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Abstract Chromosome counts and RFLP markers
mapped to Arabidopsis thaliana were used to determine
the proportion of eliminated chromosomes and re-
tained A. thaliana DNA in the back-crossed (BC)
progeny derived from symmetric and asymmetric so-
matic hybrids between Brassica napus and A. thaliana.
All plants were analysed for the presence of two RFLP
markers per chromosome, preferably with one located
on each chromosome arm. A reduction in both
A. thaliana RFLP markers and chromosome numbers
was found in the BC; and BC, generations of the
symmetric hybrids as well as in the BC; generation of
the asymmetric hybrids. In the symmetric hybrids, two
back-crosses to B. napus were required to reduce the
frequency of retained A. thaliana loci to 42.4% and
mean chromosome number to 39.4. In comparison, the
BC; progeny of the asymmetric hybrids had 16% of the
analysed A. thaliana loci present and an average of 38.4
chromosomes maintained. When the frequency of A.
thaliana chromosomes with both analysed loci main-
tained was compared with the frequency of chromo-
somes with one locus lost and one kept, a reduction in
the number of complete chromosomes between BC;
and BC, derived from the symmetric hybrids was ob-
served. Among the BC; plants in the asymmetric group
the situation was different, with higher amounts of
incomplete donor chromosomes compared to whole
chromosomes. The results indicate that A. thaliana
chromosome fragments are more often found in the
progeny of irradiated hybrids, while back-crossed
symmetric hybrids have more complete chromosomes.
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Introduction

Mutation breeding as a supplement to conventional
recombination breeding procedures has been under
consideration since Muller (1925, 1927) and Stadler
(1928) presented evidence that heritable changes in
animals and plants could be induced. Many mutagenic
agents efficiently induce chromosome breaks, which
results in structural rearrangements of the chromo-
somal material. Some of these chromosomal rearrange-
ments are transmitted through cell divisions, meiosis
and carried through to the following generations. Sears
(1956) showed that X-irradiation could be utilised to
induce chromosomal rearrangements after sexual hy-
bridisation to obtain a transfer of leaf-rust resistance
from Aegilops umbellulata to bread wheat. Mutagenic
treatments have been utilised in several cases where the
aim has been to transfer genes to the genome of crop
species from the chromosomes of distantly related spe-
cies (Elliot 1957; Driscoll and Jensen 1964; Wienhues
1966; Sharma and Knott 1966; Knott 1968). Hence, it
was logical to apply and investigate whether this
method could be used for the transfer of limited
amounts of donor DNA to a recipient plant genome
after combination via somatic hybridisation (Dudits
et al. 1980).

Morphological and cytological analyses have been
the classical approaches to characterising sexual and
somatic hybrids and their progeny. Cytological invest-
igations have been improved by in situ hybridisation in
which various probes are used to detect additional
chromosomes and chromosomal integrations in the
recipient genomes (Schwarzacher et al. 1989; Piastuch
and Bates 1990). Furthermore, isoelectric focusing
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(Hamill et al. 1985), isozymes (Gleba and Sytnik 1984;
Sundberg and Glimelius 1986), species-specific DNA
probes (Saul and Potrykus 1984), various molecular
markers (Imamura et al. 1987; Gleba et al. 1988, Fish
etal. 1988; Melzer and O’Connell 1990; Baird et al.
1992) and base pair heterogeneity (Neelam and
Narayan 1994) are other tools used to investigate the
genetic status of hybrid plants. However, detailed char-
acterisations of somatic hybrids and their progeny re-
garding determination of the amount of retained donor
DNA are rare. Only in genera where mapped restric-
tion fragment length polymorphism (RFLP) markers
are available, like in Lycopersicon (Wijbrandi et al.
1990; Melzer and O’Connell 1990, 1992), Solanum
(Williams et al. 1990, 1993; Novy and Helgeson 1994;
McGrath et al. 1996) and Arabidopsis (Forsberg et al.
1998a) have such analyses been performed.

