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Abstract The aim of this study was to produce somatic
hybrids between tetraploid (2n = 4x = 32) M. sativa
and diploid (2n =2x = 16) M. falcata and analyse
their genomic structure. Protoplasts from genotypes
selected for regeneration ability from the cultivar
Rangelander of M. sativa and Wisfal-1 of M. falcata
were electrofused. Seven somatic hybrid calli were pro-
duced and one of them regenerated plants. The hybrid
nature of these plants and their genetic composition
were assessed with morphological, cytological, and mo-
lecular analyses. The resulting plants were hyper-
aneuploid (2n = 33) and contained one extra long
chromosome, indicating that a translocation had taken
place. The presence of both types of parental sequences
in the RAPDs analysis confirmed the true hybrid na-
ture of the plants. Rearrangements within the parental
genomes and the presence of somaclonal variation
among hybrid plants were observed through an RFLP
analysis of the nucleolar organizing region (NOR). The
possible causes for the gross genomic alterations, and
the suitability of this method for transferring useful
agronomic traits from wild species to cultivated alfalfa,
are discussed.
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Introduction

As a potentially useful method for genetic exchange
between incompatible taxa, somatic hybridization is an
alternative to sexual crosses and to genetic transforma-
tion, which is appropriate only for traits under the
control of single, well-defined and cloned genes.

In the genus Medicago attempts to apply somatic
hybridization started in the early eighties in order to be
able to transfer important agronomic traits, such as
resistance to biotic and abiotic stresses and regional
adaptation potential (Barnes et al. 1977; Arcioni et al.
1982), from wild Medicago species to tetraploid
Medicago sativa (alfalfa), the most cultivated forage
legume in the world.

In many early experiments hybrid calli were ob-
tained, but did not regenerate plants (Gilmour et al.
1987; Damiani et al. 1988; Deak et al. 1988; Walton
and Brown, 1988; Pupilli et al. 1991). The first hybrid
plants were obtained from the interfertile tetraploid
M. sativa + M. falcata by (Teoule (1983) and later re-
peated by Mendis et al. (1991). Somatic hybrid plants
were obtained from M. sativa + M. arborea, both of
which are tetraploid but genetically very distant (Nenz
et al. 1996).

Medicago species at different ploidy levels have been
fused through asymmetric hybridization (Kuchuk et al.
1990). The only case of plant regeneration from sym-
metric hybrid calli between Medicago species at a differ-
ent ploidy level was reported by Pupilli et al. (1992),
who fused M. sativa 2n = 4x = 32) with M. coerulea
(2n = 2x = 16). These two species are genetically very
similar (Quiros and Bauchan 1988) but, because of their
different ploidy levels, can be sexually crossed through
unreduced gametes (McCoy and Bingham 1988). As
M. coerulea, M. falcata belongs to the “sativa-falcata-
coerulea” Medicago complex, it is interfertile with
M. sativa when at the same ploidy level (Mariani and
Veronesi 1979); and is cultivated in the northernmost



area of cultivation of alfalfa because of its resistance to
cold environments (Michaud et al. 1988).

In the present paper we describe the fusion of proto-
plasts from M. sativa (2n = 4x = 32) with those from
M. falcata (2n = 2x = 16), the regeneration of hybrid
plants and an analysis of their genetic make up. Pre-
vious experiments indicated that hybrids of M. sativa
with different partners showed modification in chromo-
some number and the loss of species-specific sequences
(Arcioni et al. 1994).

The work described in the present paper was carried
out not for transferring agronomical traits from one
species to a closely related one but rather to add in-
formation about the influence of genetic distance,
different ploidy levels, and cell-cycle rates between par-
ents, on the production and genomic rearrangements of
Medicago somatic hybrids. These data should be of
value for the planning of somatic hybridization experi-
ments between alfalfa and diploid wild Medicago
species which contain genetic resources for resistance
to insects and pathogens, and for tolerance to salinity,
drought, and other stress conditions (Arcioni et al.
1994).

