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Cytogenetic analysis of an asymmetric potato hybrid
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Abstract. An asymmetric potato hybrid and its parental lines were cytogenetically ex-
amined. DAPI (4’-6-diamidino-2-phenylindole) staining was used to count chromo-
somes in all analysed lines and revealed the presence of minichromosomes in
the hybrid genome. Fluorescent in situ hybridization (FISH) with rDNA sequence as
a probe helped to determine the ploidy level of analysed lines and revealed that none of
the minichromosomes contains rDNA repeats. CMA (chromomycin A3) band occurred
to be a new chromosome marker that identifies potato chromosome No.1. It was possi-
ble to detect a deletion in one of four chromosomes No. 1 of the asymmetric potato hy-
brid. On the basis of these analyses a karyotype of the asymmetric hybrid was
constructed.

Key words: asymmetric hybrid, DAPI/CMA3, FISH, minichromosomes, potato, rDNA,
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Introduction

The transfer of genetic information from wild species to cultivated species is of
considerable significance in crop improvement. Asymmetric somatic hybridiza-
tion via protoplast fusion is a method for transferring desired traits from wild spe-
cies to crops. In this system irradiated protoplasts from one plant species (donor)
are fused with non-irradiated protoplasts of another (recipient). A lethal dose of
X- or gamma radiation of the donor causes fragmentation of the chromosomes.
Small segments of DNA from the donor incorporated into the genome of the re-
cipient are attractive for the stable introduction of new genes with minimum dis-
ruption of the host plant genome (PARAKONNY et al. 1994). The number of
dsDNA (double-stranded DNA) breaks in irradiated protoplasts increases with
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the rradiation dose and that influences the degree of donor DNA elimination in
the hybrid genome (RASMUSSEN et al. 1997). Elimination of donor DNA in differ-
ent Solanum hybrids ranged between 0% and 65% (FEHER et al. 1992, XU, PEHU

1993). Recently the maximum value has risen to 88% (OBERWALDER et al. 1998)
or even up to 95% (RASMUSSEN et al. 1997). The asymmetric somatic protoplast
fusion overcomes sexual incompatibility barriers and serious imbalances between
genomes of a donor and recipient. An extensive backcross programme is no lon-
ger necessary to eliminate the donor’s undesired traits from asymmetric hybrids as
only a small part of the genome is transferred and only hybrids carrying the de-
sired trait are selected.

Protoplast fusion allows transferring resistance traits from wild Solanum spe-
cies to cultivars. Ralstonia solanacearum resistance genes have been transferred
from S. commersonii to somatic hybrid S. commersonii × S. tuberosum (LAFE-

RRIERE et al. 1999). It is reported that frost tolerance genes have also been trans-
ferred to potato somatic hybrids (CHEN et al. 1999a, b). Genes of tolerance to
Verticillium have been transferred from S. torvum to the genome of S. melongena

(JARL et al. 1999). LOUWES et al. (1992) confirmed the occurrence of resistance
genes to Phytophthora infestans and Globodera pallida in the hybrid genome of
S. circaeifolium × S. tuberosum. Hybrids resistant to potato viruses PVX and/or
PVY (THACH et al. 1993) and to Globodera pallida (RASMUSSEN et al. 1996)
were also reported. These hybrids prove that protoplast fusion is a good technique
to overcome incompatibility barriers between different species or even genera to
combine desired genes in one genome, for example Solanum and Lycopersicon

(GARRIGA-CALDERE et al. 1998).
The introduction of alien DNA fragments to the host genome may involve

structural and numerical chromosome rearrangements. The mechanisms of these
rearrangements are still an open question. Some chromosome variations have
been observed among different hybrids. Minichromosomes were found
in Nicotiana hybrids and a hypothesis about their origin was suggested
(PARAKONNY et al. 1992). Genome polyploidization was observed in Solanum

hybrids (PUITE, SCHAART 1993). Some chromosome rearrangements – like
isochromosomes, deletions and enlargement of NOR satellites – were identified
in hybrids of Solanum (WAARA et al. 1992). Many of these variations can origi-
nate due to in vitro culture, not because of protoplast fusion. A better understand-
ing of the processes involved in chromosome variation could enable more
effective hybrid production and improve breeding systems.

