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Abstract: Male-associated DNA sequences were analyzed in Cannabis sativa L. (hemp), a dioecious plant with
heteromorphic sex chromosomes. DNA was isolated from male and female plants and subjected to random amplified
polymorphic DNA analysis. Of 120 primers, 17 yielded 400 to 1500-bp fragments detectable in male, but not female,
plants. These fragments were cloned and used as probes in gel-blot analysis of genomic DNA. When male and female
DNA was hybridized with 2 of these male-specific fragments, MADC(male-associated DNA sequences in C. sativa)3
and MADC4, particularly intense bands specific to male plants were detected in addition to bands common to both
sexes. The MADC3 and MADC4 sequences were shown to encode gag/pol polyproteins of copia-like retrotransposons.
Fluorescence in situ hybridization with MADC3 and MADC4 as probes revealed a number of intense signals on the Y
chromosome as well as dispersed signals on all chromosomes. The gel-blot analysis and fluorescence in situ hybridiza-
tion results presented here support the hypothesis that accumulation of retrotransposable elements on the Y chromo-
some might be 1 cause of heteromorphism of sex chromosomes.
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Résumé : Des séquences d’ADN associées au sexe mâle ont été analysées chez le Cannabis sativa L. (chanvre), une
plante dioïque avec des chromosomes sexuels hétéromorphes. L’ADN a été extrait de plantes mâles ou femelles et as-
sujetti à une analyse RAPD (ADN polymorphe amplifié au hasard). Des 120 amorces employées, 17 ont produit des
amplicons de 400 à 1500 pb présents chez les mâles mais absents chez les femelles. Ces amplicons ont été clonés et
employés comme sondes lors d’hybridations Southern. Lorsque l’ADN mâle ou femelle a été hybridé à 2 de ces sondes
mâle-spécifiques, MADC(« male-associated DNA sequences in C. sativa »)3 et MADC4, des bandes particulièrement
intenses et mâle-spécifiques ont été détectées en plus de bandes communes aux 2 sexes. Les séquences MADC3 et
MADC4 codent pour des polyprotéines gag/pol de rétrotransposons de type copia. Des hybridations in situ en fluores-
cence avec MADC3 et MADC4 ont révélé plusieurs signaux intenses sur le chromosome Y de même que des signaux
dispersés sur tous les chromosomes. Les résultats de l’analyse Southern et de l’hybridation in situ supportent
l’hypothèse voulant que l’accumulation de rétrotransposons sur le chromosome Y serait une cause de
l’hétéromorphisme des chromosomes sexuels.

Mots clés : Cannabis sativa, FISH, RAPD, rétrotransposon, chromosomes sexuels.

[Traduit par la Rédaction] Sakamoto et al. 936

Introduction

The majority of animal species are dioecious with sepa-
rate male and female individuals, whereas the majority of

flowering plant species are hermaphroditic with bisexual
flowers. Nevertheless, approximately 6% of flowering plants
are dioecious (Renner and Ricklefs 1995). Dioecious plants
are thought to be the most evolved members of the plant
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kingdom in terms of sex differentiation, and heteromorphic
sex chromosomes have been reported in a number of species
such as Silene latifolia (Melandrium album), Cannabis
sativa L. (hemp), Humulus lupulus L. (hop), and Rumex
acetosa L. (sorrel) (Chattopadhyay and Sharma 1991).

The majority of known dioecious plants have a XX/XY
chromosome arrangement similar to that in mammals, in
which the structure and function of sex chromosomes have
been well characterized. However, in contrast with mam-
mals, the Y chromosome in Silene, Rumex, and Cannabis is
much larger than the X chromosome. The mammalian Y
chromosome has been shown to include male-determining
genes such as Sry and male organ-forming genes (Sinclair et
al. 1990; Reijo et al. 1995). In plants, however, the structure
and origin of sex chromosomes as well as their role in sex
determination are poorly understood, despite the number of
studies involved with the roles of sex chromosomes in sex de-
termination in haploid, diploid, and triploid plants (Warmke
and Davidson 1944; Nishiyama et al. 1947).