Materials and methods

Plant material

The tetraploid M. sativa genotype R15, which was selected from cv
Rangelander for high regeneration ability through somatic em-
bryogenesis from leaves and protoplast-derived calli, was kindly
supplied by Dr. P. J. Larkin (CSIRO, Plant Industry, Canberra).

The diploid M. falcata genotype P3, which was selected for
regeneration ability from callus within the WISFAL-1 population,
was kindly supplied by Prof. E.T. Bingham, University of Madison,
Wisconsin. Plants were propagated through cuttings and main-
tained in the greenhouse.

Protoplast isolation

M. sativa protoplasts were isolated from 30 heart-shaped, hair-free,
fully expanded leaflets following the protocol of Pupilli et al. (1991)
and using the enzyme mixture described by Nenz et al. (1996) diluted
2:1 with the protoplast culture medium KMPS (Kao and
Michayluk 1975). M. falcata protoplasts were isolated from 3-
month-old leaf-derived calli which were cultured on UM medium
(Uchimiya and Murashige 1974) supplemented with 2 mg/1 2,4-D
(2,4-dichlorophenoxyacetic acid) and subcultured every 2 weeks; 3 g
of creamy callus were digested for 7h, at the same conditions used
for R15, in 30 ml of the enzyme mixture used by Nenz et al. (1996) in
order to isolate protoplasts from calli of M. arborea. Protoplast
isolation was performed as described by Pupilli et al. (1991) using
CPW salts (Frearson et al. 1973) supplemented with 25% (w/v)
sucrose as a floating solution.

Protoplast electrofusion

Protoplasts from both species were re-suspended in the electrofusion
solution (0.6 M mannitol, 0.6 mM Histidine-HCI, 0.2 mM CacCl,,
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pH 6.5) at 3 x 10° prot/ml. Equal volumes of mesophyll and callus
protoplasts were mixed and fused in 0.5-ml aliquots using the elec-
trofusion apparatus described by Damiani et al. (1988); the fusion
chamber was a polysulphonate pipette with two stainless-steel co-
axial electrodes at a distance of 1 mm from one another. The fusion
conditions included an alternating current field strength of 170 V/cm
with three interspersed pulses of direct current for 35-us duration
and a voltage of 1700 V/cm. The fused protoplasts were placed in
a Petri dish (2 cm diameter) with 2 ml of KMP8 and a drop of M.
sativa mesophyll protoplasts as a “nurse culture”. Just before adding
the untreated protoplasts the percentage of binary heterokaryons
was determined through microscope observation, both in terms of
the different colours of the two parental protoplasts and the different
size and shape of the binary fusions with respect to the multi-
protoplast ones.

Protoplast culture

One-day after fusion, the protoplasts from four Petri dishes were
combined, centrifuged (60 g, 10 min), re-suspended in 1 ml of un-
fused mesophyll protoplasts (4 x 10* prot/ml) and embedded on
a semi-solid medium as described by Pupilli et al. (1991). The
heterokaryons were identified by virtue of the double colouring in
fluorescent light: red from mesophyll protoplasts and green from
callus protoplasts labelled with the fluorescein-isothiocianate solu-
tion (Nenz et al. 1996). The positions of hybrid cells were recorded
and followed during the culture period (28 + 1°C in the dark).

Regeneration of hybrid plants

When microcalli reached the dimension of 70—80 cells, they were
picked up from the agarose with a 1-ml-syringe needle and transfer-
red to a Petri dish (6-cm diameter) containing 0.5% agarose-solidi-
fied KM8 (Kao and Michayluk 1975) and surrounded by small
highly dividing calli.

