difficult to establish the order of sequences arrangement on chromosome which are
located adjacent to each other.

At pachytene stage in prophase I the meiotic chromosomes as much as 15 times
less condensed than mitotic metaphase chromosomes (De Jong et al. 1999; Zhong
et al. 1996). Often in species with small chromosomes only the use of pachytene
chromosomes make it possible to physically associate genetic linkage groups with
particular chromosomes (Zhang et al. 2010). This make pachytene chromosomes
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Fig. 18.2 Idiogram of the C.
sativa XY chromosomes. The
pseudoautosomal region PAR
(PAR) is indicated by bracket
X Y

. Subtelomeric repeat CS-1

- DAPI-positive chromatin

attractive for molecular cytogenetic analysis of plant genomes organization. In
many plants as well as in hemp, the pachytene chromosomes are characterized by
well-defined structure and can be accurately identified based on their morphology.
For Cannabis sativa pachytene chromosome map was created by Menzel (1964). In
our studies, we use hemp pachytene chromosomes for FISH mapping of different
DNA sequences. The DAPI (4°,6-diamidino-2-phenylindole) stained chromosomes
can be identified (Fig. 18.4a). The satellite chromosome 9 can be identified not only
by the fluorescent signal of 45S rDNA, but also by a pronounced DAPI positive
area near satellite (Fig. 18.4a). The FISH results of 5S rDNA hybridization to
pachytene chromosomes is shown in Fig. 18.4b. The signal is localized to chro-
mosome 8.
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(b)

Fig. 18.3 Chromosomes of C. sativa with the FISH signals (green) of CS-154 tandem repeat
(a) and of single copy fraction of scaffold 20878_8 (b)

(b)

Fig. 18.4 The meiotic pachytene chromosomes of C. sativa. (a) The satellite chromosome 9
indicated by arrow. (b) 5S rDNA hybridization to pachytene chromosomes. The chromosome 8
with 5S rDNA FISH signal (red) indicated by arrow

In general, it can be noted that pachytene chromosomes of hemp differ mor-
phologically by well distinguishable heterochromatin and using DAPI-staining in
conjunction with cytogenetic markers make it possible to develop a modern
pachytene map, which, in its turn, opens up opportunities for the physical mapping
of genes.
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18.4 Conclusion

In this chapter, an attempt has been made to provide an overview of the role of
classical and molecular cytogenetics in genome characterization of Cannabis sativa
L. By the FISH technology we demonstrated that different types of DNA such as
repetitive sequences and low- and single copy genes can be mapped on hemp
chromosomes. Also, hemp is the promising object to study sex chromosome
organization and evolution. It is therefore of interest to find out whether the C.
sativa X and Y are homologous to X and/or Y of the related species (Humulus
lupulus and Humulus japonicus) and it is a task for the future research. Our results
of FISH experiments on hemp open new window to assist its full genome assembly.
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