To recognize chromosome rearrangements in hybrids it is necessary to identify
individual chromosomes. Chromosomes of potato are small and similar, without
morphological markers, which makes cytogenetic analysis very difficult. Never-
theless, an ideogram of a haploid Solanum line after C-banding was presented by
PIJNACKER and FERWERDA (1984). Here cytogenetic analysis of an asymmetric
potato hybrid with the use of differential chromosome staining and fluorescent in

situ hybridization (FISH) is presented.
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Materials and methods

Materials. Three lines of potato were analysed: (1) Solanum wild type V8

(S. verneri × S. microdontum), a diploid plant (2n = 2x = 24); (2) S. tuberosum

cv. FOLVA, an allotetraploid (Potato Breeding Station, Vandel in Denmark)

(2n = 4x = 48); and (3) an asymmetric hybrid FAO1-1A (FAO1-1A is the asym-

metric hybrid 22A in the report of RASMUSSEN et al. 1997). The hybrid was pro-

duced by protoplast fusion of S. tuberosum cv. FOLVA (recipient) and Solanum

wild type V8 (donor). Donor protoplasts were irradiated with a lethal dose of X- or

gamma radiation that caused fragmentation of the donor chromosomes before

the fusion process. Plants were grown in vitro on MS medium (MURASHIGE,

SKOOG 1962) containing 20 g/L sucrose and 200 �l/L IBA pH 5.7.

Methods. The plants’ root tissues were treated with 2 mM 8-hydroxyquinoline

for 4 h at 4oC. Subsequent incubation in ice-water overnight caused further accu-

mulation of cells in metaphase. The fixation was held in Carnoy’s/Clark’s solu-

tion (3:1 absolute ethanol: glacial acetic acid) at 4oC overnight. For longer storage

the roots were transferred to 70% ethanol and stored at –20oC.

After fixation the tissue was rehydrated in 50% and 30% ethanol for 5 minutes

each, washed with 0.01 M citric buffer (pH 4) twice for 5 minutes each. Then roots

were digested with an enzyme mixture (5% pectinase – Apple pectin

no. 1-800-854-0530, 1% cellulase YC - Seishin Pharmaceutical Co. LTD, Tokyo,

Japan) in citric buffer (pH 4) at 37oC for 20-40 minutes. After the incubation

the roots were washed twice in 0.01 M citric buffer and meristems were squashed

in a drop of 45% acetic acid. The slides were frozen at –80°C and the coverslips

were removed by the use of a razor blade. Then the slides were dehydrated in 96%

ethanol for about 30 minutes, air-dried overnight and stored at 4oC until use (about

3 months).

Fluorescent in situ hybridization was done with 45S rDNA probe (pTa71) la-

belled with Cy3. Hybridization mixture containing 60% deionized formamide,

2 × SSC, 10% dextran sulphate, 2-5 ng/µl DNA probe, and 100 ng/µl salmon

sperm DNA was heated at 95°C for 10 min and placed on ice. The slides were

pretreated with 100 µg/ml RNase in 2 × SSC for 1h at 37°C, washed in 2 × SSC

and dehydrated in ethanol series. Chromosomal DNA was denatured in 70%

formamide in 2 × SSC at 70°C for 3 minutes. Slides were dehydrated in ethanol

series at –20°C and air-dried. Hybridization mixture was placed on the slides and

covered with cover slips, redenatured for 8 min at 80°C and incubated in a humid

box at 37°C overnight. The posthybridization washes 2 × SSC, 0.1 × SSC,

4 × SSC/Tween 20 were held for 5 minutes each at 42°C. Chromosomes were

counterstained with DAPI (4’-6-diamidino-2-phenylindole) and mounted in

the antifade buffer- Citifluor (Ted Pella Inc).

Silver staining was done using a modified method of HIZUME et al. (1980).