After 3 weeks of culture in the dark at 28 + 1°C, with subculturing
every 4-5 days, the calli were transferred to the growth chamber
(27 pEm~2s71, 23 + 1°C, 12-h photoperiod). After a few days, calli
were transferred to 0.8% agar-solidified UM medium supplemented
with 2 mg/l of 2,4-D and kept in the same environmental conditions.
A 1-cm-diameter portion of putative hybrid calli was transferred to
five different regeneration media all based on MS medium
(Murashige and Skoog 1962) and supplemented with: (1) 0.1 mg/1 of
indol-3-acetic acid and 1 mg/l of 2iP (N®-A2-isopentenyl-adenine)
(CDM1); (2) 0.5 mg/l of BOA (a-butoxyacetanilide) and 1 mg/l of
2iP (CDM1-BOA); (3) 10 mg/l of 2,4-D (MS10); (4) no growth
regulators (MSO0); and (5) 1 mg/l of a-napthalenacetic acid and
1 mg/l of 6-benzylaminopurine (MSN1). As soon as “embryo-like”
structures appeared they were transferred to CDM1 medium to
induce secondary embryos. When these embryos developed into
shoots they were moved to Magenta vessels (6 x 6 x 10 cm), contain-
ing RL medium (Phillips and Collins 1979) without growth regula-
tors or MSO, for root formation.

Plantlets of 8-10-cm height were placed in pots, covered with
plastic bags to prevent dessication, kept in a controlled environment
cabinet (216 pEsec™!m ™2, 20 + 1°C, 12-h photoperiod 80% rela-
tive humidity) and after 3—4 weeks transferred to the greenhouse.

Morphological analyses of hybrid plants

Ten sativa + falcata (S + F) hybrid plants regenerated from the
same callus and ten cuttings of each parent were evaluated for the
following nine morphological characters: (1) growth habit, by scor-
ing from 1 (prostrate) to 5 (erect), (2) flower colour, by visual
observation, (3) leaf shape, represented by the ratio leaf length/leaf
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width), (4) number of teeth per leaf, (5) tooth depth (um), (6) number
of stomata per mm?, (7) stomata length (um), (8) stomata width (um),
and (6) number of leaf hairs per mm?. Traits 3-9 were recorded from
the three leaflets of the trifoliate leaves positioned on the median
internode of the longest stem. Data were submitted to ANOVA
using the GLM procedure of the SAS program and a Duncan test
was performed.

Cytological analysis

Chromosome analysis was carried out on mitotic cells of root tips
excised from cuttings of S+ F hybrid plants. Root tips were pre-
treated in ice-water followed by 3 h in alpha-bromonaphthalene at
4°C and fixed in ethanol-glacial acetic acid (3:1) for at least 24 h.
Staining was performed according to the Feulgen method, followed
by squashing in 1.5% acetic orcein. At least 20 well-spread meta-
phases per plant were considered. Silver staining was also per-
formed, as described by Calderini et al. (1996), in order to detect
transcriptionally active rDNA loci.

Southern analysis of rDNA intergenic spacer (IGS) variants

DNA, isolated from individual plants as described by Cluster et al.
1996, was restriction-digested (1 pg each) with seven enzymes (Asel,
Bcell, Dral, EcoRI, Ncol, Nsil and Sspl; New England Biolabs),
electrophoresed in 1% agarose gels, blotted onto Hybond N +
membranes (Amersham), and hybridized according to manufac-
turer’s instructions with 32P-dCTP-labelled probes (Ready To Go
kit; Pharmacia) at 65°C. Two heterologous conserved-coding se-
quence rDNA probes for the 25 gene were employed (Fig. 1). The
probes 25S-B (800 bp) and 25S-C (850 bp) were EcoRI1/Bglll
double-digest fragments of the flax 25S gene from pBG35 (Gold-
sbrough and Cullis 1981). They were isolated as bands cut from Sea
Plaque low-melting agarose (LMA; FMC Bio Products) and label-
led directly in LMA. 25S-B contained 400 bp of 25S sequences and
400 bp of extraneous pAT153 cloning-vector sequences. All 850 bp
of 258-C were 258 gene sequences.

RAPD analysis

Twenty two random primers (RP1-RP22), identical to those of
Kangfu and Pauls (1993), were utilised. PCR conditions for each
50-pl reaction were: 30 ng of total DNA, 27 pmol of each primer
used one at a time, 5 pl of 10 x PCR buffer minus MgCl, (Gibco
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Fig. 1a,b rDNA diagram. a The tandem organization of rDNA
genes. Thick lines represent coding sequences and thin lines non-
coding IGS regions. b Expanded map of one complete gene unit.
Sspl sites (S) are from Cluster et al. (1996). Regions encoding the 188,
5.8S and 258 ribosomal RNA products are indicated. Probes used in
Southern analysis of rDNA IGS: 7 (255-B) and 2 (258-C). IGS
subrepeats are indicated by vertical lines