In the study presented here, different strategies, such
as back-crossing, irradiation or a combination of
both, were used to analyse and compare the transfer
and introgression of small amounts of donor DNA
in progeny derived from symmetric and asymmetric
somatic hybrids between B. napus and A. thaliana.
The use of the well-characterised and densely mapped
A. thaliana (Chang et al. 1988; Nam et al. 1989; Liu
et al. 1996) as donor species for the hybrids provided
us with a unique opportunity to follow which donor
chromosomes were maintained in the genome and
to evaluate the different procedures used to obtain
fragmentation and introgression.

Materials and methods

Plant material

Production of the symmetric somatic hybrids between B. napus and
A. thaliana is described by Forsberg et al. (1994). Ten back-crossed
(BC) seeds per plant from six symmetric hybrids were sown. The six
original hybrids had 48 chromosomes, the sum of the two parental
species (B. napus 2n = 38, A. thaliana 2n = 10). These six symmetric
hybrid plants were chosen for this study due to their chromosome
number, access to seeds and DNA. From each primary symmetric
hybrid, a number of BC; plants (totally 51) were investigated and
further back-crossed (Fig. 1). Groups of BC, plants (totally 35), each
deriving from 4 randomly selected individual BC; plants, were
subsequently analysed. B. napus cv ‘Hanna’, was used as pollinator
in all back-crosses in this study.

Asymmetric hybrids in which the donor species (A. thaliana) was
UV-(Forsberg et al. 1998a) or X-irradiated (Forsberg et al. 1998b),
were also included in this study (Fig. 1). Among the hybrids pre-
treated with X- or UV-irradiation, 18 were considered as being
asymmetric and 2 symmetric according to RFLP analyses. The
asymmetric hybrids were further divided into hybrids with A.
thaliana RFLP fragments of different sizes or hybrids with RFLP
bands of the same size as those of the A. thaliana parent. In total 33
BC; offspring plants derived from 12 hybrids, where the donor
protoplasts were X-irradiated with 1350 Gy, were included in the
study. Two of these hybrids had a divergent RFLP pattern indicat-
ing potential rearrangements of the genomes. In addition 13 BC;
plants obtained from 3 hybrids, where the donor protoplasts were
irradiated with 800 Gy, were also included. The 3 primary hybrids

obtained after pre-treatment with 800 Gy were chosen because they
showed altered RFLP patterns compared to the parental material.
Three BC; plants from 1 hybrid where the donor protoplasts were
irradiated with 70 Gy and showed divergent RFLP pattern were also
incorporated into the study. In addition, 12 BC; plants from 5 hybrids
where the donor protoplasts were treated with UV irradiation
(4680 J/m?) were analysed. One of those exhibited a unique RFLP
pattern with fragments of different size compared to the parents.

Chromosome analysis

Chromosome numbers were analysed in five to ten cells from four to
eight root tips per plant according to Sundberg et al. (1987). In total
38 BC, plants and 30 BC, plants derived from the symmetric
hybrids were analysed. Chromosome numbers were also determined
in the BC; population of the asymmetric hybrids. Eleven progenies
from the 4680-J/m? pre-treated group and 29 progenies from the
1350-Gy pre-treated group were included in the studies.

Plant DNA analysis

Isolation of plant DNA, Southern blot transfer and hybridisation
were performed according to Sharpe et al. (1995) with modifications
as described by Forsberg et al. (1998a). The DNA isolated from all
plants was digested with EcoRI or EcoRV. The A. thaliana mapped
RFLP markers mil00, mi353, mi444, mi277, mi289, mi456, mi30,
mil23, mi322, mi418, mi372, mi259, mi320, mi403, mil22, mi334,
mil21 and mi90 (Liu et al. 1996) were used as probes. In addition,
the markers 104, 457 and 268 mapped by Chang et al. (1988) were
included in the analyses. Different generations and subgroups were
analysed over an extended period of time with respect to the inherit-
ance of mapped A. thaliana loci. In the parental symmetric hybrids
at least one marker per chromosome was analysed. The other plants
were consistently analysed for the presence of two markers per
chromosome, preferably with one located on each chromosome arm.
The location of the markers on the A. thaliana chromosomes is
partially illustrated by Forsberg et al. (1998b) including centromere
positions (Round et al. 1997).