Slides were incubated in borate buffer (pH 9.22, MERCK) for 30 minutes and
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then 50% silver nitrate in distilled water was applied. Slides were covered with
a nylon mesh and incubated in a humid chamber at 42oC for 25-40 minutes.

Double fluorescent staining with CMA3 (chromomycin A3) and DAPI was
done according to SCHWEIZER (1976). Preparations were stained with CMA3

(0.5 mg/ml, Serva) for 1 hour in the dark, briefly rinsed in distilled water and
air-dried. Then slides were stained with DAPI (2 �g/ml, Serva) for 30 min in
the dark, briefly rinsed in distilled water and mounted in the antifade buffer.

Slides were examined under an epifluorescence microscope Leica DMRB.
Photographs were taken using FUJICOLOR 400 ASA film, scanned, then pro-
cessed by Picture Publisher 7.0 software and finally printed by a high resolution
colour ink jet printer in the CMYK technology.

Results

Chromosome number

Staining with DAPI allowed counting chromosomes in both parental species and
in the hybrid. It was proved that Solanum wild type V8 (S. verneri

× S. microdontum) is a diploid plant. The chromosome number in somatic cells
equals 2n = 2x = 24 (Figure 1a). Solanum tuberosum cv. FOLVA is an allotetra-
ploid and has 48 chromosomes (2n = 4x = 48) (Figure 2a). It was found that
the FAO1-1A hybrid contains 46 chromosomes and minichromosomes. The num-
ber of minichromosomes was 4-10 in most cells, but a higher number was ob-
served in some cells. The number of minichromosomes differs in different cells of
this line even in the same root. The FAO1-1A line could be classified as
hypoallotetraploid because two chromosomes were missing (Figure 3a). There
were at least 50 metaphases studied for each staining technique and the chromo-
somes were counted in 100 metaphase plates for each line.

Double fluorescent staining – DAPI/CMA

Double fluorescent staining – the DAPI/CMA technique – results in banding of
chromosomes. DAPI did not show any strong positive bands, but allowed recog-
nizing of one NOR chromosome in line V8 (Figure 1a) and two in FOLVA (Fig-
ure 2a) and in FAO1-1A (Figure 3a). NOR satellites are quite big and weakly
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Figure 1a. Chromosomes of Solanum wild type V8 after DAPI staining. The arrow head
indicates chromosome No.1 and the arrow points at a NOR chromosome weakly stained by
DAPI. 1cm = 10�m
Figure 1b. V8 chromosomes after CMA3 staining. The arrow indicates a NOR chromosome
and the arrow head points at chromosome No. 1 bearing characteristic CMA bands. Only one

NOR chromosome and chromosome No. 1 are stained by chromomycin. 1cm = 10�m
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Figure 2a. Chromosomes of S. tuberosum cv. FOLVA after DAPIstaining. The arrows indicate

weakly stained NOR chromosomes and the arrow head chromosome no. 1 bearing

characteristic CMA band. 1cm = 10 �m

Figure 2b. FOLVA chromosomes after CMA3 staining. The arrows indicate chromomycin

stained NOR chromosomes and the arrow head points at chromosome no. 1 bearing

characteristic CMA bands. Other chromosomes No. 1 are not indicated as they form

a chromosome cluster in the middle of the metaphase plate. 1cm = 10 �m

Figure 3a. Chromosomes of the asymmetric Solanum hybrid FAO1-1A after DAPI staining.

The arrows indicate NOR chromosomes that have weakly stained satellites. 1cm = 10 �m

Figure 3b. FAO1-1A chromosomes after CMA3 staining. The arrows indicate NOR

chromosomes stained by chromomycin. The satellites weakly stained with DAPI are also

weakly stained with chromomycin. The white arrow heads indicate chromosomes No. 1

bearing characteristic CMA bands. The red arrow head points at the deleted chromosome No. 1

bearing the characteristic CMA band. 1cm = 10 �m



stained with DAPI on some NOR chromosomes. It is presumed that these are
the active ones. Actively transcribed rDNA is less condensed than the other parts
of chromosomes and than inactive rDNA. Positive CMA bands were found in
some chromosomes. CMA3 staining revealed positive bands at the distal region of
some chromosomes of the analysed lines and that indicated NOR chromosomes.
A characteristic CMA+ band is present in the middle of the short arm of the longest
chromosome No. 1 in all lines (Figure 1b, 2b, 3b and Table 1). It is interesting that
in the diploid V8 line single chromosomes with a CMA+ band at a distal or intersti-
tial position were observed (Figure 1b).

