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Abstract 

We previously showed that the mitochondrial DNA (mtDNA) of a Brassica campestris callus culture had 
undergone extensive rearrangements (i.e. large inversions and a duplication) relative to DNA of the 
control plant [54]. In this study we observed that after continued growth, the mtDNA of this culture 
continues to change, with rearranged forms amplifying and diminishing to varying proportions. 
Strikingly similar changes were detected in the mtDNA profiles of a variety of other long- and short-term 
callus and cell suspension lines. However, the proportions of parental ('unrearranged') and novel 
('rearranged') forms varied in different cultured cell mtDNAs. To address the source of this heterogeneity, 
we compared the mtDNA organization of 28 individual plants from the parental seed stock. With the 
exception of one plant containing high levels of a novel plasmid-like mtDNA molecule, no significant 
variation was detected among individual plants and therefore source plant variation is unlikely to have 
contributed to the diversity of mitochondrial genomes observed in cultured cells. The source of this 
culture-induced heterogeneity was also investigated in 16 clones derived from single protoplasts. A mixed 
population of unrearranged and rearranged mtDNA molecules was apparent in each protoclone, 
suggesting that the observed heterogeneity in various cultures might reflect the genomic composition of 
each individual cell; however, the induction of an intercellular heterogeneity subsequent to the protoplast 
isolation was not tested and therefore cannot be ruled out. The results of this study support our earlier 
model that the rapid structural alteration of B. campestris mtDNA in vitro results from preferential 
amplification and reassortment of minor pre-existing forms of the genome rather than de novo rearrange- 
ment. Infrequent recombination between short dispersed repeated elements is proposed as the underlying 
mechanism for the formation of these minor mtDNA molecules. 

Introduction 

In vitro culture of plant cells has become an 
increasingly important tool in genetic manipu- 

lation and improvement of major crops [for 
review see 3]. Broader application of tissue cul- 
ture technology, however, has been limited to 
some degree by the accompanying somaclonal 
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variation often observed in the nuclear and orga- 
nellar genomes of many plant species [for review 
see 22]. Although the majority of these genetic 
mutations have been attributed to the nucleus [26, 
14], recent molecular analyses of plant mitochon- 
drial DNA (mtDNA) indicate that when plant 
tissues are subjected to conditions of prolonged 
culture, extensive structural changes (i.e. in- 
version, deletion/insertion, transposition) in the 
organization of the mitochondrial genome may be 
observed [7, 34, 62]. The instability of the mito- 
chondrial genome has been investigated in so- 
matic hybrids [ 15, 38, 60, 41, 21 ] as well as in vitro 
cultures of various plant systems [8, 39, 18, 58, 50, 
4]. An often cited example of culture-induced so- 
maclonal variation associated with mtDNA is the 
reversion to fertility of different cytoplasmic male- 
sterile types in maize [16, 5, 12, 48]. In several 
reports, the nature of mitochondrial genome 
alteration in vitro has been attributed to the cul- 
ture system, such as the age [34], culture type [7], 
or the in vitro technique employed [23]. 

We recently reported that the mitochondrial 
genome of a 29-month-old Brassica campestris cell 
culture was extensively rearranged and included 
molecules containing at least two inversions and 
one large duplication [54]. This finding raises 
questions as to whether the same or different 
pattern of rearrangement will occur in other cul- 
ture lines and to how the novel forms of the ge- 
nome arise. To address these questions, we have 
examined the mtDNA of the original callus cul- 
ture line at approximately six-month intervals for 
two additional years and have compared the mi- 
tochondrial genome organization of other inde- 
pendently established cell lines. Furthermore, the 
mtDNA profiles of 28 individual B. campestris 
plants and 16 clones derived from individual pro- 
toplasts from the original callus were examined to 
address the source of the heterogeneity detected 
in the mitochondrial genome of the cultured cells. 
We discuss the role of recombination at short 
repeated elements as the underlying mechanism 
for the rapid structural alterations o fmtDNA and 
provide evidence that culture-induced mtDNA 
alterations result primarily from the differential 
amplification of pre-existing rearranged genome 
forms rather than from de novo rearrangement. 

Materials and methods 

The rapid-cycling, self-compatible Brassica cam- 
pestris L. (CrGC 66) from which most cultures 
were established was the main source of the plant 
genomic DNA used in this study. As sources for 
control plant mtDNA, we utilized two different 
turnip varieties, 'Torch' and 'Tobin', kindly pro- 
vided by Dr. Rakow at Agriculture Canada. With 
the exception of one culture (X), which was ini- 
tiated from an atrazine-resistant line (cv. 
'Candle'), all of the B. campestris cultures utilized 
in this investigation were established from the 
rapid-cycling line, CrGC 66 (Table 1). Friable and 
compact callus cultures as well as suspension cell 
lines were initiated and maintained as described 
previously [27, 54]. Protoclones were recovered 
from the 43-month-old callus culture of BCS-A 
using the procedure described by Lentini et al. 
[27] and Robertson and Earle [49]. 