Statistical analyses

When the mean frequency of retained RFLP markers and number of
chromosomes were determined, the mean value of each group of
offsprings derived from an individual parent was used to calculate
a mean for the whole generation. The differences in frequency of
retained A. thaliana RFLP markers between generations of symmet-
ric and asymmetric produced hybrids were analysed by Student’s
t-test.

Results
Characteristics of the analysed plant material

Five of the six original symmetric hybrids used in this
study contained at least one RFLP marker for each

»
»

Fig. 1 A schematic drawing of the plant material used in the study.
The asymmetric hybrids were X-irradiated with 70, 800 or 1350 Gy
or UV-irradiated with 4680 J/m?
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A. thaliana chromosome. The DNA obtained from the
sixth hybrid plant was insufficient for further analysis.

Initially, 6 seeds from each of the hybrid plants,
produced after pre-treatment of the donor, A. thaliana,
with the highest irradiation doses of 1350 Gy and
4680 J/m?, were placed on moist filter paper for germi-
nation. Seeds from 3 plants in each X- and UV-irra-
diated hybrid group failed to germinate even though up
to 20 seeds per individual were tested. Additionally,
offspring from 3 individuals in the 800-Gy pre-treated
group and 1 individual in the 70-Gy pre-treated group,
which all had aberrant RFLP patterns compared to A.
thaliana, were chosen to be analysed. A clear reduction
in germination rate was found in BC; both in the
symmetric and asymmetric group of plants compared
to the rapeseed cultivar ‘Hanna’. The germination
frequency was considerably increased after a second
back-cross. The plants derived from the symmetric and
the asymmetric hybrids, respectively, showed a highly
variable morphology after one back-cross to B. napus.
Individuals indistinguishable from the parental rape-
seed cultivar and plants with more or less pronounced
A. thaliana phenotypic characters (e.g. leaf shape, plant
height, trichomes) were found. Seeds were obtained
after both selfing and back-crossing and collected from
all plants independent of background in the first and
second back-crossed generations. Only 1 BC; plant,
which derived from the 1350-Gy pre-treated group, did
not develop flowers. A clear reduction in seed set com-
pared to other BC, individuals was found in 3 plants
deriving from the 1350-Gy group and in 2 plants deriv-
ing from the 800-Gy group.

RFLP analyses

The original asymmetric hybrids obtained after pre-
treatment with 1350 Gy (Forsberg etal. 1998b) and
4680 J/m* (Forsberg et al. 1998a) did not differ signifi-
cantly from each other with respect to presence of
RFLP markers. Consequently, these two groups were
treated as one asymmetric group in the statistical ana-
lyses in both the parental and in the BC; generation.
The group obtained after pre-treatment with 70 Gy
and 800 Gy were excluded from the comparisons since
the hybrids chosen not were representative of their
groups for number of A. thaliana loci maintained.
After the first back-cross the frequency of A. thaliana
loci retained in the symmetric hybrids decreased to
94% (Fig. 2) with 17 plants out of 25 containing 100%
of the A. thaliana loci analysed. Only the 2 BC; plants
being parents to the BC, generation were analysed by
RFLP markers. These 2 plants did not differ signifi-
cantly from the rest of the BC; plants analysed in
respect to RFLP markers, since both plants contained
100% of the analysed loci. In the offspring of the 2 BC;4
plants 78% of observed A. thaliana loci had been lost
(P <001, t =9.92, df = 3) (Fig. 3a). By comparison,

% RFLP markers present

Symm (P)
Symm BC;
Symm BC,
Asymm (P)

Asymm BC;

