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Abstract Comparative hybridization analyses of total
DNA from fertile and cytoplasmic male-sterile (CMS)
triticale plants which had been regenerated from em-
bryogenic callus cultures revealed the organization and
variation of the mitochondrial atp6 gene region. In
order to compare different developmental phases, we
analysed mitochondrial DNA (mtDNA) from both the
shoots and full-grown regenerants. Somaclonal variants
were identified on the basis of differences in the mtDNA
from fertile and CMS triticale. Several shoots as well as
all of the full-grown plants analysed showed somaclonal
variation. This phenomenon could be traced back to
having primarily orginated from the influence of the
nuclear background, which give rise to a stoichiometric
increase in a rye-specific orf25 gene copy, and a tissue
culture-induced combination of fertile and CMS-speci-
ficmtDNA organization of the atp6 gene area. The latter
event is probably caused by the homologous recom-
bination of repetitive sequences that may be accom-
panied by selective amplifications.
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Introduction

The term somaclonal variation — introduced by Larkin
and Scowcroft in 1981 —includes all of the changes in the
nuclear, mitochondrial (mt) and chloroplast (cp)
genomes of higher plants induced by tissue culture. This
phenomenon has been demonstrated on the mor-
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phological (Stolarz and Lorz 1986), biochemical (Ryan
and Scowcroft 1987) and molecular levels (Lapitan et al.
1988; Brown et al. 1991) in different regenerated plant
species. Certain conditions like culture period or growth
factors can influence the extent of somaclonal variation
(Sibi 1981). Over the years a large number of somaclonal
variants have been selected for and are presently been
used in breeding programmes (Krishnamurthi and Tlas-
kal 1974; Evans and Sharp 1983).

Several authors have reported the existence of
somaclonal variation in particular for the mitochondrial
genome of plant regenerants (Kemble and Shepard
1984; Shirzadegan et al. 1988; Hartmann et al. 1992).
The mitochondrial genome of higher plants is assumed
to consist of a population of circular molecules.
Homologous recombination events initiated on direct
and inverted repeats are responsible for the forming
of subcircles, which could explain the high degree
of heterogeneity observed in mtDNA (Quetier et al.
1985).

In the study presented here, comparative hybridi-
zation analyses were carried out on fertile and cytoplas-
mic male-sterile (CMS) triticale regnerants. The CMS
phenomenon seems to be caused by a nuclear-
mitochondrial incompatibility that results in pollen ste-
rility (Lonsdale 1987). The use of CMS plants as ma-
ternal parents has proven suitable for the production of
desired crossing combinations that can be of economical
value by nuclear-induced fertility restoration. In both
wheat and in triticale the CMS system was established
by introducing the cytoplasm from Triticum timopheevi
(Wilson and Ross 1962).

Hybridization analyses on the organization of the
atp6 gene region revealed large differences between fer-
tile and CMS triticale regenerants (Pfeil et al. 1994).
Further analyses of regenerated triticale shoots showed
a high degree of somaclonal variation with respect to
this gene region, especially in CMS plants (Weigel et al,
1995). In order to obtain more detailed information we
took a closer look at this gene region by extending our
investigations to full-grown triticale regenerants.
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Materials and methods
Plant material

Molecular analyses were carried out on regenerated triticale shoots
and fully mature regenerants (T. durum cytoplasm) and CMS (T.
timopheevi cytoplasm) triticale material. All of the triticale material
was of the primary type and had the cross numbers 221, 228 and 745.
More details on this material and the corresponding crossing dia-
gram can be obtained from Weigel et al. (1995).

Heterologous probing

Probes were kindly provided by Prof. U. Kiick (Ruhr-Universitit
Bochum, Insitut fiir Botanik). Table I gives a general view of the
applied recombinant plasmid probes. Preparation of total DNA,
restriction endonuclease digestion using EcoRI and Hindlll, agarose
gel electrophoresis, Southern blotting, Southern hybridization with
digoxigenin (DIG)-labeled probes and immunological detection were
performed as previously described (Pfeil et al. 1994).

