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Summary. A comparative analysis of the presence of
minicircular DNA CCCIB in 16 different lines and culti-
vars of fertile Vicia faba L. plants was conducted. It was
found that copy number of CCCIB ranged from several
copies per mitochondrial genome to — probably — zero,
depending on cultivar or line. Fertility of plants in these
cases was not altered. We chose 10 cultivars and lines
among 16 analysed. Mitochondria of five cultivars and
lines contained about two CCCIB molecules per one
CCCIA. The sixth cultivar contained CCCIB at copy
number several times lower. In the last four cultivars
CCCIB could not be identified. Copy number analysis of
CCC2 in ten chosen cultivars and lines revealed that in
eight cases the quantitiy of CCC2 was equal to CCCIA.
However, two other cultivars contained about two times
lower quantity of CCC2. Parallel to that we observed an
increase in quantity of one sequence homologous to
CCC2, which in the first eight cultivars and lines could be
found only in minor quantities. Comparative restriction
analysis revealed notable rearrangement events in mito-
chondrial DNAs of ten cultivars and lines being investi-
gated. We did not find any correlations between patterns
of restriction fragments and copy number of CCCIB. In
some cases, rearrangements in Vicia faba mitochondrial
genomes caused a duplication of sequences homologous
to the Zea mays coxII gene.

Key words: Mitochondrial DNA of plants — Minicircular
DNA copy number —~ Molecular rearrangements — Vicia
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Introduction

Comparative restriction analysis of mitochondrial DNAs
isolated from fertile and cms plants and from callus tis-

sues obtained from corresponding plants showed that
mitochondrial genomes of this group of eukaryotic or-
ganisms undergo molecular rearrangements (Pring et al.
1977; Pring and Levings 1978; Kemble and Bedbrook
1980; Boutry and Briquet 1982; Leaver and Gray 1982;
McNay et al. 1984; Kemble and Shepard 1984; Negruk
et al. 1986). Such rearrangements could be identified by
notable changes in ratios of different restriction frag-
ments. Electron microscopic analysis of circular DNA
molecules from mitochondria of whole plants and su-
spension cultures of Vicia faba demonstrated that these
changes could, at least partly, be caused by alterations in
the population of subgenomic circular DNA (Negruk
et al. 1986). Based upon analysis of the molecular rear-
rangements of the mitochondrial genome after in vitro
cultivation of higher plant cells, we suggest that this fea-
ture is generally specific for the mitochondrial genome
and in vitro cultivation only increases its frequency. To
verify this suggestion, comparative restriction analysis of
mitrochondrial DNA isolated from different cultivars
and lines of Vicia faba was done. A number of notable
differences between mitochondrial genomes of different
cultivars and lines were observed. These concern both
restriction fragment patterns and sets of minicircular
DNA molecules, as well as copy number of some regions
of the mitochondrial genome.

Materials and methods

Plant material

Twenty eight different lines and cultivars of Vicia faba L. were
used in this research. Fifteen lines were previously constructed in
the laboratory of Prof. R. Rieger (A, B, C, D,E, F, G, H, I, K,
N, EFK, BKH, DK-14 and BDK-14; Schubert et al. 1982).
These lines and 11 cultivars of Vicia faba were kindly provided
by Prof. R. Ricger and Dr. I. Schubert from the Zentralinstitut
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Table 1. The content of minicircular DNA sequences CCCIA
and CCCIB in 16 different lines and cultivars of Vicia faba

Subspecies and Lines and CCCIA CCCIB*
varieties cultivars
Subspecies minor EFK + + +
variety minor BKH + + +
DK-14 + ++
Fribo + + ]
251 + —
199 + + +
3 + + +
91 + ++
Aushra + ++
Subspecies faba Black Russians + ++
variety equina 122 + -
39 + ++
28 + ++
163 + -
Subspecies faba 148 + ++
variety faba 353 + -