Fig. 2 Mean frequency of retained Arabidopsis thaliana RFLP
markers in the somatic symmetric hybrids (P), the first and second
back-crossed (BC) generation and the asymmetric hybrids (P) and
their back-crossed offspring. The white bars represent original hy-
brids, and the grey bars the first generation and the black bar the
second generation of hybrids. The standard error of the mean is
added to all bars

the asymmetric group had already lost 73% (P < 0.001,
t =3.65 df = 31) of the markers analysed from the
parental generation to BC; (Fig. 3b). Additionally, the
frequency of retained A. thaliana loci after back-cross-
ing of the symmetric hybrids was compared to the
frequency in the asymmetric hybrids and their progeny.
The BC; generation of the symmetric hybrids had 37%
more loci maintained than the original asymmetric
hybrids (P < 0.01, t = 2.86, df = 20). Furthermore, the
symmetric BC, generation had 27% more markers
compared to the asymmetric BC; generation (P < 0.01,
t =288, df = 19).

Since two A. thaliana loci per chromosome were
analysed the difference between frequency of chromo-
somes maintained with both A. thaliana loci main-
tained, with one locus maintained and one lost or with
both loci lost could be calculated. In the symmetric
BC; plants, 91% of the chromosomes had both ana-
lysed A. thaliana loci maintained (Table 1). After a fur-
ther back-cross the frequency had decreased to 37%. In
the BC; plants of the asymmetric group, only 3.8% of
the chromosomes had both analysed loci present and
22% had one locus maintained.

From 8 original asymmetric hybrids containing
RFLP fragments which differed in size from A. thaliana
(Fig. 4a), 34 BC; plants were analysed. In the analysed
plants only one fragment with a unique size was
inherited (Fig. 4b); all the other fragments had been
lost.

Cytogenetic analyses

All six original symmetric hybrid plants contained
48 chromosomes. The first back-cross resulted in a
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Fig. 3a, b Southern blot a
hybridisations of parental species BC, progeny from BC, progeny from
Arabidopsis thaliana (A) and kb AB symmetric hybrids A B symmetric hybrids
Brassica napus (B) and BC; and
BC,; progeny from symmetric
hybrids (a) and BC; progeny ~ - v -
from the asymmetric hybrids (b)
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Presence or absence of an A. 10
thaliana-specific RFLP fragment 81 W H:- e - |
(arrows) was recorded —
b
BC, progeny from asymmetric hybrids
kb 1350 Gy 800 Gy 70 Gy 4680 BA
Jim?
A g
AP S e——-
—_—-
a b
Table 1 Chromosomes of plants in the different symmetric and The BC4 generation of
asymmetric groups were analysed for the presence of two A. thaliana A B Asymmetric hybrids asymmetric hybrids B A kb
RFLP loci each. The data represent frequency of chromosomes with 3515 BC. 3515
both A. thaliana loci maintained, one locus lost and one kept or both ’ Sl C' d e
loci lost per chromosome
Material Chromosomes  Chromosomes  Chromosomes
with both loci ~ with one locus  with both - 8.1
maintained maintained loci lost L ==
(%) and one lost (%) 5
(%) ovea-—obul
. - :
Symmetric hybrids
BC, 91 6.4 2.4
BC, 37 1 52 -
Asymmetric hybrids
BC, 3.8 22 74

significant decrease in chromosome number to a mean
value of 42.8 (P < 0.001, t = 4.8, df = 10) (Fig. 5). None
of the 4 BC; plants that were parents to the BC,
generation were included in the chromosome analyses.
However, the BC, group analysed had a decreased
chromosome number (x =39.4) compared to BC,
(P <0.01, t = 3.7, df = 7), indicating a rapid elimina-
tion of chromosomes. In the back-crossed asymmetric
populations the mean chromosome number was 38.4,
which was slightly lower than the value found
(x = 39.4) in the symmetric BC, generation (P < 0.01,
t=29,df =19).