Stripping and reprobing of membranes

Stripping and reprobing of membranes were carried out according to
the DIG system user’s guide of Boehringer (1989). For removal of the
colour precipitate the nylon membranes were incubated in heated
dimethylformamide (50°-60°C) until the blue colour precipitate was
removed from the filter. For removal of the probe the membranes
were rinsed thoroughly in water, incubated in 0.2 M NaOH, 0.1%
SDS at 37°C for 30 min and rinsed in 2 x SSC buffer. The filter could
then be dried or used directly for rehybridization.

Results and discussion

Organization of the atp6 gene region in fertile and
CMS triticale

The atp6 gene is situated on a 1.4-kb repeat element that
is able to undergo homologous recombination. In the
mtDNA of fertile plants four different arrangements of
the atp6 gene region have been discovered. In T. aes-
tivum, Bonen (1987) showed that two of these are atp6
gene copies, called atp6-1 and atp6-2; the other two
copies probably arise from recombination processes
between the first two (Bonen and Bird 1988). In con-
strast, in sterile cytoplasms (T. timopheevi) only one
single-copy gene exists. Due to this difference in organi-
zation between fertile and CMS cytoplasms, a relation-
ship between the atp6 gene arrangements and the phe-
nomenon of CMS was taken into consideration (Mohr
etal. 1993). As the studies of Pfeil et al. (1994) and
Weigel et al. (1995) as well as our own investigations did
not reveal any differences between T. aestivum and T.

Table 1 Mitochondrial gene probes

Probe insert

pTae§ coxIIl/atp6/rpsl3
pTATP6-2 atp6/rpsl13
pTATP6-4 atpb

durum cytoplasm with respect to the mitochondrial atp6
gene region, we refer to the mtDMA organization
known from T. aestivum. Figure 1 gives a general view of
the organization of the mitochondrial atp6 gene region
in fertile and sterile cytoplasms in combination with the
hybridization sites of the heterologous probes applied.

Comparative hybridization analysis
of EcoRI-digested DMA

EcoRI-digested DNA from fertile full-grown regener-
ants was hybridized with the heterologous probe pTae8.
This probe contains the 11. 0-kb EcoRI fragment from T.
aestivum on which can be found the cytochrome C
oxidase subunit 3 gene (coxIII), the ATPase subunit 6
gene (atp6-1) and a part of 10.0-kb and 9.0-kb segments
that contain the four atp6 gene copies described above
(Fig. 2, lane a). The hybridization pattern achieved did
not reveal somaclonal variation. Weigel et al. (1995) also
did not detect somaclonal variants within fertile regen-
erated triticale shoots using this restriction
enzyme/probe combination.

When the sterile cytoplasm type was examined,
bands of 12.2kb and 3.0kb appeared in the hybridi-
zation pattern. On the 12.2-kb fragment the orf25 gene
and the coxIII gene are involved, while the 3.0-kb
fragment contains the atp6 and rpsi3 gene (Fig. 2,
lane b). All of the regenerated full-grown CMS plants
showed somaclonal variation in the form of an addi-
tional 11.0-kb band that has also been reported, to a
certain extent, in the seedling stage of the same material
(Weigel et al. 1995). We assume that this band probably
can be traced back to a rye-specific orf 25 gene copy that
is homologous to many sequences of the 12.2-kb-sized
coxI1I/orf25 EcoRI fragment from T. timopheevi cytop-
lasm (Fig. 1). Recently, hybridization analyses from
Laser (1994) revealed the presence of a rye-specific gene
copy in triticale plants. Applying the polymerase chain
reaction (PCR) Laser denied the possibility of a paternal
hereditary, however, she assumed the existence of this
gene copy in a substoichiometric quantity in the cyto-
plasm of the maternal wheat lines. The stoichiometry is
probably regulated by nuclear genes. On account of the
fairly large band intensities that have been found in our
material we accept the premise of a selective amplifica-
tion of this orf25 gene copy.

Comparative hybridization analysis of
HindITI-digested DNA

For subsequent investigations of the mitochondrial atp6
gene region we chose HindIll as a restriction enzyme
and applied other molecular probes: the 3.0-kb insert
from probe pTATP6-2 includes the atp6 gene and a
part of the rpsi3 gene; the 1.6-kb insert from probe
pTATP6-4 carried the atp6 gene (Fig. 1). The complex
hybridization patterns of HindIII-digested total DNA
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again confirmed the large organization differences of the
atp6 gene region between fertile and CMS triticale
(Fig. 3).