The relationship between polyploidy and sex expression
in flowers has been studied using mutants of Silene, a model
plant used to study sex determination, and as a result, the
male-determining region of the Y chromosome has been
identified (Westergaard 1946, 1948; Grant et al. 1994). In
C. sativa, another well-studied dioecious plant containing
XX (female) and XY (male) genotypes, the X and Y chro-
mosomes are known to carry female- and male-determining
genes, respectively, whereas the autosomes are not involved
in sex determination (Warmke and Davidson 1944). As men-
tioned earlier, the Y chromosome in C. sativa is much larger
than both the X chromosome and autosomes (Yamada 1943;
Sakamoto et al. 1998).

Random amplified polymorphic DNA (RAPD) is widely
used in genetic mapping, detection of phenotypic variation,
and evolutionary studies. It is also very useful in studies of
sexual differentiation and identification of dioecious plants.
Using this approach, researchers have identified molecular
markers of female and male plants in various species such as
Silene (Mulcahy et al. 1992; Zhang et al. 1998; Nakao et al.
2002), Humulus lupulus L. (Polly et al. 1997), Pistacia vera L.
(Hormaza et al. 1994), and Actinidia chinensis (Harvey et al.
1997). Six male-specific RAPD markers, MADC(male-
associated DNA sequences in C. sativa)1 to MADC6, have
also been identified in C. sativa (Sakamoto et al. 1995;
Mandolino et al. 1999; Torjek et al. 2002). In the present
study, we characterize 2 of these RAPD markers, MADC3
and MADC4, and discuss the relationship between their se-
quences and the structure of the Y chromosome in C. sativa.

Materials and methods

Plant material
Seeds of C. sativa L. var. sativa (CBDA) obtained from

random crossbreeding between males and females of various
CBDA strains were used for plant cultivation. Plants were
grown at 25 °C with a daily light-dark cycle of 16 h light
and 8 h dark until they reached 50–100 cm in height, at
which point they were exposed to 8 h light and 16 h dark to
induce flowering. Plants were propagated vegetatively from

cuttings. Five male and 5 female plants were used in this ex-
periment.

Isolation of genomic DNA and RAPD analysis
Genomic DNA was isolated from young leaves of the in-

bred C. sativa plants using a Nucleon Phyto Pure Plant DNA
Extraction Kit (Amersham Bioscience, Piscataway, New
Jersy, USA). The reaction mixture (5 µL) for polymerase
chain reaction (PCR) contained 5 ng of DNA in 1 µL of
Tris–EDTA buffer, 0.4 µL of 1 mol Tris–HCl/L (pH 9.0),
0.2 µL of 0.5 mol (NH4) 2SO4/L, 0.2 µL of 2.5 mmol
dATP/L, 0.2 µL of 2.5 mmol dCTP/L, 0.2 µL of 2.5 mmol
dGTP/L, 0.2 µL of 2.5 mmol dTTP/L, 1 µL of 17.5 mmol
MgCl2/L, 0.2 µL of a 10 µmol primer solution /L, 1 µL of
distilled water, and 0.2 µL of TaKaRa Ex Taq™ DNA Poly-
merase (5 U/µL; Takara Shuzo, Ootsu, Japan). After incuba-
tion at 92 °C for 3 min, 45 cycles of PCR were performed at
95 °C for 30 s, 34 °C for 15 s, 74 °C for 1 min, and a final
incubation was performed at 72 °C for 8 min. Primers in-
cluded 120 arbitrary oligonucleotides from Operon 10-mer
primer kits A to F (Operon Technologies, Alameda, Califor-
nia, USA). PCR products were separated by 1.2% agarose
gel electrophoresis and visualized after ethidium bromide
staining.

Cloning and sequencing
Male-specific bands were cloned into a pCR II vector

(Invitrogen, San Diego, California, USA). Then, nucleotide
sequences were determined using the dye deoxy chain-
termination method with a BigDye™ Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin-Elmer, New Jersey,
USA) and DNA sequencer (model ABI PRISM 377 or 310;
Perkin-Elmer). The Advanced BLAST search (BLAST ver-
sion 2.2.6) of the National Center for Biotechnology Infor-
mation (NCBI) was used to perform homology searches.