BRL), 3 mM of MgCl,, 200 uM of each dNTP and 2.5 U of Tag
DNA polymerase (Gibco BRL). Amplification was carried out on an
MJ Research Programmable Thermal Controller with the following
thermal profile: (1) a hot start at 96°C for 90 s, (2) melting at 96°C for
35 s, annealing at 40°C for 35 s and extension at 72°C for 90 s for 35
cycles, and (3) a final extension at 72°C for 10 min. Ten microliters of
completed reactions were electrophoresed in 1.5% agarose gels
containing ethidium bromide and photographed.

Gels containing the RAPD amplification products (10 pl) were
Southern blotted and probed as described above. Blots of RAPDs
produced with RP7 were probed with a 530-bp M. falcata-specific
RP7 fragment (called FAL-7). RAPDs from RP10 were probed with
a 1.2-kb M. falcata-specific RP10 fragment (FAL-10). Both probes
were isolated by excising the appropriate fragments from RAPDs
electrophoresed in LMA.

Results
Protoplast isolation

Fifteen Rangelander leaves released about 5 x 10° proto-
plasts per gram of fresh weight; protoplast size was
uniform (20-30 pm diameter) and chloroplasts were
well distributed. About 75% of the protoplasts started
dividing after 7 days.

When M. falcata callus was dispersed in liquid me-
dium, it resulted in many single cells (100—110 per ml)
plus a few colonies of 5-20 cells (4—8 per ml), as well as
and a few tightly clumped colonies of 20—50 cells (two
per ml). The use of CPW 25S (see Materials and
methods) allowed the selection of 5x 10* prot/g to be
derived from the small aggregates. The M. falcata proto-
plasts were highly cytoplasmatic, vacuolized, uniform,
and similar in size to the R15 protoplasts. They regen-
erated cell walls 4-5 days after culture, the first mitotic
divisions occurred within 14 days and plating efficiency
was 7% after 3 weeks.

Protoplast fusion, culture and plant regeneration

The percentage of heterokaryon production was
5-10% of the protoplasts submitted to the electro-
fusion process; among these, 60% were binary fusion
products, 30% derived from the fusion of 3—4 proto-
plasts and 10% resulted from the fusion of more than
four protoplasts. After 3 days the positions of binary
heterokaryons, which appeared highly cytoplasmatic
with chloroplasts well distributed and placed not too
close to other protoplasts, were recorded. In total, 80
heterokaryons were selected; 30 of these (37.5%) under-
went the first mitotic division 6 days after planting and
19 (23.7%) underwent a second division 2 days later;
after 10 more days, seven heterokaryons (8.75%) had
developed into microcalli constituted by 10-20 cells.
Three hybrid calli survived the transfer to UM me-
dium, only one of which regenerated plants when cul-
tured on MS10 for 10 days followed by CDMI1 for
3 months. Unlike the result with another Medicago



somatic hybrid (Nenz et al., 1996), the addition of the
synthetic auxin BOA to the regeneration medium was
ineffective.

Analyses of hybrid plants

The M. sativa parent differed from M. falcata in most of
the morphological characters evaluated (Table 1).
Among the characters measured, M. sativa and M.
falcata were indistinguishable only for stomatal dimen-
sions. S + F plants were intermediate for tooth depth
and showed the lowest number of leaf hairs but did not
differ from M. sativa for any of the remaining traits.
The chromosome number of all the ten hybrids
analysed was 2n = 33 (Fig. 2 a); therefore 15 parental
chromosomes were lost in the hybrids. Because chro-
mosomes of the parental species are indistinguishable
with the Feulgen-staining technique, it was not possible
to determine the relative contribution of the two par-
ents to the hybrid chromosome sets. In all metaphases,
two chromosomes of unexpected length were observed
which could be the result of a translocation. One was

Table 1 Evaluation of hybrid S + F and parent plants (M. sativa
and M. falcata) for leaf characters and flower colour. Values fol-
lowed by the same letter do not differ significantly for P < 0.05