Another interesting observation was in line FAO1-1A, one of the chromo-
somes bearing a CMA+ band was much shorter than the others. It is presumed that
it is a chromosome no. 1 with a deletion (Figure 3b). The intensity of all CMA pos-
itive bands is not the same. Some of them are stronger and some are weaker.
The weak ones are positioned on NOR chromosomes that can be recognized after
DAPI staining in the hybrid.

rDNA loci

The diploid set of chromosomes of lineV8 displays two signals after in situ hy-
bridization with rDNA probe (Figure 4), which are clearly different in size. Chro-
mosomes of FOLVA show four sites of hybridization. Two signals are much
larger than two others (Figure 5). Four signals of hybridization were found in stan-
dard chromosomes of the hybrid, which means that none of the FAO1-1A
minichromosomes contains rDNA sequences (Figure 6 and Table 1).

The silver staining method allows detecting transcriptionally active rDNA
loci. In the diploid line V8 both rDNA loci detected by FISH were active. FOLVA
had 2 or 3 active rDNA loci in different cells. The hybrid FAO1-1A always had 3
active rDNA loci (Table 1).

Computer analysis of FAO1-1A chromosomes

To make a karyotype of FAO1-1A its chromosomes were measured by the use of
computer program KS.100.20. The chromosome markers used in this study did
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Table 1. The number of chromosomes bearing chromosome markers

Solanum line
Distal
CMA+ band

Interstitial
CMA+ band

rDNA
Active
rDNA

V8 (2n = 24) 1 1 2 2

FOLVA (2n = 48) 4 4 4 2-3

FAO1-1A (2n = 46 and 4 -10 m*) 4 4 4 3

*m – minichromosomes
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Figure 4. Chromosomes of Solanum wild type line V8 after in situ hybridization with rDNA

probe counterstained with DAPI. The red signals indicate two rDNA loci in the V8 genome.

1cm = 10 �m

Figure 5. Chromosomes of Solanum tuberosum cv. FOLVA after in situ hybridization with

rDNA probe counterstained with DAPI. The red signals indicate four rDNA loci in the FOLVA

genome. 1cm = 10 �m

Figure 6. Chromosomes of the asymmetric Solanum hybrid FAO1-1A after in situ

hybridization with rDNA probe counterstained with DAPI. The red signals indicate four rDNA

loci in FAO1-1A genome. The arrows indicate minichromosomes. 1cm = 10 �m



not allow identifying all chromosomes, so the unidentified chromosomes had to

be positioned in the karyotype in size order. The chromosomes bearing a CMA+

band on the short arm of the longest chromosomes were identified as chromosome

No. 1. After the analysis it occurred that one of these FAO1-1A chromosomes is

much shorter than the others. It is believed to have undergone a deletion during

the fusion or in vitro culture. NOR chromosomes were placed as a second group

according to the ideogram of PIJNACKER and FERWERDA (1984). The others were

ordered according to their length. The karyotype of FAO1-1A (Figure 7) was

made on the basis of the metaphase plate presented in Figure 3.