Plant mitochondrial and total DNA samples 
were prepared from fresh leaves as well as flower 
and stem tissues of one- to two-month-old plants. 
Total DNAs from both the whole plant and the 
cultured cells were isolated using the procedure 
described by Doyle and Doyle [10] slightly 
modified in our laboratory. Whole plant and cul- 
ture mtDNAs were isolated by the DNase-I pro- 
cedure of Kolodner and Tewari [25], followed by 
CsC1 centrifugation, isopropanol extraction and 
dialysis [43]. Restriction endonuclease digestion, 
agarose gel electrophoreses, bidirectional tranfers 
of DNA fragments from agarose gels to Zetabind 
(AMF Cuono) membrane, labeling of recombi- 
nant plasmids by nick-translation, and filter 
hybridizations were performed as described 
earlier [54]. Recombinant plasmids containing 
B. campestris mtDNA fragments came from the 
library described by Palmer and Shields [44]. 

Results 

mtDNA instability in vitro over time 

In our previous study, we compared B. campestris 
mitochondrial DNA (mtDNA) from whole plants 
and from a 29-month-old cell culture [54]. 



Table 1. Brassica campestris L. cultures used in this study 

Designation Type of Source Months in Figures 
Culture Culture* 
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BCS-A** friable callus hypocotyl (CrGC 66) 
BCS-A1 friable callus BCS-A 
BCS-A2 friable callus BCS-A 
BCS-A3 friable callus BCS-A 

BCS-BI compact callus hypocotyl (CrGC 66) 
BCS-B2 compact callus BCS-B 1 

BCS-C1 compact callus hypocotyl (CrGC 66) 
BCS-C2 friable callus BCS-C1 
BCS-C3 friable callus BCS-C1 

G friable callus hypocotyl (CrGC 66) 
K friable callus hypocotyl (CrGC 66) 
L friable callus hypocotyl (CrGC 66) 
M friable callus hypocotyl (CrGC 66) 
Q friable callus hypocotyl (CrGC 66) 

X friable callus hypocotyl (cv. Candle) 

BCS-As suspension 36 month old 
BCS-A callus 

BCS-Bs suspension 6 month old 
BSC-B callus 

8a suspension BCS-A callus 

P-6 friable protoclone 

P-10, 15, 16, 
36, 37, 38, 40, 
42, 43, 44, 45 

H-I, H-2, H-3 

friable protoclones 

compact protoclones 

29 month old 
BCS-A callus 

43 month old 
BCS-A callus 

43 month old 
BCS-A callus 

29 
37 
44 
53 

8 
17 

6 
15 
16 

11 
11 
11 
11 
11 

11 

48; last 12 
in suspension 

16; last 11 
in suspension 

48; last 12 
in suspension 

37; last 10 
as protoclone 

46; last 3 
as protoclone 

46; last 3 
as protoclone 

1,2 
3 ,4 ,5  
3, 6, 7, 8 
2 ,3 ,4  

5 ,6 ,7  
6 

5,6 
6 
6 

5 
5 
5 
5 
5 

8A 

8A 

8A 

8A 

* Age of the culture at the time of DNA analysis. 
** BSC lines A (A, A1, A2, A3), B (B1, B2) and C (CI, C2, C3) were derived independently. 

Restriction pattern analysis, as well as hybridiza- 
tion studies utilizing a nearly complete B. cam- 
pestris mtDNA clone library, revealed that exten- 
sive alteration of the culture mtDNA occurred 
during the 29 months of in vitro culture. Figure 1 
illustrates several examples of these analyses. 
Note that each of the indicated cloned fragments 
(S10.1, P9.7, 12.2, P4.4, $4.4) hybridizes with 
variable intensity to the expected parental (plant- 
like) band as well as at least one novel band (R) 
in the culture mtDNA (Fig. 1). Low levels of some 

of the culture-associated rearranged fragments 
were also detectable in the mtDNA sample of the 
control plant (e.g. Sal I  fragment of 13.0 kb and 
PstI  fragment of 16.9 kb). Figure 2 summarizes a 
tentative outline of the major rearrangement 
events in this 29-month-old cell culture (BCS-A). 
We postulated that at least 4 independent 
rearrangements had occurred in the mtDNA of 
this culture. One inversion was detected within 
P s t I  fragments of 19.4kb (encompassing the 
cloned fragment S10.1) and 12.2kb. The 
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Fig. 1. Mitochondrial DNA rearrangements ofBrassica eampestris cultured cells, mtDNA from whole plants (P) and a 29-month- 
old callus culture (A) were digested with PstI and SalI, separated on a 0.7% agarose gel, transferred bidirectionally to Zetabind 
membranes, and hybridized with the indicated cloned fragments. The clone designations indicate the type of fragment cloned 
(S for SalI and P for PstI) and its size in kilobase pairs. Sizes are given for parental and rearranged fragments (R) but not for 
small dispersed repeats (r) or fragments resulting from chloroplast DNA contamination (Cp). The existence of low levels of 
culture-associated rearranged fragments in the mtDNA sample of the control plants is indicated by a plus ( + ) sign. The minus 
( - ) sign denotes the lack of a detectable level of culture-associated altered fragments in the mitochondrial genome of the control 

plants. 