Character M. sativa M. falcata S+ F
Growth habit 42 +0.3a 2.0 + 0.4b 4.8 + 0.6a
Leaf shape 14+ 0.2b 2.3+ 0.1a 1.5+ 0.2b
Flower colour Purple Yellow Purple
Number of teeth 158 + 1.3a 106 +1.1b 184 +29a
Tooth depth 351+32a 191 427c 246+19b
Stomata number/mm?  68.2 +4.6a 459 +38b 664+ 5.1a
Hair number/mm? 289 +2.2a 13.2 + 1.5b 53+ 1.1¢c
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Fig. 2 a Metaphase spread of a hybrid S + F plant. The two arrows
indicate two chromosomes of unexpected length, probably a conse-
quence of a translocation phenomenon. b A metaphase stained with
silver nitrate
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extra long (Fig. 2 a, double arrow) and one extra short
(Fig. 2 a, single arrow). The long chromosome had two
secondary constrictions which resembled the ribosomal
secondary constrictions of satellited chromosomes.
However, only one of these two constrictions contained
ribosomal genes and only five of six parental NORs
were retained in the hybrids (Fig. 2b).

The rDNA patterns analysed with seven restriction
enzymes and two rDNA probes were remarkably sim-
ilar for both parents. A few minor (low-copy number)
variants were found, however, which differentiated M.
sativa from M. falcata. With EcoRI, a M. sativa-specific
variant and a M. falcata-specific variant were observed
and both were present in hybrid S + F plants (Fig. 3 a,
arrows). Surprisingly, the copy numbers of several vari-
ants were dramatically amplified in hybrid plants.
Figure 3 a also shows that several new rDNA variants,
not present in the parents (all greater than 10kb in
EcoRI digests), appeared in hybrid plants. New vari-
ants were observed in all nine S + F plants examined.
The creation of new rDNA variants occurred differen-
tially among hybrids (Fig. 3b). Considering that the
copy numbers drastically increased and that new vari-
ants were found, this analysis does not unequivocally
demonstrate that both parents contributed to the hy-
brid genome; in fact it was possible that the falcata-like
variants could have been derived from M. sativa as
a consequence of rearrangements occurring in tissue
culture.

For these reasons, further investigations utilizing
RAPDs were undertaken to determine if M. falcata had
contributed to the S + F genome. In the RAPD analy-
sis, the amplification products of 22 RPs were screened
with DNA samples from M. sativa, M. falcata and
S + F lines. From among the 22 RPs screened, nine
produced at least one M. falcata-specific band that also

Fig. 3 a,b Southern rDNA patterns. a EcoRI fragments probed
with 258-C; sativa- and falcata-specific variants are indicated by
arrows on the left. Lane S: sativa, F: falcata, SF: S + F somaclones.
b Sspl fragments probed with 25S-B
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appeared in S + F plants. Among the RAPDs produc-
ed, an abundance of M. sativa and M. falcata-specific
bands, as well as bands in common to both parents,
were found (Figs. 4a and 5a). The S + F RAPD pat-
terns generally reflected the combination of the two
parents, though some parental RAPDs were lost.

The M. falcata-specific FAL-7 and FAL-10 probes
were hybridized, respectively, to blots of RP7 and RP10
RAPDs from parental and hybrid lines (Figs. 4b and
5b). Both probes gave similar results. The FAL-7 probe
hybridized with two M. falcata-specific RAPDs, among
which one was also found in S + F RAPDs and none in
M. sativa. The FAL-10 probe hybridized with two M.
falcata RAPDs which were also present in the hybrids,
but not in M. sativa. It was thus confirmed that M.
falcata gene sequences were in fact integrated in the
S + F genome. No variation between different S + F or
parental lines was detected in the RAPD analysis.