Gel-blot analysis of genomic DNA
Quantities of DNA (10 µg) isolated from young leaves of

individual male and female plants were separately digested
with restriction endonucleases (EcoRI, BamHI, and HindIII).
The digests were fractionated onto a 1.0% (w/v) agarose gel
and transferred onto a GeneScreen Plus membrane (Du Pont,
Boston, Massachusetts, USA) and then hybridized with
MADC3 and MADC4 labeled with (α-32P) dCTP using a
Ready-To-Go™ DNA Labeling Beads (-dCTP) kit (Amersham
Biosciences, Amersham, UK) as probes. Membranes were
exposed to Hyperfilm™ MP film (Amersham Biosciences,
Amersham, UK).

Preparation of chromosomes
Root tips approximately 5 mm in length were excised and

incubated in distilled water at 11 °C for 12–14 h and then
fixed in a mixture of ethanol and acetic acid (1:1 v/v). Sam-
ples for examination of chromosomes were prepared accord-
ing to the enzymatic maceration/air-drying method (Ohmido
and Fukui 1996, 1997). Briefly, root tips were macerated in
a cocktail of enzymes (2% Cellulase Onozuka RS (Yakult
Farma, Tokyo, Japan), 1.5% Pectolyase Y-23 (Seishin
Farma, Tokyo, Japan), 0.3% Macerozyme R200 (Yakult
Farma), and 0.5 mmol EDTA/L, pH 4.2) at 37 °C for 30–
40 min and then spread on glass slides and air-dried.
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Fluorescence in situ hybridization (FISH)
FISH was performed as described by Sakamoto et al.

(2000) and Ohmido et al. (1998, 2000). MADC3 and
MADC4 were labeled with biotin-16-dUTP by PCR. Then, a
hybridization mixture containing 5 ng/µL biotin-labeled probes,
50% formamide, 2× SSC, and 500 ng/µL sheared salmon
sperm DNA was prepared. After overnight hybridization,
the chromosome spreads were washed twice in 2× SSC
(0.15 mol NaCl/L plus 0.015 mol sodium citrate/L), twice in
50% formamide/2× SSC, twice in 2× SSC at 42 °C, twice in
2× SSC at room temperature and were equilibrated in 4 ×
SSCT (4 × SSC with 0.2% Tween 20). Probes were detected
by labeling with fluorescein-conjugated avidin DCS (Vector
Laboratories, Burlingame, California, USA) followed by
biotinylated antibodies against avidin D (Vector Labora-
tories) in l% nonfat milk in 4× SSCT. Blocking was per-
formed with blocking solution (5% nonfat milk or 5% goat
serum) at 37 °C for 60 min and then with fluorescein-
conjugated avidin DCS (Vector Laboratories). Slides were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI)
dihydrochloride in Vectashield® mounting medium (Vector
Laboratories) before analysis. Green fluorescein isothio-
cyanate fluorescent signals and the blue fluorescence of the
chromosome counterstain were detected using a fluores-
cence microscope equipped with appropriate filters. The 2
images were captured separately with a cooled CCD camera
(PXLl400, Photometrics, Tucson, Arizona, USA) and merged
into single images with IP-Lab (Photometrics, Tucson, Ari-
zona, USA) and Photoshop® imaging software (Adobe Sys-
tems, San Jose, California, USA).

Results

Comparison of male and female DNA using RAPD
analysis

Of 120 primers, 17 yielded 400 to 1500-bp fragments spe-
cific to male plants. All male-specific DNA fragments were
cloned and used as probes in gel-blot analysis of genomic
DNA. With 11 of these 17 male-specific probes, there were
no differences in hybridization patterns between DNA from
male and female plants. In contrast, when male and female
DNA was hybridized with the remaining 6 probes (OPB-9,

OPB-12, OPB-18, OPC-4, OPE-20, and OPF-3), bands spe-
cific to the male plants only were detected in addition to
bands common to DNA from both sexes. Two fragments in
particular (MADC3 and MADC4 from OPB-18 and OPC-4,
respectively) gave unusually intense male-specific bands.
Figure 1 shows the PCR products obtained with the OPB-18
and OPC-4 primers. As shown in Fig. 2A, when DNA was
hybridized with MADC3, strong male-specific bands were
clearly detected with EcoRI and HindIII digestion, whereas
with the MADC4 probe strong male-specific bands were de-
tected when digested with EcoRI (Fig. 2B). In addition, the
signals from male DNA digested with BamHI were stronger
than those of female DNA (Fig. 2B). Identical results were
obtained in the analysis of various CBDA strains (data not
shown).