endpoints of another inversion mapped within the 
SalI and PstI fragments of 4.4 kb. However, the 
variable intensity of the hybridization signals of 
$4.4 (ca. 50~o ; Fig. 1) and P4.4 (less than 10~ ; 
Fig. 1) to their parental fragments indicated that 
a portion of the BCS-A mtDNA molecules 
(ca. 40~o) must contain a second separate 
rearrangement involving the P4.4 region (Fig. 2). 
SalI fragments of 6.2 kb and 1.1 kb were also 
found to be duplicated in BCS-A [54]. Finally, 
the minor hybridization signals of P9.7 to two 
novel PstI fragments of 12.0 and 15.0 kb sug- 
gested the occurrence of a fourth rearrangement 
in a small portion (ca. 10~o ; Fig. 1) of the BCS-A 
mtDNA molecules. 

In order to examine whether the extensive 
mtDNA alterations observed in the 29-month-old 
culture were stable, mtDNA was isolated from 
the BCS-A culture at subsequent seven- to nine- 
month intervals and analyzed with four restriction 
enzymes, Pst I, SalI, BglI, and Nru I. In addition, 
a number of cloned fragments corre- 

sponding to the previously identified altered 
regions of the genome were used as hybridization 
probes (e.g. Figs. 3 and 4). In our previous 
analysis, we noted that a PstI fragment of 4.4 kb 
was highly rearranged, containing the endpoints 
of at least two independent inversions (Fig. 2). 
Based on the low hybridization intensity of P4.4 
to the parental band (Fig. 1), we had estimated 
that only 10~ of the BCS-A mtDNA molecules 
contained the parental arrangement of this region 
(Fig. 2). As Fig. 3 illustrates, after eight months of 
continued growth and at both further timepoints, 
P4.4 and the corresponding S 17.0 parental frag- 
ments are from culture mtDNA. A deletion of 
approximately 1.1 kb within P4.4 (Fig. 2) and a 
second putative inversion involving the $4.4 
region (Fig. 3 ; note that the rearranged SalI frag- 
ments of 9.6 and 4.8 kb that are hybridized to in 
common by P4.4 and $4.4 were not present in the 
29-month-old culture; Fig. 1) appear to be the 
primary source of the more recent changes leading 
to the disappearance of the PstI fragment of 
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Fig.2. Locations and nature of culture-associated rearrangements in the mitochondrial  genome of Brassica campestris. The 
circular map of the B. campestris 'master chromosome' shown linearized at the BglI site is from Palmer and Shields [44]. The 
summary of m t D N A  rearrangements in a 29-month-old culture (BCS-A) is based on published work of Shirzadegan et al. [54; 
see also Fig. 1], while the summary for the 53-month-old (BCS-A3) is based on the results reported in this paper. The arrows 
indicate the sites, as bounded by the dashed lines of rearrangement breakpoints in the mitochondrial  genome of cultured cells. 
A deletion of 1.1 kb within a PstI fragment of 4.4 kb is denoted with a hollow triangle. The percentages in parentheses indicate 

the proportion of altered mtDNA molecules in BCS-A and BCS-A3. 

4.4 kb and its corresponding restriction fragments 
(Fig. 3). 

Further evidence for continuing change of 
mtDNA in vitro is provided by examining P9.7, 
another unstable region of the Brassica mitochon- 
drial genome (Fig. 2). Although in BCS-A, only 
10~o of the mtDNA molecules were altered in this 
region (Fig. 1), after eight additional months of 
in vitro growth (BCS-A1) molecules that were 
rearranged in the P9.7 region reached 50~o of the 
mtDNA population (Fig. 4A). Furthermore, by 
the fifth year of subculturing (BCS-A3), we were 
unable to detect any traces of P9.7 and its corre- 
sponding parental fragments, SalI  fragment of 
28.0 kb and NruI fragment of 4.7 kb (Fig. 4A). 
Thus parental fragments P4.4 and P9.7 were both 
ultimately lost completely from the culture 

mtDNA and replaced by a number of rearranged 
fragments, an indication of multiple and con- 
tinuing rearrangements. However, the kinetics of 
genome reassortment varied for the two regions, 
in that P4.4 was absent after 37 months of culture 
(BCS-A1 ; Fig. 3)1 whereas P9.7 disappeared only 
after 53 months (BCS-A3; Fig. 4A). 

Hybridization analysis utilizing cloned frag- 
ments that correspond to other previously identi- 
fied altered regions (i.e. S 10.1, P12.2, $6.2) failed 
to demonstrate any new alterations occurring 
over time within the mitochondrial genome of 
BCS-A (Fig. 4B and data not shown). However, 
quantitative variation in the stoichiometry of 
several novel fragments was evident. For 
example, culture-associated altered fragments 
(e.g. P14.5, P16.8, S13.0, Nl l .3)  resulting from 
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Fig. 3. On-going alteration of mtDNA in culture. MtDNAs from whole plants (P) and cultured cells (BCS-A) were isolated 37 
months (bcsA1), 44 months (bcsA2), and 53 months (bcsA3) after initiating the calli, restricted with PstI and SalI, electro- 
phoresed in a 0.7% agarose gel, transferred to a Zetabind membrane, and hybridized with the indicated cloned fragments. All 

other labels are as in Fig. 1. 

an inversion involving the $10.1 and P12.2 
regions were reported previously [54] to be 
present in approximately 30~o of mtDNA mole- 
cules (Figs. 1 and 2). With continued growth of 
BCS-A in culture, the proportion of these novel 
fragments diminished to less than 10~,  whereas 
the proportion of the parental arrangement of 
these fragments reached almost that of the control 
plant (Fig. 4B). 