Discussion

Regeneration is the most critical step in the production
of somatic hybrids. In alfalfa, it is under complex
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Fig. 4 a RAPD analysis obtained with RP7. b Southern analysis of
the RAPD from RP7 (probe: 530-bp falcata-specific RP7 fragment,
FAL-7). Somaclones of M. falcata (sI—s3) and M. sativa (f1-f3)
parental plants were analysed
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Fig. 5 a RAPD analysis obtained with RP10. b Southern analysis of
the RAPD from RP10 (probe: 1.2-kb falcata-specific RP10 fragment,
FAL-10). Somaclones of M. falcata (s1-s3) and M. sativa (f1-£3)
parental plants were analysed

genetic control and different genotypes require different
culture conditions (Crea et al., 1995); in somatic hy-
brids, the combination of the two genomes complicates
the process. It has been reported (Arcioni et al., 1994)
that regeneration from hybrid calli can be achieved
either when the two parental protoplasts are both re-
generable or when one parent releases morphogenetic
protoplasts and the other is characterized by a low
division and low regeneration ability. Although the
present hybrids were obtained with two morphogenetic
genotypes, they required a long time for regeneration
and only one hybrid callus out of three was able to
regenerate plants.

From previous experiments of somatic hybridization
with Medicago species carried out in our laboratory it
was supposed that the considerable genetic distance
between the parents played a major role in preventing
successful somatic hybridization and in inducing large
chromosome loss and rearrangements. As a matter of
fact, fully symmetric hybrids were obtained fusing M.
sativa with genetically close species, such as tetraploid
M. falcata (Téoulé 1983) and diploid M. coerulea
(Pupilli et al., 1992), while chromosome loss was re-
ported in the somatic hybrid M. sativa + M. arborea
(Nenz et al., 1996), which are the two most distant
species of the genus Medicago.



Since M. coerulea, M. falcata and M. sativa are
genetically very close (Quiros and Bauchan 1988), it
was expected that the diploid M. falcata genome would
combine with that of M. sativa in somatic hybrids, as
did M. coerulea. On the contrary, however, S + F hy-
brids retained only 33 chromosomes rather than 48 (the
sum of chromosomes from both parents). Consistent
chromosome loss in S+ F hybrids has also been re-
ported when tetraploid M. falcata was utilized as a par-
ent (Coulaud et al., 1990; Mendis et al., 1991). One
possible reason for chromosome elimination in the
hybrids is the significant difference between parental
nuclei in their cell-cycle rates as witnessed by differ-
ences in the division frequency and rate of the parental
protoplasts, mesophyll protoplasts of M. sativa being
much more active than those of M. falcata.

Previous reports have shown that chromosome elim-
ination is correlated with differential parental cell-cycle
rate in hybrid plants. All such studies indicated that the
parent with a slow cell cycle had contributed less to the
hybrid genome (Stutz 1962; Gupta 1969). More recent
studies have provided evidence that the phenomenon of
premature chromosome condensation (PCC) occurred
in the presence of heterophasic fusion products.
(Szabados and Dudits 1980). Mitotic nuclei induce
a premature condensation of fused interphasic nuclei
that leads to the fragmentation of single-stranded, in-
completely condensed, chromosomes that might be
integrated into the genome during the subsequent div-
ision (Dudits 1982). Therefore, chromosome elimina-
tion should occur preferentially from the parent with
the longest cell-cycle time (i.e. M. falcata). S + F hybrids
may thus contain nearly the entire chromosome comp-
lement of M. sativa plus one or a few chromosomes
from M. falcata.

The fact that regenerants closely resembled M. sativa
for most traits, including flower colour which is inter-
mediate in tetraploid sexual hybrids, suggests a large
genetic contribution of M. sativa to the hybrid plants.
However, the values for tooth depth and hair number
indicate the presence of some genes specific to M.
falcata in the hybrids. Also chromosomes counts, where
2n = 33 was far in excess of the 16 chromosomes of M.
falcata, led to the conclusion that M. sativa contrib-
uted significantly to the genome of the S + F plants.