Fig. 4a, b Southern blot hybridisations of parental species Ara-
bidopsis thaliana (A) and Brassica napus (B). a Parental asymmetric
hybrids with one hybrid (35.15) showing an aberrant fragment (*).
b BC, progenies from the asymmetric hybrids. Of five progenies
from the 35.15 asymmetric hybrid (a—e), only one (35.15d) main-
tained the fragment of aberrant size (*). The marker mi30 was used
as probe

Comparison between RFLP markers present
and chromosome number

In the symmetric BC; and BC, generations and in the
asymmetric BC; group, a number of plants (n = 65)
were analysed both for chromosome number and pres-
ence of RFLP markers (Fig. 6). The BC; generation of
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Fig. 5 Mean number of chromosomes in the symmetric hybrid (P),
the two generations of back-crossed (BC) symmetric hybrids and in
the first generation of back-crossed asymmetric hybrids. The white
bar represents the original hybrid and the grey bars the first genera-
tion and the black bar the second generation of hybrids. The stan-
dard error of the mean is added to all bars
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Fig. 6 The frequency of retained A. thaliana loci plotted against the
number of chromosomes in the first ((J) and second (O) generation
of back-crossed symmetric hybrids and in the first () generation of
back-crossed asymmetric hybrids. The numerals in or beside the
symbols represent the number of plants when more than one plant
from the same group has the same value

the symmetric hybrids showed a higher frequency of
both retained A. thaliana loci and chromosome num-
bers than the BC, generation and the BC; of the
asymmetric hybrids. Individuals were found in all three
groups, which had more RFLP markers than the ex-
pected number of chromosomes. Additionally, in 3 BC,
plants deriving from the symmetric hybrids a chromo-
some number higher than that of B. napus (38) was
detected without any A. thaliana loci observed.

Discussion

To follow the integration and elimination of A4. thaliana
DNA in the genomic background of B. napus, we
compared progeny from two back-crossed generations
of symmetric somatic hybrids between B. napus and
A. thaliana with progeny from one back-crossed gen-
eration derived from asymmetric somatic hybrids. After
one back-cross of the symmetric hybrids a high fre-
quency of A. thaliana loci was retained from the par-
ental symmetric hybrid plants. This indicates that
a large number of A. thaliana chromosomes were pres-
ent in the BC; genomes. This conclusion was further
confirmed by the cytological examinations of BC;
where the mean chromosome number was found to be
42.8; i.e. on average the B. napus chromosome number
plus 5 extra chromosomes. After the second back-cross,
the number of A. thaliana loci were considerably re-
duced in the progeny derived from the symmetric hy-
brids. Several of the absent loci were mapped to the
same chromosome, indicating that the elimination of
complete chromosomes had taken place. This assump-
tion was further strengthened by the substantial reduc-
tion in chromosome number. In the back-crossed
populations of the asymmetric plants, RELP analysis
indicated the presence of fewer intact 4. thaliana chro-
mosomes and a higher number of chromosomes with
only one of two analysed loci present compared with
the symmetric group. This observation correlated well
with the cytological examinations, which showed
a clear reduction in chromosome number.

When results from the RFLP analysis of the
back-crossed asymmetric plants were compared with
the original asymmetric hybrid from the 1350-Gy
(Forsberg et al. 1998b) and 4680 J/m? (Forsberg et al.
1998a) pre-treated groups, a reduction in the number of
chromosomes with both A. thaliana loci maintained
was found. This reduction is, per se, expected after
a back-cross. The ratio between the frequency of chro-
mosomes with some loci lost and some maintained in
the asymmetric group compared to the frequency of
chromosomes with all analysed loci maintained had
increased after one back-cross from 2 to 6. This indi-
cates that an increased number of recombinations be-
tween the two genomes had taken place. This can be
compared with the situation found in the symmetric
group where this ratio increased from 0.07 in BC; to 0.3
in BC,. The relative increase in lost markers in the two
groups is similar to asymmetric values and indicates
that the loss of A. thaliana loci occurs in a similar way
when asymmetric and symmetric BC; hybrids are
back-crossed. However, even if the increase in the sym-
metric back-cross is comparable with the asymmetric
values the relative numbers are considerably lower.