Patterns of  mtDNA change in independent culture 
lines 

In order to determine whether the mtDNA 
changes detected in BCS-A were unique to this 
culture and whether other B. campestris cultures 
would exhibit no change, the same pattern of 

change, or different patterns, we analyzed 6 inde- 
pendent cell lines of ages 6 to 11 months (Fig. 5). 
We also utilized both friable and compact callus 
cultures to examine whether there is any correla- 
tion between callus morphology and the intensity 
o f m t D N A  changes in Brassica (Table 1). Figure 5 
illustrates SalI restriction patterns as well as 
hybridization analysis using the cloned fragment 
P12.2. With the exception of one culture (X) 
which revealed a unique alteration, all indepen- 
dent culture lines, regardless of their morphology, 
contained primarily the same type of rearrange- 
ments as BCS-A1 (37-month-old), as evidenced 
by the appearance of novel, rearranged fragments 
at 14.0 and 11.0 kb (Fig. 5). However, the pro- 
portion of altered and parental genomes varied 
greatly among different lines. For example, the 
somewhat stronger intensity of hybridization of 
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Fig. 4. Hybridization analysis of culture mtDNA alteration over time. mtDNAs from the whole plant (P) and a callus (bscA) 
were isolated after 37 (bcs-A1) and 53 (bcs-A3) months in culture and hybridized with clones P9.7 (A) and S10.1 (B). The 
superscript circles (O) denote the disappearance of culture-associated novel fragments previously observed in the mitochondrial 

genome of BCS-A [54]. All other labels are as in Fig. 1. 
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ent nuclear background ('Candle'). Detailed ana- 
lysis of culture X mtDNA showed that a novel 
large inversion had occurred with endpoints in 
P12.2 and $4.0. These two fragments which in the 
native plant genome lie over 80 kb apart (Fig. 2), 
hybridized to the same two novel bands, $8.1 and 
S13.0 (Fig. 5 and data not shown). 

In addition to the variation observed in the 
organization of the main mitochondrial genome of 
different cultures, we found that the 11.3 kb linear 
mtDNA plasmid of Brassica [46], which is absent 
from the mitochondrial genome of BCS-A [54] 
and several other cell lines (Fig. 6), including the 
6- and 15-month-old cultures of BCS-C, has 
reappeared in high level in 16-month-old BCS-C3 
(Fig. 6). The fairly random appearance of this 
extrachromosomal molecule in the native plant 
tissues of several accessions within the genus 

Fig. 5. Instability of mtDNA in long- and short-term cul- 
tures. Sai l - res t r ic ted  mtDNA (P, A, B, C) and total genomic 
DNA samples (L, M, Q, X) from the whole plant (P) and 
various cell cultures (Table 1) were electrophoresed on a 
0.7% agarose gel, transferred to Zetabind membranes, and 
hybridized with a PstI  fragment of 12.2 kb (P12.2). The sizes 
of parental and novel hybridizing fragments (R) are indicated 

in kb. All other labels are as in Fig. 1. 

P12.2 to the parental fragment, S 17.0, than to the 
novel fragment, S 14.0, in BCS-B 1 indicates that 
slightly over half of the mtDNA molecules in this 
culture retain their original genomic configuration 
(Fig. 5). On the other hand, the proportion of the 
mtDNA molecules containing the parental ar- 
rangement of S17.0 is less than 30~  in BCS-C1 
(Fig. 5). Even more drastic quantitative variation 
is apparent in cultures L and Q, both of which 
were sampled after 11 months in vitro. In culture 
L the parental S17.0 is undetectable and is re- 
placed by rearranged fragments, whereas it per- 
sists in the great majority of genomes in culture 
line Q (Fig. 5). 

The case of qualitatively new rearranged mole- 
cules arising in an independent culture occurred 
in culture X, which was established from another 
B. campestris line (atrazine-resistant) with a differ- 

Fig. 6. Reappearance of an 11.3 kb mtDNA plasmid after 
prolonged culture. Fractionation of DNase-I purified 
mtDNAs from whole plant (P) and various Brassica cam- 
pestris culture lines (Table 1) in a 0.7% agarose gel. HMV 
denotes high molecular weight undigested mtDNA. The 
arrows denote the array of putative RNA molecules that 

occasionally co-purify with mtDNA [24]. 
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Brassica has already been demonstrated [46, 24]. 
The disappearance of this 11.3 kb plasmid via 
in vitro culture was also recently shown by 
Erickson et al. [ 13]. In their studies, the plasmid 
was subsequently restored upon sexual hybridiza- 
tion of the regenerants lacking this plasmid and 
plasmid-containing B. napus male plants. 