Discussion

Chromosome analysis of Solanum line V8 indicated that this diploid line consists

of two different genomes. Fluorescent in situ hybridization allowed localizing two

rDNA loci that are different in size but both are active, as was shown by silver

staining. The chromomycin staining also shows polymorphism in V8 chromo-

somes. Only one chromosomes No. 1 has the interstitial CMA+ band and only one

NOR chromosome is distinguish by a distal CMA+ band. The polymorphism can

be due to different GC contents in heterochromatin and in rDNA in parental spe-

cies of V8. The lack of homology between genomes may cause meiosis disrup-

tion, but it is not important in vegetatively reproduced plants where such

a polymorphism can be retained. The tetraploid Solanum cultivar FOLVA also

seems to consist of two non-homologous genomes. The markers employed here

always indicated 4 chromosomes. However, the two FISH signals (rDNA loci) are

much larger than the other two. If the FOLVA genomes were homologous
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Figure 7. Karyotype of the asymmetric Solanum hybrid FAO1-1A. The first group of

chromosomes was identified by the use of a new chromosome marker CMA3 and they are

chromosomes No. 1. The second group consists of chromosomes No. 2. (according to

the ideogram of Pijnacker and Ferwerda 1984). The other chromosomes are in length order.

Minichromosomes are the last group. The karyotype was made on the basis of Figs. 3a and 3b.



the NOR chromosomes should be identical. The CMA positive bands also differ
in intensity. These results indicate that FOLVA is an allotetraploid. Silver staining
revealed that not all rDNA loci are transcriptionally active. Probably a locus of
one genome in FOLVA is suppressed so that only two or three rDNA loci are ac-
tive. Perhaps the inhibition of some rDNA loci is connected with the phenomenon
of amphiplasty, already observed in hybrids by other authors (LACADENA et al.
1984, CHEN, PIKAARD 1997).

The hybrid FAO1-1A was proved to be a hypoallotetraploid. It was found that
the hybrid FAO1-1A retained the ploidy level of its non-irradiated parent
(FOLVA). FISH allowed localizing four rDNA loci on standard chromosomes.
None of minichromosomes contains rRNA genes. Three of rDNA loci were al-
ways transcriptionally active in the FAO1-1A hybrid. rRNA genes belong to
the house-keeping genes and disturbances in their expression may decrease
the amount of cellular rRNA required for maintaining normal metabolism. Such
disturbances may raise serious consequences in plant vitality, protein production,
growth and development. The level of rRNA was investigated in different somatic
potato hybrids (HARDING, MILLAM 1999). Some of them had lower rRNA levels
than the parental plants and that had consequences in the phenotypes of those
plants. Those hybrids were weaker and shorter than others. Such a low level could
be caused by changes in DNA methylation pattern or loss of rDNA copies
(LANDSMANN, UHRIG 1985). One can speculate that stable expression of the third
rDNA loci in FAO1-1A may also be due to a loss of copies or changes in
methylation patterns within rRNA genes during the protoplast fusion or in vitro

culture. However this hypothesis should be confirmed by molecular investiga-
tions.

The main problem of hybrid investigation is distinguishing parental genomes
of hybrids, especially when chromosomes of parental species are very similar.
The recently developed genomic in situ hybridization (GISH) technique provides
a means to identify the origin of the whole genome or segments of alien chromo-
somes introduced into the recipient species. There have been many successful
analyses of distinguishing parent genomes in wide hybrids, e.g. Solanum and
Lycopersicon (GARRIGA-CLADERE et al. 1998, 1999), Hordeum vulgare and
H. bulbosum (ANAMTHAWAT-JONSSON et al. 1993). However, distinguishing
genomes of very closely related species is not possible as it was in the case of these
investigated potato lines (results not presented). The plants examined in this study
are close relatives and most of their DNA sequences are common. Only sin-
gle-copy sequences are different, which are very difficult to visualise by genomic
in situ hybridization.

Variation in chromosome number and structure has been frequently observed
in genomes of somatic hybrids. They can be caused by the fusion process or in vi-

tro culture. A high genome polyploidization (up to 119 chromosomes) has been
found in Solanum hybrids (FEHER et al. 1992, PUITE, SCHAART 1993). However,
chromosome elimination has also been found in some of asymmetric hybrids
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(RASMUSSEN et al. 1997). The dose of donor irradiation is an important factor in-
fluencing the donor DNA elimination. Structural chromosome rearrangements are
difficult to identify in Solanum hybrids, because the chromosomes are small and
similar in morphology. Nevertheless aberrations, such as isochromosome, NOR
chromosomes with shortened or enlarged satellites, and chromosomes with dele-
tions, were detected by C banding pattern (WAARA et al. 1992). Another chromo-
some aberration found in many hybrids have been minichromosomes
(PARAKONNY et al. 1992).