Characterization of the MADC3 and MADC4
sequences

The sequences of 2 of the male-specific fragments,
MADC3 and MADC4 (GenBank accession Nos. AB021658
and AB021659, respectively), were determined in this study.
Analysis of the 771-bp long MADC3 sequence revealed the
presence of a coding region highly homologous to open
reading frames encoding the gag/pol polyprotein of copia-
like retrotransposons in various plant species, such as Ara-
bidopsis thaliana, Oryza sativa, Zea mays, and Glycine max.
A fragment approximately 540 bp long at the 5′ end of the
element was homologous to RNAse H in the polyprotein of
the copia-like retrotransposons. On the other hand, the
576-bp long MADC4 was similar to retrotransposable ele-
ments from A. thaliana and Oryza at the amino acid level.
An approximately 160-bp fragment at the 5′ end of MADC4
shared 60% amino acid similarity with the integrase in the
polyprotein of the copia-like retrotransposon from Oryza
australiensis, RIRE1 (accession No. BAA22288.1). The
general structure of the copia-like retrotransposon and posi-
tions of MADC3 and MADC4 are shown in Fig. 3.

Fluorescence in situ hybridization
To examine the chromosomal localization of MADC3 and

MADC4, metaphase chromosomes from root tips of C. sativa
were subjected to FISH using biotin-labeled fragments as
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Fig. 1. Patterns produced by PCR. The DNA from 5 male (1–5) and 5 female (6–10) plants was used as templates. The patterns
shown here were obtained using OPB18 (A) and OPC4 (B) as primers. Positions and sizes of markers are indicated on the right. Ar-
rowheads indicate bands specific to male plants.



probes. Using MADC3 and MADC4 as probes, sporadic sig-
nals were detected on the Y chromosome, the largest chro-
mosome in C. sativa, in addition to dispersed signals on all
chromosomes (Figs. 4A and 4B). Moreover, when MADC4
was used as the probe, numerous intense signals were de-
tected on 1 set of autosomes (Figs. 4C and 4D). No Y chro-
mosome-specific signals were detected with either MADC3
or MADC4.

Discussion

In our previous paper, the male-associated DNA sequence
MADC1 was cloned in C. sativa L. using a RAPD technique
(Sakamoto et al. 1995); MADC1 was the most conspicuous
DNA fragment giving a male-specific pattern in gel-blot
analysis. In particular, HindIII digestion yielded 2 intense
bands detectable only in male plants. Other RAPD markers
specific to male C. sativa plants have also been reported.
Mandolino et al. (1999) cloned MADC2 in C. sativa
cultivars using the 10-meric primer OPA08, and Torjek et al.
(2002)  isolated  MADC5  and  MADC6  using  the  10-meric
primers UBC354 and OPD05, respectively. Further studies
using these RAPD markers will likely be useful in construct-
ing deletion and linkage maps of the Y chromosome and de-
termining the Y-chromosome fraction that does not recombine
with the X chromosome. In this study, gel-blot analysis of
MADC3 and MADC4 revealed multiple bands, only some of
which showed sex differences. Whereas some bands specific
to male plant DNA seem to be linked to the Y chromosome,
similar multiple sequences for retrotransposons, for example,
able to hybridize with MADC3 and MADC4, are thought to
exist on the C. sativa genome.

Retrotransposons, as with retroviruses, are transposed by
reverse transcription of an RNA intermediate. They can be
classified into two groups based on whether they have long
terminal repeats (LTRs) (Boeke and Corres 1989). NonLTR
retrotransposons can be further divided into long and short
interspersed elements (LINEs and SINEs, respectively)
(Boeke 1989), whereas LTR retrotransposons can be subdi-
vided into Ty1-copia and Ty3-gypsy based on the arrange-
ment of the protein. The structure of the polyprotein in Ty1-
copia type retrotransposons from the 5′ to the 3′ end consists
of protease, integrase, reverse transcriptase, and RNAse H.
This present study revealed, for the 1st time, that MADC3
and MADC4 both encode fragments of this polyprotein.