Effect of  culture type on mtDNA rearrangement 

To determine whether the same type of alteration 
would occur in suspension cultures as in callus 
cultures, we examined mtDNAs of BCS-A and 
BCS-B cells maintained as suspensions for 12 
months (As and Bs, Fig. 7). Hybridization ana- 
lysis utilizing cloned fragments that correspond to 
previously identified altered regions of BCS-A 
(e.g. $4.4, S10.1, P12.2, P4.4; Fig. 1) demon- 

strated that the mtDNA organization of cells 
grown as suspensions and callus are generally 
similar, containing a comparable level of the same 
type of rearrangements (Fig. 7 and data not 
shown). The mtDNA profile of the Bs suspension 
culture appears almost identical to that of the 
parental callus culture, BCS-B, indicating a lower 
level of alteration of some regions (e.g. $4.4, 
Fig. 7) in this cell line, regardless of the culture 
type. The only differences between the two 
systems were the most recent rearrangements 
(e.g. P4.0, $5.0, N9.5) appearing in the BCS-A2 
maintained as callus (Fig. 3 and 7) and the rise of 
a novel molecular species (4.6 kb in size) in the 
mtDNA of the suspension cultures (Fig. 7). With 
the exception of BglI (data not shown), none of 
the restriction enzymes utilized in this investi- 
gation could cleave this 4.6 kb molecule (Fig. 7). 
More importantly, this DNA species migrated 

Fig. 7. Comparison ofmtDNA organization of callus and suspension cultures. Hybridization ofa SalI fragment of 4.4 kb ($4.4) 
to Southern blots of mtDNA samples prepared from whole plant (P), callus cultures (A2, B1), and cell suspensions (As, Bs). 
The arrowheads indicate a 4.6 kb plasmid-like molecule present in As and Bs lanes. The absence of the parental Nru I fragment 
of 1.0 kb in the Bs lane is a blotting artefact since the band was present in other transfers as well as in longer autoradiographic 

exposure of the same blot. All other labels are as in Fig. 1. 
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also as a 4.6 kb linear molecule in the gels of 
undigested mtDNA samples of both suspension 
cell cultures (data not shown) suggesting that this 
novel species is in fact an extrachromosomal plas- 
mid. However, scarcity of the DNA samples did 
not permit the determination of whether the 
4.6 kb plasmid was a linear molecule or a circular 
molecule of some other size. Hybridization analy- 
sis using clones from various parts of the mito- 
chondrial genome (e.g. $4.4, S 10.1, P 12.2, P4.4; 
$6.2) revealed some degree of sequence similarity 
between this extrachromosomal plasmid and the 
chromosomal mtDNA of B. campestris (Fig. 5 
and data not shown). A possible explanation for 
this observation is the presence of a repeat family 
on the plasmid molecule that is also widely dis- 
persed on the mtDNA chromosome. Perhaps the 
plasmid originated by recombination between di- 
rectly oriented repeats flanking an origin of repli- 
cation on the master chromosome. 

Heterogeneity of the culture mtDNA 

The mitochondrial genomes of the various 
Brassica cultured lines examined in this study (e.g. 
Figs. 3 and 5) contain a mixed population of 
plant-like ('unrearranged') and rearranged mole- 
cules. To determine whether the observed hetero- 
geneity of the culture mtDNA is characteristic of 
each individual cell or reflects an intercellular 
variation, 16protoclones (callus cultures re- 
covered from single protoplasts) were established 
from the initially characterized BCS-A (Table 1). 
Due to the small amount of culture material avail- 
able, total DNA of each protoclone was isolated 
and subsequently digested with PstI and Sail. 
The restriction patterns were compared utilizing 
specific mtDNA probes that had previously re- 
vealed some degree of heterogeneity in BCS-A 
(e.g. S10.1, $4.4, P9.7, P12.2, P4.4; Fig. 1). For 
example, in BCS-A we had previously demon- 
strated that P9.7 was altered in only 10~o of the 
mtDNA molecules (Fig. 1). If this was the result 
of an intercellular heterogeneity (10 ~o of the ceils 
having entirely rearranged genomes and the 
remainder unrearranged ones), then we would ex- 

pect to find an intact P9.7 in 909/0 of the proto- 
clones. On the contrary, almost all of the proto- 
clone mtDNAs examined here contained some 
level of culture-associated rearrangements 
(Fig. 8A). The only exception was P-6, which 
failed to display any of the rearrangements found 
in BCS-A. Essentially the same results were 
obtained using other cloned fragments, including 
S10.1, $4.4, P12.2, P4.4 and $6.2 (data not 
shown). Like the parental culture BCS-A, the 
mtDNA sample of each individual cell line dis- 
plays a multi-banding pattern, implying the exis- 
tence of a heteroplasmic state of the mitochon- 
drial genome. The relative intensities of bands 
within a protoclone mtDNA, however, varied 
greatly among different protoclones suggesting 
that the proportion of the rearranged vs. 
unrearranged genomic types also varies among 
different cell lines (Fig. 8A). For example, the 
12.0 kb novel fragment is undetectable in the 
mtDNA of P-37, but quite abundant in the 
adjacent lane, P-38 (Fig. 8A). 