Notwithstanding the long callus phase of the hybrid
prior to regeneration, no somaclonal variation among
hybrid plants was observed for chromosome number or
RAPD patterns. The variability observed for the rDNA
RFLP patterns was probably due to the combined
effects of in vitro culture and somatic hybridization. In
fact, the many mitotic cycles which occurred in vitro
increased the probability of unequal recombination in
somatic lineages among partially homologous se-
quences such as the parental rDNA, resulting in the
production of new variants. The potential application
of tissue culture to induce rearrangements between
alien chromosomes has already been demonstrated
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(Larkin and Banks 1994); in vitro culture is in fact
permissive for the production of gross nuclear changes.
As examples, somatic-hybrid calli produced cells with
120-250 chromosomes (Arcioni et al., 1988) and al-
lowed the elimination of non-viable mutations through
the sieve of somatic embryogenesis.

In conclusion, our results indicate that the use of
somatic hybridization to improve the gene pool of M.
sativa is affected by the syncrony of protoplast division
of parents more than by genetic distance and ploidy
levels per se. The differences between cell-cycle rates or
cell-cycle phases appear to be related to chromosome
loss in the hybrid plants, while cell culture also induces
chromosome rearrangement and recombination be-
tween parental genomes. In the light of these results,
somatic hybridization could also be considered as
a method of genetic transformation suitable for trans-
ferring traits of agronomic interest controlled by
“multigenic systems”.

References

Arcioni S, Davey MR, Dos Santos AVP, Cocking EC (1982) Somatic
embryogenesis in tissues from mesophyll and cell-suspension
protoplasts of M. coerulea and M. glutinosa. Z Pflanzenphysiol
106:105-110

Arcioni S, Pupilli F, Pezzotti M, Falistocco E, Damiani F (1988)
Interspecific hybrid lines of M. sativa and M. arborea by proto-
plast electrofusion. In: (Puite KJ et al. eds) Progress in plant
protoplast research. Kluwer Academic Publishers, The Neher-
lands, pp 259-260

Arcioni S, Damiani F, Pupilli F (1994) Somatic hybridization in the
genus Medicago. In: Bajaj YPS (ed) Biotechnology in agriculture
and forestry 27. Springer, Berlin Heidelberg New York, pp
145-164

Barnes DK, Bingham ET, Murphy RP, Hunt OJ, Beard DF, Skrdla
WH, Teuber LR (1977) Genetic variability: use, improvement
and maintenance. US Government Printing Office Tech Bull
1571, Washington D.C.

Calderini O, Pupilli F, Cluster PD, Mariani A, Arcioni S (1996)
Cytological studies of nucleolus organizing regions in the
Medicago complex sativa-coerulea-falcata. Genome 39:914-920

Cluster PD, Calderini O, Pupilli F, Crea F, Damiani F, Arcioni
S (1996) The fate of ribosomal genes in three interspecific somatic
hybrids of M. sativa: three different outcomes including the rapid
amplification of new spacer-length variants. Theor Appl Genet
93:801-808

Coulaud J, Siliak-Yakovlev S, Téoulé E (1990) Comportement mei-
otique chez des plantes de Luzerne (Medicago sativa) provenant
d’une experience de fusion somatique. Can J Bot 68:73-78

Crea F, Bellucci M, Damiani F, Arcioni S (1995) Genetic control of
somatic embryogenesis in alfalfa (M. sativa L. cv Adriana). Eu-
phytica 81:151-155

Damiani F, Pezzotti M, Arcioni S (1988) Electric field-mediated
fusion of protoplasts of Medicago sativa L. and Medicago arborea
L. J Plant Physiol 132:474-479

Deak M, Donn G, Feher A, Dudits D (1988) Dominant expression
of a gene amplification-related herbicide resistance in Medicago
cell hybrids. Plant Cell Rep 7:158-161

Dudits D (1982) Fusion of plant protoplasts: recent advances in
studies on the regulation of cell cycle, gene expression, and in
parasexual gene transfer. In: Giles KL, Sen SK, (eds) Plant cell
culture in crop improvement. Plenum Publishing Corporation,
New York, pp 215-226



1118

Frearson EM, Power JB, Cocking EC (1973) The isolation, culture
and regeneration of Petunia leaf protoplasts. Dev Biol 33:
130-137

Gilmour DM, Davey MR, Cocking EC (1987) Isolation and culture
of heterokaryons following fusion of protoplasts from sexually
compatible Medicago species. Plant Sci 53:263-270