? + + = quantity of CCCIB is an average twice that of CCCIA;
+/— = quantity of CCCIB is several times less than CCCIA;
— = CCCIB is completely absent

fiir Genetik und Kulturpflanzenforschung der Akademie der
Wissenschaften der DDR in Gatersleben. Among the 11 culti-
vars are cv “Fribo”; the other 10 cultivars from different geo-
graphical regions of Europe and Asia are designated by catalog
numbers: 251, 199, 31, 91, 122, 39, 28, 163, 148 and 353. Seeds of
cv “Black Russians” were obtained from the All-Union Institute
of Selection and Seed Production of Vegetable Crops, Moscow
Distr., USSR. Cultivar “Aushra” was obtained from the Lithua-
nian Institute of Agriculture, Kedanski Distr., LiSSR. More de-
tailed characteristics of lines and cultivars investigated are pre-
sented in Table 1.

Mitochondrial DNA isolation and analysis

Preparations of mitochondria were made according to Synenki
et al. (1978). Mitochondrial DNA was isolated by a phenol de-
proteinization procedure. Mitochondrial DNA preparations di-
gested by restriction endonucleases were analysed by electro-
phoresis in 0.8% agarose gels. The gels were stained with
ethidium bromide and photographed under short-wavelength
ultraviolet light. Southern blotting, nick translation and molecu-
lar hybridization were carried out according to Maniatis et al.
(1982). Plasmid-like DNA sequences of Vicia faba mitochondria
(Negruk et al. 1985) and cloned Zea mays COXII gene sequence,
kindly supplied by C. S. Levings III via T. Bérner, were used as
probes.

Results

It was necessary to evaluate the stability of the minicircu-
lar DNA family in mitochondria of different lines and
cultivars of Vicia faba. During earlier work with cv
“Black Russians”, we found a family of minicircular
DNAs with sizes from 1-2 kb, in which three types of

molecules called CCCIA, CCCIB and CCC2 were pre-
dominant (Negruk et al. 1982, 1985, 1986). In 1% —1.5%
agarose gels these minicircular DNAs migrated as two
bands. The slow migrating band contained similarly sized
CCCIA and CCCIB sequences (of about 1.7 kb) show-
ing different physical maps. For example, HindIII cut
CCCIA into two large fragments 1.13 and 0.5kb in
length, respectively. CCCIB was cut by HindIII into one
fragment 1.47 kb in length. Minicircular DNA CCC2 was
located in the band with higher electrophoretical mobili-
ty. It was resistant to HindIII, but BamHI cut CCC2 at
one site and yielded a 1.45 kb fragment. CCCIA and
CCCIB were resistant to BamHI. Apparently, the same
molecules were described by Gobilet et al. (1985) and
Wahleithner and Wolstenholme (1987). Comparing phys-
ical maps of minicircular DNA molecules isolated in our
laboratory and in two other laboratories, we came to the
conclusion that their primary structures are rather con-
servative.

CCCIA and CCC2 are regulary present in mitochon-
dria of Vicia faba, but CCCIB was not found in all cases.
Goblet et al. (1985) suggested the association of CCCIB
with cytoplasmic male sterility (cms). In our case and in
the case described from the laboratory of Wolstenholme
(Wahleithner and Wolstenholme 1987) CCCIB was also
found in mitochondria of fertile plants. To clarify the
correlation between fertility and CCCIB disappearance
we conducted a comparative hybridization analysis of the
32P.labeled cloned CCCIB sequence with HindIII-
fragments from 16 different lines and cultivars, which
belong to all three varieties of Vicia faba: faba, equina
and minor (Fig. 1 and Table 1). In many cases CCCIB
was found in mitochondria of fertile plants and in all of
them fertility was not decreased. The relative quantity
of CCCIB could vary significantly: an average of two
CCCIB molecules were found per one CCCIA molecule
in some cases, CCCIB was completely lost in others, and
as an intermediate case, the number of CCCIB molecules
was several times less than CCCIA (Fig. 1 and Table 1).