Trivial factors or accidental results such as in- 
complete digestion ofmtDNA or cross-hybridiza- 
tion of the mtDNA probes to chloroplast or nu- 
clear DNA present in the total DNA samples 
could also account for the multiple-banding 
patterns observed in the protoclones. However, 
except for the PstI fragment of 12.0 kb, none of 
the novel PstI fragments are of a size consistent 
with their being derived by partial digestion of the 
9.7 kb PstI region (see map in Fig. 2). Even the 
rise of the novel PstI of 12.0 kb is inconsistent 
with partials, since this fragment is observed only 
in the DNA samples of cultured cells (Figs. 4A 
and 8A) and never in the DNA samples of the 
whole plant, regardless of its source (purified 
mtDNA or total genomic DNA; Figs. 4A and 
8A). Moreover, this fragment was detected using 
different blots of gels run at different timepoints 
(Figs. 1 and 4A). Nor do these fragments appear 
to be the result of cross-hybridizations to chloro- 
plast or nuclear DNA; previous studies [40] have 
demonstrated no detectable homology between 
P9.7 and cpDNA of Brassica. Furthermore, 
probing purified mtDNA samples of cultured 
cells revealed patterns identical to those observed 
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Fig. 8. Heterogeneity of mtDNA from protoclones and individual plants. A. A PstI fragment of 9.7 kb (P9.7) was hybridized 
to PstI digests ofB. campestris total genomic DNA isolated from a bulk plant population (P), a callus culture (A-2) and various 
protoclones (Table 1). B. A SalI fragment of 8.3 kb ($8.3) was hybridized to total genomic DNAs of 28 rapid-cycling plants 
from the same seed batch used to initiate various cultures used in this study (1 through 28). The arrow denotes a 4.6 kb 
plasmid-like molecule in lane I 1. Numbers to the left of each panel refer to the size of parental (plant-like) and culture-associated 

restriction fragments. 
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in protoclones, although at much higher intensity 
(see for example Fig. 4A). 

Heterogeneity of the mtDNA among B. campestris 
plants 

The variable proportions of parental and 
rearranged mtDNA molecules in different cul- 
tures could theoretically have originated from a 
heterogeneous seed lot containing a mixed popu- 
lation of mitochondrial genomes. Although a high 
level of culture-associated rearrangements at the 
whole plant level was originally ruled out [54], 
there still existed a chance that a small percentage 
of seeds contained significant levels of rearranged 
genome forms, but that these were effectively 
masked by a predominance of seeds with entirely 
unrearranged molecules. To investigate this pos- 
sibility, total DNA of 28 individual rapid-cycling 
B. campestris plants grown from the original seed 
stock (the source of all culture lines) was re- 
stricted with PstI (data not shown) and Sail 
(Fig. 8B) and subsequently probed with mtDNA 
clones representing altered regions. With the ex- 
ception of one individual plant, all individual 
plants exhibited an essentially unrearranged mito- 
chondrial genome comparable to bulk whole 
plant mtDNA (Fig. 8B). The only significant ex- 
ception was plant 11, which featured a unique 
band of approximately 4.6 kb. Side-by-side com- 
parison of the undigested and PstI and Sail 
restricted DNAs prepared from plant 11 and the 
suspension cultures As and Bs, revealed an iden- 
tical mobility for this 4.6 kb DNA species in both 
systems (data not shown). Hybridization analysis 
utilizing various cloned fragments of the B. cam- 
pestris mitochondrial genome against blots of gels 
containing DNA samples of plant 11 and the sus- 
pension cultures provided further evidence that in 
fact this band represents the same plasmid-like 
molecule in both systems (data not shown). 

Discussion 

Our analyses of a wide range of B. campestris 
culture lines illustrate that rapid structural 

changes of the mitochondrial genome/n vitro are 
not due to random events but rather reflect the 
amplification of a pre-existing pool of rearranged 
genome forms in whole plants. This conclusion is 
based on three types of evidence. First, by detailed 
filter hybridization analysis, we were able to iden- 
tify varying levels of identical structural 
rearrangements in the mitochondrial genomes of 
different suspension cell and callus cultures. The 
second type of evidence for the non-random na- 
ture of mtDNA alterations was provided by the 
detection in whole plants of low abundance forms 
('sublimons') of rearranged molecules which ap- 
peared to be maintained in the mitochondrial ge- 
nome of control plants at a recombinational equi- 
librium. Third, both in our evolutionary and 
in vitro studies we noted that most of the struc- 
tural alterations of the Brassica mitochondrial 
genome occur at specific sites via recombination 
across short repeated elements. 