Goldsbrough PB, Cullis CA (1981) Characterization of the genes for
ribosomal RNA in flax. Nucleic Acids Res 9:1301-1309

Gupta SB (1969) Duration of mitotic cycle and regulation of DNA
replication in Nicotiana plumbaginifolia and a hybrid derivative
of N. tabacum showing chromosome instability. Can J Genet
Cytol 11:133-142

Kangfu Y, Pauls KP (1993) Rapid estimation of genetic relatedness
among heterogeneous populations of alfalfa by random amplifi-
cation of bulked genomic DNA samples. Theor Appl Genet
86:788-794

Kao KN, Michayluk MR (1975) Nutritional requirements for
growth of Vicia hajastana cells and protoplasts at very low
population density in liquid media. Planta 126:105-110

Kuchuk NV, Borisynk NV, Gleba YY (1990) Isolation and analysis
of somatic hybrid cell lines and plants of Medicago. In: Abstract
7th Int Congress on Plant Tissue and Cell Culture; Amsterdam,
p 213

Larkin PJ, Banks PM (1994) Exploiting somaclonal variation — es-
pecially gene introgression from alien chromosomes. In: Terzi M,
Cella R, Falavigna A (eds) Current issues in plant molecular and
cellular biology. Kluwer Academic Publishers, The Netherlands,
pp 225-234

Mariani, Veronesi (1979) Cytological and fertility relationships of
different Medicago species and cytogenetic behaviour of their
hybrids. Genet Agr 33:245-268

McCoy TJ, Bingham ET (1988) Cytology and cytogenetics of alfalfa.
In: Hanson AA, Barnes DK, Hill RR (eds) Alfalfa and alfalfa
improvement. American Society of Agronomy Inc., Madison,
USA, pp 737-776

Michaud R, Lehman WF, Rumbaugh MD (1988) World distribu-
tion and historical development. In: Hanson AA, Barnes DK,

Hill RR (eds) Alfalfa and alfalfa improvement. American Society
of Agronomy Inc., Madison, USA, pp 25-91

Mendis MH, Power JB, Davey MR (1991) Somatic Hybrids of the
forage legumes Medicago sativa L. and M. falcata L. J Exp Bot
42:1565-1573

Murashige T, and Skoog F (1962) A revised medium for rapid
growth and bioassay with tobacco tissue cultures. Physiol Plant
15:473-497

Nenz E, Pupilli F, Damiani F, and Arcioni S (1996) Somatic hybrid
plants between the forage legumes Medicago sativa L. and
Medicago arborea L. Theor Appl Genet 93:183-189

Phillips GC, Collins GB (1979) In vitro tissue culture of selected
legumes and plant regeneration from callus culture of red clover.
Crop Sci 19:59-64

Pupilli F, Arcioni S, Damiani F (1991) Protoplast fusion in the genus
Medicago and isozyme analysis of parental and somatic hybrid
cell lines. Plant Breed 106:122-131

Pupilli F, Scarpa MG, Damiani F, Arcioni S (1992) Production of
interspecific somatic hybrid plants in the genus Medicago
through protoplast fusion. Theor Appl Genet 84:792-797

Quiros CF, Bauchan GR (1988) The genus Medicago and the origin
of the Medicago sativa complex. In: Hanson AA, Barnes DK, Hill
RR (eds) Alfalfa and alfalfa improvement. American Society of
Agronomy Inc., Madison, USA, pp 93-124

Stutz HC (1962) Asynchronous meiotic chromosome rhythm as
a cause of sterility in the Triticale. Genetics 47:988

Szabados L, Dudits D (1980) Fusion between interphase and mitotic
plant protoplasts. Exp Cell Res 127:442—-446

Téoulé E (1983) Hybridation somatique entre Medicago sativa L. et
Medicago falcata L. Compt Rend Acad Sci Paris, Série 111
297:13-16

Uchimiya H, and Murashige T (1974) Evaluation of parameters in
the isolation of viable protoplasts from cultured tobacco cells.
Plant Physiol 54:936-944

Walton PD, Brown DCW (1988) Electrofusion of protoplasts and
heterocaryon survival in the genus Medicago. Plant Breed
101:137-142