In fertile cytoplasm the coxIII gene is integrated in a
5.7-kb HindIIl fragment (Gualberto et al. 1990), the
atp6-1 gene copy in a 2.7-kb fragment and the rpsi3 gene
in a 1.1-kb fragment (Bonen 1987). A low-hybridizing
band of 9.2 kb contains the coxII gene, which has
sequences that are homologous to the atp6-1 gene copy
(Mohr et al. 1993). On account of this information and
on the basis of our hybridization analysis, we could
decode, to a certain extent, the complexity of the hybrid-
ization pattern that we achieved with the three

mitochondrial probes. The 1.6-kb HindIll fragment
corresponds to the mtDNA region downstream of the
coxIII gene and upstream of the atp6-1 gene (Fig. 1),
whereas the 8.0-kb band detected (hybridized with
pTae8, pTATP6-2 and pTATP6-4) probably carries the
atp6-2 gene copy; additional bands of 5.5 kb (pTATP6-
2, pTATP6-4), 5.0 kb (pTATP6-2), 6.5 kb (pTae8) and
4.6 kb (pTae8) had to be attributed to non-definable
DNA regions with sequences that are homologous to
the specific probes (Fig. 3, lane a).

Among the fertile shoots one somaclonal variant was
detected that showed a hybridization pattern that was a
combination of the fertile and sterile cytoplasms (Fig. 3,
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Fig.2 Southern hybridization of a Dig-labeled DNA probe with
EcoRI-digested total DNA isolated from full-grown triticale
regenerants of cross number 221 (lane a with T. durum cytoplasm,
lane b with T. timopheevi cytoplasm)

lane b). It revealed one additional CMS-specific 1.6-kb
band with probes pTATP6-2 and pTATP6-4. The atp6
gene is located on the 1.6-kb fragment of sterile forms
(Fig. 3, lane ¢). Therefore, we concluded that this soma-
clonal variant showed both the atp6-1 copy of the T.
aestivum cytoplasm and the atp6 gene copy of the T.
timopheevi cytoplasm. Due to the intensity of hybridi-
zation both copies seemed to be represented in high
stoichiometric proportions. This could be a result of
amplification, preferably of the atp6 gene, which is speci-
fic for the CMS trait (Fig. 3, lane b).

Only several fertile shoots but all of the analysed
fertile mature plants showed somaclonal variation in the
form of a 2.1-kb signal (Fig. 3, lanes a,b). This band
corresponds to the rye-specific orf25 gene. While the
presence of this gene has already been demonstrated in
EcoRI-digested DNA from sterile triticale regenerants,
fertile regenerants analysed with EcoRI did not reveal
this kind of amplification. The reason for this may be
that one of the four atp6 gene copies is part of an EcoRI
fragment of approximately the same size as the 12.2-kb
fragment that contains the rye-specific orf 25 gene copy
(Fig. 1). Therefore, the two different fragments could not
be discriminated.

In the cytoplasm of CMS ftriticale the atp6 gene is
incorporated in a 1.6-kb HindIII fragment, the coxIII
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Fig. 3 Southern hybridization of Dig-labeled DNA probes with
Hindlll-digested total DNA isolated from full-grown triticale
regenerants (lane a with T. durum cytoplasm, lane ¢ with T. timopheevi
cytoplasm) and from regenerated triticle shoots of cross number
745 (lane b with T. durum cytoplasm)

gene in a 5.7-kb HindIIl fragment, the rpsi3 gene in a
1.1-kb fragment and the orf 25 gene in a 2.1-kb fragment.
The 9.2-kb fragment detected represents the coxII gene.
Bands of 5.0 kb (pTATP6-2) and 4.6 kb (pTae8) may be
attached to unknown homologous DNA regions
(Fig. 3c).

The rye-specific orf25 gene copy and the orf25 gene
copy from T. timopheevi were both located on a 2.1-kb
fragment, so that they could not be discriminated (Fig. 3,
lane ¢). Nevertheless, the rye-specific orf 25 gene seemed
to be amplified in both sterile (detected with the
EcoRI1/pTae8 combination) and fertile forms.