Although a number of studies have already 
demonstrated an increased plasticity of plant 
mtDNA in response to tissue culture manipu- 
lations [ 17, 7, 39, 41, 50, 21, 4] it is still uncertain 
as to whether these 'culture-induced' alterations 
occur systematically in all higher-plant species or 
whether they reflect particular culture conditions 
such as culture age [34] or the in vitro technique 
employed [23]. A study of in vitro mtDNA altera- 
tions of maize [7] has also shown that the 
occurrence of specific types of rearrangements 
(i.e. presence or absence of S 1 and $2 plasmid) 
are tightly associated with the friable callus mor- 
phology. Both in our previous work (see for 
example Fig. 1) and in the present study (e.g. 
Figs. 3 and 4A), we noted extensive alterations 
(i.e. large inversions and duplications) in the mito- 
chondrial genome organization of a B. campestris 
culture line (BCS-A). Strikingly similar types of 
alterations were detected in various long- and 
short-term callus and suspension cell lines (6 to 
11 months old), regardless of the type and mor- 
phology of the culture (Fig.5). A qualitatively dis- 
tinct type of alteration was observed in the mito- 
chondrial genome configuration of one culture 
line (X), which was initiated from a different 
B. campestris cultivar (Candle). Further analysis 



of the m t D N A  of this culture line showed that a 
novel rearrangement (i.e. inversion) with 
endpoints in P12.2 and $4.0 is responsible for the 
observed variation (Fig. 3 and data not shown). 
Interestingly, the endpoints of an evolutionary in- 
version distinguishing the mitochondrial genome 
organization of B. campestris and B. oleracea 
have also been mapped within these same regions 
[45]. These results imply that the apparent insta- 
bility ofB. campestris m t D N A  was not an isolated 
event unique to the initially characterized cell line, 
BCS-A. Our analysis of another species, 
Raphanus sativa (Ogura cytoplasm in B. cam- 
pestris nuclear background), following six months 
of in vitro growth provided further evidence for the 
general instability of the mitochondrial genome of 
different members of Brassicaceae. Our pre- 
liminary results indicate at least alterations 
mapping within a SalI fragment of 11.8 kb [see 
map in 33] as well as sequences flanking atp9, 
atp6, and cox1 regions (unpublished data). The 
susceptibility of the Ogura mitochondrial genome 
to structural changes following in vitro manipu- 
lations has also been reported by other groups 
employing different techniques [47, 36, 35, 21]. 

Regarding the impact of the age of culture on 
the degree of m tDNA rearrangement, in two re- 
cent studies of embryogenic wheat cultures, 
Har tmann et al. [20] and Rode et al. [50] con- 
cluded that most  changes of the mitochondrial 
genome in vitro occur during the early process of 
callogenesis and that these changes are conserved 
in later subcultures. However, in our study with 
various non-embryogenic B. campestris cultured 
cells, we found no evidence that structural 
changes o f m t D N A  were limited to any particular 
timepoint, nor did we find that all changes were 
necessarily maintained in subsequent generations. 
For example, periodic sampling of m tDNA of 
BCS-A for five consecutive years demonstrated 
that, with continued growth in culture, altered 
m t D N A  molecules continued to arise (e.g. P4.0 
and S.4.8; Fig. 3), as well as to both increase (e.g. 
P9.9, P16.8; Fig. 4A) and diminish in intensity 
(e.g. P14.5, S13.0; Fig. 4B). Therefore, based on 
these observations and similar reports [32, 6, 12], 
it appears that in most  but not all cases [20, 50] 
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the duration of in vitro growth has a continuing 
impact on the level of changes of the plant mito- 
chondrial genome. At present, there is little evi- 
dence for the effect of culture systems (e.g. type, 
morphology, technique, or age) on the extent of 
m tDNA alteration in Brassica. Whether the nu- 
clear background [7, 2, 34] could have an impact 
on the rapid structural changes of mitochondrial 
genome in vitro is yet to be determined. 