The FAO1-1A hybrid had 46 instead of 48 chromosomes. It was not possible to
recognize which ones are not present. It is only known that NOR chromosomes
and chromosomes No. 1 were not missing. These chromosomes could be recog-
nized by the markers used here. It was not possible to distinguish other chromo-
somes, so it is difficult to answer if these two missing chromosomes are
homologous or belong to different pairs.

The minichromosomes of the hybrid FAO1-1A probably derive from broken
donor (Solanum wild type V8) chromosomes. None of them contains 45S rDNA
sequences and it is not sure if they contain any genes. It is also possible that
a minichromosome could originate from a small part of a chromosome containing
only centromere. And this would give rise to an "empty"’ minichromosome
(PARAKONNY et al. 1992). Minichromosomes are very small chromosomes found
in plant hybrids. They are much smaller than the smallest chromosomes in
the compliment and they are also called: midget, tiny or minute chromosomes.
According to the hypothesis proposed by PARAKONNY et al. (1992) mini-
chromosomes are created randomly during the fusion process or in vitro culture.
Those authors claim that minichromosomes are stable in mitosis. In spite of this,
one question still remains unanswered: why different numbers of
minichromosomes are observed in different cells of the same plant (FAO1-1A).
One possible reason is non-disjunction of sister chromatids of minichromosomes.
Minichromosomes could lose some centromeric sequences and this could cause
irregular segregation of chromatids during the division. Probably some of them
can divide normally and some are accumulated or lost during cell division.

In this study fluorescent staining allowed identification of not only numerical
but also structural variation in the karyotype of the somatic hybrid. The deletion
within one of chromosomes No. 1 was recognized in the hybrid FAO1-1A.
The deletion is probably a result of chromosome rearrangements during in vitro

culture. It can also indicate the loss of one FOLVA chromosome No.1 and substi-
tution by a broken, irradiated chromosome of V8. Yet it is less possible that a bro-
ken chromosome No. 1 of V8 could be retained in the karyotype instead of
a non-irradiated normal one of FOLVA.

All the findings were used for constructing the karyotype of FAO1-1A.
The first group of four chromosomes were identified as chromosomes No. 1 by
the use of the new CMA+ marker. The last chromosome in this group is the deleted
one. The second group consists of chromosomes No. 2. Two of them have long,
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weakly DAPI-stained satellites and these are probably active loci of rDNA.
The remaining chromosomes were ordered according to their length, as the em-
ployed markers did not allow distinguishing other potato chromosomes.

Other markers are required in order to identify more potato chromosomes.
C-banding is also a good chromosome marker. However, it is not suitable for
small chromosomes. It is believed that molecular markers could be employed to
improve potato cytogenetics. Recently a bacterial artificial chromosome (BAC)
library has been constructed for potato (SONG et al. 2000) and a set of 12 chromo-
some-specific BAC clones were isolated and used as probes for FISH (DONG et al.
2000). That will allow reliable identification of potato chromosomes and facilitate
identification of other chromosome aberrations. However, the full examination of
small rearrangements requires the development of chromosome "painting" with
specific probes or a set of BAC clones.

Conclusions

The asymmetric somatic protoplast fusion is a powerful tool for hybrid creation,
but chromosome rearrangements cannot be avoided. The hybrid FAO1-1A was
found to have 46 instead of 48 chromosomes and several minichromosomes.
The cytogenetic markers used in this study were used to identify potato chromo-
somes No. 1 and 2. It was also possible to identify an incomplete chromosome No.
1 in the hybrid FAO1-1A. It was proved that only some of rDNA loci are active. It
was found that none of the minichromosomes contains rDNA repeats. Further
identification of potato chromosomes and chromosomal rearrangements in potato
hybrids requires the development of chromosome "painting" with specific probes
or a set of BAC clones.
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