We previously reported that the nuclear DNA content of
male C. sativa plants is 47 Mbp larger than that of female
plants owing to the large Y chromosome (Sakamoto et al.
1998). In addition, the Y chromosome was shown to be
strongly stained by Giemsa and DAPI (Sakamoto et al.
1998) suggesting that the Y chromosome has abundant
heterochromatic regions including tandem and dispersed re-
petitive sequences such as transposable elements. The major-
ity of the identified sex-related RAPD markers in C. sativa,
therefore, seem to encode unknown or retrotransposon-like
sequences (Mandolino et al. 1999; Sakamoto et al. 2000;
Torjek et al. 2002). In addition to RAPD markers, however,
other markers exist such as AFLP markers, which are also
linked to sex chromosomes (Peil et al. 2003) and are there-
fore potentially useful in obtaining insight into the structure
of the Y chromosome.

In our previous study, LINE-CS (LINE-like retrotrans-
poson in C. sativa), which gave male-specific patterns in
gel-blot analysis, accumulated at the terminal region of the
long arm of the Y chromosome in C. sativa (Sakamoto et al.
2000). In this present study, however, FISH using MADC3
and MADC4 as probes detected numerous intense signals on
the Y chromosome as well as dispersed signals on all chro-
mosomes, and there were no extensive differences between
the copia-like retrotransposon distribution on the Y chromo-
some and other chromosomes (Fig. 4). MADC4, however,
produced intense signals on 1 pair of autosomes and is there-
fore also a marker for this set of small autosomes. In the
dioecious plant S. latifolia, the Ty1-copia and Ty3-gypsy
type retrotransposons are not sex-linked (Matsunaga et al.
2002), whereas in Drosophila melanogaster, FISH analysis
revealed that the copia-type retrotransposon is more abun-
dant in the Y chromosome compared with the abundance in
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Fig. 2. Gel-blot analysis of genomic DNA probed with MADC3
(A) and MADC4 (B). DNA from male (�) and female (�) plants
was separately digested with EcoRI (E), BamHI (Ba), and
HindIII (H). Fragments were separated on gel, transferred to a
membrane, and probed with either MADC3 or MADC4. Posi-
tions and sizes of markers are indicated on the right. Arrowheads
indicate intense bands specific to male DNA.

Fig. 3. General structure of copia-type retrotransposon and the
positions of the fragments encoded by MADC3 and MADC4.
LTR, gag, and pol indicate the long terminal repeat, gag protein,
and polyprotein, respectively. PR, IN, RT, and RH show the con-
served amino acid domains of protease, integrase, reverse tran-
scriptase, and RNAse H, respectively. Black areas within the
black and gray bars indicate the regions homologous among the
copia-type retrotransposon, MADC3 and MADC4.



the X chromosome and autosomes (Pimpinelli et al. 1995).
In gel-blot analysis of genomic DNA using a copia-type
retrotransposon as a probe, Junakovic et al. (1998) detected
several male-specific fragments corresponding to clusters on
the Y chromosome of D. melanogaster and Drosophila
simulans. We therefore suggest that the relationship between
the gel-blot patterns of genomic DNA and localizations on
sex chromosomes are as follows. (i) Bands specific to male
DNA are thought to localize on the Y chromosome; for ex-
ample, as with the LINE-like retrotransposon in C. sativa
and copia-like retrotransposon in Drosophila. (ii) Bands com-
mon to both sexes probably localize on autosomes or pseudo-
autosomal regions of the sex chromosomes. (iii) Bands stronger
in female DNA are thought to localize on the X chromo-
some in XY types.

The Y chromosome-specific RAPD markers characterized
here (MADC3 and MADC4) produced male-specific bands in
gel-blot analysis, although FISH revealed no Y chromosome-
specific signals with either marker. The reason for these re-
sults might be that multiple sequences encoding retrotrans-
posable elements also exist ubiquitously in the genome of

C. sativa. This study together with further investigations into
the molecular structure of the Y chromosome will help elu-
cidate the mechanisms of sex differentiation in plants.
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