Considering genetical reasons for intermediate case
(Fig. 1f) we could suggest two possibilities: (1) Existence
of two types of mitochondrial genomes — with CCCIB
(where the average copy number of CCCIB was two
times that of CCCIA) and without CCCIB. In this case an
intermediate variant probably contains the mixture of
two types of mitochondrial genomes; and (2) Existence of
at least three types of mitochondrial genomes — with
CCCIB, without CCCIB and with low copy number of
CCCIB. To select one of two possibilities we hybridized
32P-labeled cloned CCCIB sequence to total DNA iso-
lated from 11 individual seedlings of cv “Fribo” and di-
gested with HindIII. These experiments (not shown) dem-
onstrated that the copy number of CCCIB in each
individual seedling was the same as in mtDNA prepara-
tion isolated simultaneously from several dozen cv



kb
1.47
1.13
0’5 b -- -
a b ¢ d e f g h i j k

a b ¢ d e f g h 1 ]

Fig. 2. 0.8% agarose gel electrophoresis of total mtDNA prepa-
rations from 6-day-old etiolated seedlings digested with BamHI-
restriction endonuclease. The autoradiograph of the hybridiza-
tion of 32P-labeled cloned CCC2 sequence to mtDNA from lines
EFK (a), BKH (&), DK-14 (¢), and cvs “Black Russians” (d),
“Aushra” (a), “Fribo” (1), 251 (g), 122 (h), 163 (i) and 353 (j). The
numbers at the right of the electropherogram (j) show the sizes
of CCC2 BamHI-fragment and smaller fragment homologous to
CCC2 in kb

“Fribo” seedlings. Based on these data we came to a
conclusion regarding the existence of more than two
types of mitochondrial genomes with different CCCIB
copy number among different Vicia faba cultivars and
lines. Mitochondria of cv “Fribo” contain CCCIB at low
copy number. It is interesting that in prolonged suspen-
sion culture of Vicia faba originated from cv “Black

Russians” we also observed a decrease of the CCCIB -

copy number compared with the original plant (Negruk
et al. 1986).

For further analysis we chose ten different lines and
cultivars of Vicia faba. Five of them contained three types
of minicircular DNAs, where CCCIB was in high copy
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Fig. 1. 0.8% agarose gel electro-
phoresis of total mtDNA prepa-
rations from 6-day-old etiolated
seedlings digested with HindIII-
restriction endonuclease. The au-
toradiograph of the hybridization
of 3?P-labeled cloned CCCIB to
mtDNA from lines EFK (a), BKH
(b), DK-14 (¢), and cvs “Black
Russians” (d), “Aushra” (e), “Fri-
bo” (f), 251 (g), 199 (h), 122 (i), 31
(J), 39 (k), 28 (1), 91 (m), 163 (n), 148
{0) and 353 (p). The numbers at the
left of the electropherogram (a)
show the sizes of the CCCIA and
CCCIB HindIII-fragments in kb

m n o p

Table 2. The content of minicircular DNA sequences CCCIA,
CCCIB and CCC2 in 10 selected lines and cultivars of Vicia faba

Subspecies and Lines and CCCIA CCCIB®* CCC2®
varieties cultivars
Subspecies minor ~ EFK + ++ ++
variety minor BKH + ++ ++
DK-14 + + 4+ + 4
Aushra + + + ++
Fribo + +/— 44
251 + —_ + +
Subspecies faba Black + ++ ++
variety equina Russians
122 + - ++
163 + - +
Subspecies faba 353 + - +

variety faba

® Designations for quantity of CCCIB are analogous to Table 1
® Designations for quantity of CCC2: + + = normal content of
CCC2; + = content of CCC2 is on average decreased by one
half