Only 1 plant out of 34 analysed in the BC; genera-
tion of the asymmetric group inherited an A. thaliana
RFLP fragment that was different in size to that of the



A. thaliana parent. All other aberrant fragments were
lost in the back-cross. This indicates that most of the
aberrant fragments were not present due to stable re-
arrangements, e.g. translocations in the B. napus
genome. It is worth noting that in 95% of the RFLP
analyses performed in this study and in all our invest-
igations of the original hybrids (Forsberg etal.
1998a,b), EcoRI was used, which has been shown in
some cases to be methylation-sensitive (Jen-Jacobson
et al. 1996). Consequently, possible methylation in the
plant material interfering with the RFLP analyses can
be responsible for the variable number of novel frag-
ments observed in the original hybrids. The fact that
one fragment was inherited does not exclude the possi-
bility that it was also methylated in the next generation.
In conclusion, more detailed investigations are needed
to elucidate this further.

Chromosome loss is a common event in interspecific
sexual and somatic hybridisation. In the asymmetric
group, chromosome elimination and rearrangements
were assumed to be induced by mutagenic treatments
in combination with back-crosses. The loss of chromo-
somes in the back-crossed asymmetric group was com-
pared with the loss in the BC; and BC, symmetric
hybrids. A significant elimination of chromosomes was
the result after the first back-crossed symmetric genera-
tion and a further decrease in chromosome number was
found in BC,. A mean chromosome number of 42.8
found in the BC; generation of the symmetric hybrids
fits the theoretically calculated value obtained after one
back-cross, whereas the BC, value of 39.4 is close to the
expected value of BC3, indicating a rather rapid reduc-
tion in the number of chromosomes. The preferable
elimination of A. thaliana chromosomes was, further-
more, visualised by the phenotype of the two genera-
tions where the BC, plants showed a morphology more
alike to B. napus than the BC; plants. By comparison,
the mean chromosome numbers found in BC; plants of
the asymmetric hybrids rather fit the theoretical values
calculated for the BCs generation, demonstrating
a relatively direct effect of the mutagenic pre-treat-
ments on chromosome eliminations.

In the present study two RFLP markers per chromo-
some were analysed in the hybrids. Subsequently, the
amount of A. thaliana loci retained in the hybrid plants
should be correlated to the number of chromosomes,
assuming that no DNA or chromosomal disturbances
have occurred. This was also, in general, found in the
plants analysed, independent of origin. However, some
of the analysed plants had 38 chromosomes and, in
addition, high levels of retained donor loci. This result
indicates that intergenomic translocations or, alterna-
tively, the substitution of B. napus chromosomes with
A. thaliana chromosomes, might have occurred. Indeed,
intergenomic translocations have previously been
shown in asymmetric somatic hybrids between
B. napus and Lesquerella fendleri where translocations
of L. fendleri into the B. napus genome were found
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(Skarzhinskaya et al. 1998). Additionally, in our mater-
ial we found plants with 41-43 chromosomes that had
no analysed A. thaliana markers present. This result
might be explained by the occurrence of DNA methyla-
tion or the loss of the A. thaliana DNA where the
RFLP markers were mapped. However, the accuracy of
the cytological examinations in this study is estimated
to be plus/minus one chromosome due to their small
size and the large number of chromosomes in each cell.
Hence, the determination of whether certain chromo-
some arms were lost or if different sets of chromosomes
were present in any of the plants studied was not
possible without more detailed investigations, e.g.
in situ hybridisation.

In conclusion, even if fertile symmetric somatic
hybrids can be obtained between B. napus and A.
thaliana, treatments causing a fragmentation of the
donor genome (4. thaliana) seems to be advantageous
in reducing the amount of donor DNA and promoting
recombination between the two genomes in a short
period of time.
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