A single hybridizing 2.7-kb band characterized all of
the full-grown plants and several shoots as somaclonal
variants (Fig. 3, lane ¢). We assume that this band
corresponds to the apt6-1 gene copy from fertile forms.
Nevertheless, one should not forget that our results are
based on the length of DNA fragments and that frag-
ments of the same length need not always be equivalent,
even though in all probability they are.

Conclusions

Except for somaclonal variants, no differences in the
hybrdization patterns were found within the three fertile
(T. durum cytoplasm) and the three CMS (T. timopheevi
cytoplasm) genotypes. Furthermore, the ratio of soma-



clonal variation was not dependent on a specific geno-
type. Within the fertile genotypes used somaclonal vari-
ants seemed to occur at equal frequencies which was also
the case for CMS genotypes. These results confirm
former analyses of the atp6 gene region (Weigel et al.
1995).

In maize, Brown et al. (1991) revealed a decrease in
the variability of mtDNA regions during the course of
regeneration: Discriminating between three develop-
mental phases, callus, shoot, and grown-up, they found
that cellular dedifferentiation and redifferentiation can
lead to a shift in genetic material. Genetically altered
cells may prevent further development during the step
from callus to shoot or from shoot to grown-up. While
our investigations of other mitochondrial gene regions
(data not shown) confirmed the results of Brown et al.
(1991), the detected somaclonal variation concerning
the atp6 gene region has been unexpected. The results
achieved gives us reason to suggest either a positive, or
at least a no negative, influence on vitality caused by the
rye-specific orf 25 gene.

Also, the presence of fertile and CMS-specific
mtDNA fragments in the same hybridization pattern
has been surprising. Proceeding from the assumption
that the differences detected between fertile and CMS
triticale regenerants are correlated with CMS occur-
rence and that the latter goes along with rearrangements
in mtDNA, one has to imagine a coexistence of fertile
and sterile mtDNA organizations. Due to outer stress,
e.g. induced by in vitro culture, one form of organization
may occur at first in low stoichiometric proportions,
then in equilibrium or even more, The existence of fertile
revertants is already known from investigations on
CMS maize regenerants, where fertility restoration was
correlated with differences in mtDNA organization
(Earle et al. 1986). According to the frequently observed
instability of the CMS phenomenon a spontaneous
fertility restoration seems to be explanable. It is still
unknown whether stress-induced rearrangements of the
mtDNA are combined with selection advantages for the
better survival of certain phenotypes. One should not
forget that correlations between mtDNA organization
and the phenotypic behaviour of the plant have not yet
been completely clarified.

On the basis of our hybridization analyses we con-
clude that, strengthened or even initiated by in vitro
culture, homologous recombination of the mtDNA and
selective amplification, partially induced by the nuclear
background, can influence the organization of the atp6
gene region. This may lead to a stoichiometric increase
in the rye-specific orf 25 gene copy thatis already present
in a substoichiometric quantity in the maternal wheat
lines. On the other hand, we have shown the formation
of a fertility-specific mtDNA organization in CMS re-
generants. It was also possible to get a more sterile
organization in fertile regenerants. Based on the results
achieved by hybridization analyses of full-grown
triticale regenerants we suppose that this kind of soma-
clonal variation provides a positive influence on vitality.
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It is left to future investigations to elucidate whether
these additional mtDNA arrangements are expressed
and how they affect the biochemical and morphological
levels.