Is the appearance of 'novel '  m tDNA molecules 
in cultured plant cells the outcome of de novo 
recombination and rearrangement, or does it 
simply represent an amplification of pre-existing 
low abundance molecules? Evidence in support 
of the latter model has already been provided by 
Small etal. [56, 57] who examined the maize 
atpA gene region. In their studies of various fertile 
(N) and sterile (cms) maize mtDNAs,  they were 
able to detect in fertile lines atpA sequences, pre- 
viously believed to be unique to sterile cyto- 
plasms, but at sub-stoichiometric level ('subli- 
mons'). Considering that these molecules were 
retained through many generations at extremely 
low abundance, Small et al. [56] ruled out con- 
tinuous de novo recombination as the primary 
source of these sublimons. Similarly, in our 
studies of B. campestris cultured cells ([54] and 
Fig. 1) we noted that traces of some of the culture- 
induced alterations existed already in the mtDNA 
sample of the control plants (see for example 
Fig. 1). This observation strongly implies that 
most, if not all, of the existing variation between 
whole plant and cultured cell m tDNA of B. cam- 
pestris could be due to differences in the 
stoichiometry of existing forms rather than 
de novo formation of novel restriction fragments. 
Therefore, it is quite conceivable that the primary 
effect of tissue culture manipulation on the organi- 
zation of the B. campestris mitochondrial genome 
is limited to an enhancement of pre-existing 
heterogeneity in the parental plant genome. In 
fact, an enhanced state of heteroplasmy is quite 
evident in the mtDNA profile of various short- 
and long-term culture lines, all of which reveal 
various ratios of 'parental' (more abundant in 
plant) to 'novel' (less abundant in plant) forms of 
the genome (e.g. Figs. 1, 4 and 5). 
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To investigate whether the apparent hetero- 
geneity is characteristic of each individual cell or 
reflects an intercellular variation, 16 clones 
derived from single protoplasts of the 43-month- 
old callus culture BCS-A were compared. A 
mixed population ofunrearranged and rearranged 
mtDNA molecules was apparent in each proto- 
clone (see Fig. 8A), suggesting that the observed 
heterogeneity perhaps reflects the genomic com- 
position of each individual cell. However, we can 
not completely rule out the possibility of a geno- 
typic variation in the cell population subsequent 
to the protoplast isolation. The heterogeneous mi- 
tochondrial genome at the whole plant level could 
have theoretically resulted from a mixed popula- 
tion of plant-like and culture-like cytoplasms 
within the parental seed source. However, our 
comparison of mtDNA patterns of 28 individual 
plants to that of the pooled control plants failed 
to show any significant variation in the level of 
culture-induced alterations among individual 
plants. Therefore, source plant variation is unlike- 
ly to have contributed to the diversity of mito- 
chondrial genomes observed in cultured cells. The 
only exception to this general phenomenon was 
the rise of a plasmid-like molecule of 4.6 kb in 
size, which appeared in equimolar intensity in the 
mitochondrial genomes of two independently 
established suspension cell lines as well as in one 
individual plant (see Figs. 7 and 8B). Although it 
is possible that the independent suspension cell 
cultures were both fortuitously derived from 
hypocotyls with a genotype similar to that of the 
plant 11, such an occurrence is unlikely, since 
only one out of 28 plants displayed a high level of 
this molecule. An alternative explanation is that 
traces of the 4.6 kb molecule pre-existed in the 
mitochondrial genome of parental callus cultures 
(BCS-A and BCS-B) as well as in other individual 
plants, but for reasons as yet unknown, the 
molecule was selectively amplified and sorted out 
in a single plant and two suspension lines. In 
other species following somatic hybridization, 
preferential amplification of pre-existing sub- 
stoichiometric molecules has also been suggested 
to explain the occurrence of novel restriction frag- 
ments not representative of either parent [ 37, 42]. 

These observations together with other reports 
[see for review 28, 29] strongly imply that the 
plant mitochondrial genome is a dynamic system 
composed of various genomic types which coexist 
at different copy numbers in a state of recom- 
binational equilibrium. It is unclear why in cul- 
tured cells and occasionally in organized plant 
tissues the control on this equilibrium is lost, 
leading to a selective amplification and reassort- 
ment of the previously low abundance forms. 
Although no study has yet shown the direct im- 
pact of in vitro stress on mitochondrial configu- 
ration, there are a few reports showing significant 
variation in number, size and morphology of mi- 
tochondria in various organized plant tissues [ 1, 
11, 61 ] and in several suspension and callus cul- 
tures [ 52, 59]. For example, after seven months of 
in vitro growth, Ginkgo biloba cultured cells 
contained an increased number of small mito- 
chondria dispersed throughout the cytoplasm, as 
well as an increase in the density of mitochondrial 
stroma [51, 52]. Such an increase in the number 
of mitochondria per cell (from 110-140 per apical 
cell to 1000 in cotyledon cells or perhaps greater 
in cultured cells), could result in the average 
number of genomes per cell becoming less than 
the average number of mitochondria per cell. 
Whether or not the formation of partial genomes 
in individual mitochondria and possible variation 
in the proportion of mitochondria containing a 
particular low abundance genome form (e.g. sub- 
limon) is the source of the observed mtDNA var- 
iation in B. campestris cultures will require further 
investigation. 

Regardless of the source of mtDNA variability 
in higher plants, the f'mal stoichiometry of each 
genomic type will depend on the rate of homol- 
ogous recombination [ for review see 29, 4 ], which 
is in turn determined by the size and sequence 
composition of repeated elements [63]. In the 
case of large repeats (greater than 1 kb in size), 
high-frequency recombination results in nearly 
equimolar production of recombination isomers 
[44, 30, 55]. Occasionally, however, infrequent 
recombination events across minor repeats might 
generate low-abundance molecules which are 
retained through many plant generations [56, 57]. 



In fact, in our evolutionary studies of the Brassica 
mitochondrial genome (unpublished data), we 
have been able to identify over 23 such minor 
repeat families, ranging from 100 to 450 base pairs 
in length. Furthermore, certain regions of the mi- 
tochondrial genome (e.g. S10.1, P12.2, P4.4), 
which in this investigation and in evolutionary 
studies of the genus Brassica [45] appeared espe- 
cially susceptible to structural mutations, were 
found to contain two to three independent repeat 
families. Therefore, the location and prevalence of 
these repeated elements suggest infrequent ho- 
mologous recombination as the possible underly- 
ing mechanism for the generation of the observed 
heterogeneity in mtDNA of B. campestris plants 
and cultured cells. 
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