number (three lines from Prof. Rieger’s collection — EFK,
BKH and DK-14, plus cvs “Black Russians” and
“Aushra”). The sixth cultivar (“Fribo”) contained CCCIB
at low copy number and the last four cultivars (122, 163,
251 and 353) did not contain any notable quantity of
CCCIB. Hybridization analysis of the 3?P-labeled cloned
CCC2 sequence with BamHI-fragments from these ten
lines and cuitivars of Vicia faba mitochondrial DNA
showed, in all cases, the existence of linearized CCC2
(Fig. 2 and Table 2). In addition to that, mitochondrial
DNA of each line or cultivar contained sequences differ-
ent in size but homologous to CCC2. In eight lines and
cultivars these sequences were present in minor quanti-
ties, however, the situation was completely different in
mitochondria of cultivars 163 and 353. Here the content
of CCC2 decreased, on average, by one half. Conversely,
the content of one of the homologous sequences signifi-
cantly increased (Fig. 2).
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Fig. 3. 0.8% agarose gel electrophoresis of total mtDNA prepa-
rations from 6-day-old etiolated seedlings digested with EcoRI
restriction endonuclease. Designations are the same as in Fig. 2.

The numbers on the right side of the electropherogram () show
the sizes of HindIlI-fragments of A DNA in kb
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Fig. 4. 0.8% agarose gel electrophoresis of total mtDNA prepa-
rations from 6-day-old etiolated seedlings digested with BamHI
restriction endonuclease. Designations are the same as in Fig. 2.
The numbers on the right side of the electropherogram (j) show
the sizes of HindIII-fragments of 1 DNA in kb

Thus, the copy number of minicircular DNAs in mito-
chondria of Vicia faba could vary significantly depending
on the line or cultivar studied. This is true for CCCIB.
However, in two cultivars of Vicia faba (163 and 353) we
also found notable variations with respect to the quantity
of CCC2.

Based upon data previously obtained in the laborato-
ry of Briquet (Boutry and Briquet 1982), the possibility of
rearrangements in the main mitochondrial DNA can be
inferred. To verify this we conducted comparative restric-
tion analysis of mitochondrial DNA isolated from 10
lines and cultivars chosen earlier. In Figs. 3 and 4, 0.8%
agarose gel electropherograms of mitochondrial DNA
preparations digested with EcoRI and BamHI restriction
endonucleases are shown, respectively. In comparison
with cvs “Black Russians” and “Aushra” (for which the
patterns of visual restriction fragments are practically
identical), we found and analysed some differences in all
other patterns of Vicia faba mitochondrial DNA. These
differences are shown by white dots on the right side of
the lanes. Among five lines and cultivars containing
CCCIA, CCIB and CCC2, restriction fragment patterns
of mtDNA from lines EFK and BKH were similar. But
these patterns differed in cvs “Black Russians” and
“Aushra”. MtDNA restriction fragment pattern in the
line DK-14 was different both from the pair “Black Rus-
sians”, “Aushra” and from the pair EFK, BKH, in spite
on the fact that nuclear genomes of EFK, BKH and
DK-14 are of the same origin but differ with respect to
some rearrangements in the nuclear chromosomes.

Among four cultivars containing only CCCIA and
CCC2, cv 122 had a mitochondrial genome close in struc-
ture to the mitochondrial geomes of “Black Russians”
and “Aushra”, though some differences were found in this
case also (Fig. 4h). Cultivars 163 and 353 showed similar
total mitochondrial DNA restriction fragment patterns,
but notably differed from “Black Russians” and “Aushra”
(Fig. 31 and j). Cultivars “Fribo”, 251 and 122 revealed
unique features (Figs. 3f, gand 4h). Comparative analysis
of EcoRI and BamHI-restriction fragments among ten
chosen lines and cultivars allowed to differentiate three
pairs of lines and cultivars showing similar restriction
fragment patterns (EFK-BKH, “Black Russians”-—
“Aushra” and 163-353) and four unique types of mito-
chondrial genome (in line DK-14 and in cvs “Fribo”, 251
and 122). In our case, we could not find any correlations
between the number of minicircular DNA types, patterns
of restriction fragments and fertility of plants.