References

Boehringer Mannheim (1989) DIG DNA labeling and detection
nonradioactive. Applications manual. Boehringer Mannheim
GmbH Biochemica, Mannheim, Germany

Bonen L (1987) The mitochondrial S13 ribosomal protein is silent
in wheat embryos and seedlings. Nucleic Acids Res 15:
10393-10404

Bonen L, Bird S (1988) Sequence analysis of the wheat mitochon-
drial atp6 gene reveals a fused upstream reading frame and
markedly divergent N-termini among plant ATP6 proteins. Gene
73:47-56

Brown PTH, Gobel E, Lorz H (1991) RFLP analysis of Zea mays
callus cultures and their regenerated plants. Theor Appl Genet
81:227-232

Earle ED, Gracen VE, Best VM, Batts LA, Smith ME (1987) Fertile
revertants from S-type male-sterile maize grown in vitro. Theor
Appl Genet 74:601-609

Evans D, Sharp W (1983) Single gene mutations in tomato plants
regenerated from tissue culture. Science 221:949-951

Gualberto JM, Domon C, Weil J-H, Grienenberger J-M (1990)
Structure and transcription of the gene coding for subunit 3 of
cytochrome oxidase in wheat mitochondria. Curr Genet
17:41-47

Hartmann C, De Buyser J, Henry Y, Morére-Le Paven MC, Dyer TA,
Rode A (1992) Nuclear gene control changes in the organization
of the mitochondrial genome in tissue cultures derived from
immature embryos of wheat. Curr Genet 21:515-520

Kemble RJ, Shepard JF (1984) Cytoplasmic DNA variation in a
potato protoclonal population. Theor Appl Genet 69:211-216

Krishnamurthi M, Tlaskal J (1974) Fiji disease resistant Saccharum
officinarum var. “Pindar” subclones from tissue culture. Proc Int
Soc Sugarcane Technol 15:130-137

Lapitan N, Sears R, Gill B (1988) Amplification of repeated DNA
sequences in wheat x rye hybrids regenerated from tissue culture.
Theor Appl Genet 75:381-388

Larkin PJ, Scowcroft WR (1981) Somaclonal variation — a novel
source of variability from cell cultures for plant improvement.
Theor Appl Genet 60:197-214

Laser B (1994) Wirkung des Weizen- und Roggengenoms auf die
mitochondriale Genexpression bei Triticale. Dissert Botanicae,
218. Cramer, Berling Stuttgart

Lonsdale DM (1987) Cytoplasmatic male sterility: a molecular per-
spective. Plant Physiol Biochem 25:265-271

Mohr S, Schulte-Kappert E, Odenbach W, Oettler G, Kiick U (1993)
Mitochondrial DNA of cytoplasmic male-sterile Triticum tim-
opheevi: rearrangement of upstream sequences of the atp6 and
orf25 genes. Theor Appl Genet 86:259-268

Pfeil U, van der Kuip H, Hesemann C-U (1994) Non-radio-
active organization and transcript analysis of the ATPase subunit
6 gene region in the mitochondrial genome from fertile and sterile
(CMS) forms of wheat and triticale. Theor Appl Genet 88:
231-235

Quetier F, Lejeune B, Delorme S, Falconet D, Jubier MF (1985)
Molecular form and function of the wheat mitochondrial genome.
In: Van Vloten-Doting L, Groot GSP, Hall TC (eds) Molecular
form and function of the plant genome. Plenum Press, New York,
pp 413-420

Ryan S, Scowcroft W (1987) A somaclonal variation of wheat
with additional beta-amylase isozymes. Theor Appl Genet 83:
419-427

Shirzadegan M, Christey M, Earle ED, Palmer JD (1988) Rearrange-
ment, amplification, and assortment of mitochondrial DNA mol-
ecules in cultured cells of Brassica campestris. Theor Appl Genet
77:17-25



360

Sibi M (1981) Geretic bases of variation from in vitro tissue culture.
In: Bajaj Y (ed) Biotechnology in agriculture and forestry vol 11:

somaclonal variation in crop improvement I. Springer, Berlin
Heidelberg New York Tokyo, pp 112-129

Stolarz A, Lorz H (1986) Somatic embryogenesis, in vitro multiplica-
tion and plant regeneration from immature embryo explants of
hexaploid triticale ( x Triticosecale Wittmack). Z Pflanzenzuecht

96:353-362

Weigel R, Wolf M, Hesemann C-U (1995) Mitochondrial DNA
variation in plants regenerated from embryogenic callus cultures
of CMS triticale. Theor Appl Genet 91:1237-1241

Wilson JA, Ross WM (1962) Male sterility interaction of the Triticum

aestivum nucleolus and Triticum timopheevi cytoplasm. Wheat Inf
Serv 14:29-30