It is clear that restriction analysis by itself allows only
general evaluations of intensity and specificity of rear-
rangements in mitochondrial genomes from different
lines and cultivars. For a more detailed characterization
of rearrangements we conducted the hybridization of
32Pp.labeled cloned Zea mays coxll gene sequences to
mitochondrial DNAs from ten chosen lines and cultivars
digested with BamHI-restriction endonuclease (Fig. 5).
All lines and cultivars contained a 6.5kb BamHI-
fragment homologous to the Zea mays coxIl gene. Line
DK-14 and cvs “Black Russians” and “Aushra” con-
tained an additional 2.6 kb BamHI-fragment, which also
hybridized to the coxIl gene (Fig. Sc—e). In the case of
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Fig. 5. 0.8% agarose gel electrophoresis of total mtDNA prepa-
rations from 6-day-old etiolated seedlings digested with BamH]I-
restriction endonuclease. The autoradiograph of the hybridiza-
tion of 32P-labeled cloned Zea mays coxIl gene sequences to
mtDNA of the same lines and cultivars shown in Fig. 2. The
numbers on the right side of the electropherogram (j) show the
sizes of BamHI-fragments homologous to the coxII gene of Zea
mays in kb
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Fig. 6. 0.8% agarose gel electrophoresis of total mtDNA prepa-
rations from 6-day-old etiolated seedlings digested with EcoRI-
restriction endonuclease. The autoradiograph of the hybridiza-
tion of 32P-labeled cloned Zea mays coxll gene sequences to
mtDNA from lines A (a), B (b), C(c), D (d), E (e), F(f), G (g). H
(h), I (i), K (j), N (k), and BDK-14 (I). The numbers on the right
side of the electropherogram (I) show the sizes of EcoRI-
fragments homologous to the coxIl gene of Zea mays in kb

the 2.6 kb fragment, the intensity of hybridization was
almost the same as in the case of the 6.5 kb fragment.
Hybridization analysis of the 3?P-labeled cloned coxII
gene sequences to EcoRI digests of the same lines and
cultivars also revealed one large homologous fragment
(1.9 kb) in all preparations and an additional smaller
EcoRI-fragment (1.2 kb) in mtDNA preparations of cvs
“Black Russians” and “Aushra” and line DK-14 (not
shown). Based on these data we suggest that in mitochon-
drial genomes of line DK-14 and cvs “Black Russians”
and “Aushra” we are dealing with a duplication of the
coxIl gene sequence.

Thus, mtDNA of the line DK-14 was notably differ-
ent from lines EFK and BKH, both by restriction frag-
ment patterns and by sequences homologous to the
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coxII gene. But, as we know, lines DK-14, EFK and BKH
were obtained by sexual hybridization between primary
lines with different chromosomal abberations (Schubert
et al. 1982). Therefore, it was necessary to analyse mito-
chondrial genomes in original primary lines. In this case
coxII probe hybridization (Fig. 6), as well as comparative
restriction analysis (not shown), revealed the existence of
two types of mitochondrial genomes. Mitochondrial ge-
nomes from lines A, B, C, G, H, I and K belonged to type
I as well as from lines EFK and BKH (Figs. 5a, b and
6a-c, g—J). Mitochondrial genomes from lines D, E, F
and N, as well as from lines DK-14 and BDK-14, be-
longed to type II (Figs. 5c¢, d, e and 6d—f, k, 1). Mitochon-
drial genomes from cvs “Black Russians” and “Aushra”
contained two BamHI- and EcoRI-restriction fragments
homologous to the coxIl gene sequence and therefore
could be attributed to type II. However, some differences
in EcoRI-restriction fragment patterns force us to suggest
two possibilities: (1) Mitochondrial genomes from cvs
“Black Russians” and “Aushra” have some differences
compared with mitochondrial genomes of type II; and (2)
Mitochondrial genomes from cvs “Black Russians” and
“Aushra” contain a mixture of the mitochondrial genome
of type II and of some other(s).

Discussion

‘We reported previously that minicircular DNAs migrat-
ing in 1%-1.5% agarose gels as two bands were an
essential component of the Vicia faba mitochondrial ge-
nome (Negruk et al. 1982, 1985). These data have been
confirmed by other authors (Boutry and Briquet 1982;
Goblet etal. 1985; Wahleithner and Wolstenholme
1987). Two bands of supercoiled minicircular DNA mole-
cules could be found in every line or cultivar of Vicia faba.
However, the copy number of some types of these
plasmid-like molecules could be different. Concerning the
CCCIB sequence we found three situations: (1) When the
copy number of CCCIB was twice that of CCCIA; (2)
When the copy number of CCCIB was several times less
than CCCIA; and (3) When CCCIB was completely ab-
sent. All lines and cultivars investigated in our case were
fertile. Therefore, based on our data and data obtained by
Goblet et al. (1985) and by Boutry and Briquet (1982), we
suggest that cytoplasmic male sterility in Vicia faba is
probably determined not only by the presence of CCCIB
but by the combination of the mitochondrial genome
containing CCCIB with a special type of the nuclear
genome. Such combination could cause a functional im-
balance between nuclear and mitochondrial genomes. It
is possible that a functional imbalance is caused not only
by the presence of CCCIB, but by the special rearrange-
ment events in main mtDNA. We cannot exclude the
existence of several types of rearrangement events, or the
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existence of several different combinations of nuclear and
mitochondrial genomes eventually leading to the func-
tional imbalance. The replacement of one nuclear ge-

nome by another, which can coexist with a given type of -

mitochondrial genome with CCCIB and some rearrange-
ments in the main mtDNA, may possibly cause the recon-
stitution of functional balance. Thus, it is possible that in
the case of Vicia faba we are dealing with a situation close
to that described for Zea mays (Laughnan and Gabay-
Laughnan, 1983).

Comparative restriction analysis revealed notable
rearrangement activity of the Vicia faba mitochondrial
genome (Figs. 3 and 4). In the ten different lines and
cultivars investigated, seven different variants of restric-
tion fragment patterns were found; three lines, EFK,
BKH and DK-14, were the most interesting. These lines
have the same origin and differ from each other only by
several rearrangements of the nuclear chromosomes
(Schubert et al 1982). Concerning the mitochondrial ge-
nome, two of them (EFK and BKH) showed the same
mitochondrial DNA restriction fragment patterns, but in
the third line (DK-14) the restriction fragment pattern
was different. Comparative restriction and hybridization
analysis of 11 primary lines with chromosomal abbera-
tions revealed that the original cultivar used as a source
of these lines probably contained a mixture of two types
of mitochondrial genomes. Lines EFK and BKH inher-
ited mitochondrial genome of type I and lines DK-14 and
BDK-14 inherited mitochondrial genome of type II
Minicircular DNA copy number in all lines and in cvs
“Black Russians” and “Aushra” did not changed signifi-
cantly. From this observation we suggest that the main
mitochondrial DNA rearrangements and alterations in
CCCIB copy number are not linked processes.

A more detailed analysis of Vicia faba mitochondrial
DNA rearrangements, which was conducted with
32p_labeled cloned Zea mays coxll gene sequences, re-
vealed that in some cases mitochondrial DNA rearrange-
ments resulted in duplication of some regions. Thus, the
duplication of some regions of the mitochondrial genome
can take place not only in one species compared with
another (as mentioned by Dawson etal. 1986), but
among different fertile lines and cultivars of one plant
species. Sequences homologous to the coxII gene are be-
ing cloned and are now under investigation. In this re-
gard we can not exclude that the coxII gene duplicate is
a pseudogene, as was shown for the ATPase a-subunit
gene in mitochondrial genome of Oenothera (Schuster
and Brennicke 1986) and for the coxIl gene of wheat
{Bonen et al. 1984).
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