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Abstract The technique of random amplified polymor-
phic DNA (RAPD) offers a broad range of applications in
the investigation of plant genomes. A promising prospect
is the use of RAPD products as genetic markers. We have
investigated a possible organellar source of fragments in
RAPD patterns of total DNA. Two nearly-isogenic lines of
cytoplasmic male-sterile and male-fertile sugar beet (Bera
vulgaris L.) were subjected to RAPD analysis with six dif-
ferent primers. Total, nuclear, mitochondrial (mt), and
chloroplast (cp), DNA from each line were investigated.
Reproducible DNA fingerprints could be obtained from
both organellar DNAs. Differences in band patterns of
mtDNA between cytoplasmic male-sterile and -fertile lines
were observed with five out of six primers, whereas dif-
ferent cpDNA patterns were generated by one of the prim-
ers. Consequently, the RAPD technique can be used to dis-
criminate between different cytoplasms. Clear evidence is
provided for the organellar origin of fragments in genomic
(total DNA) RAPD patterns. The consequences of these
results for the interpretation of RAPD analyses are dis-
cussed.
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Introduction

The development of PCR fingerprint techniques by Wil-
liams et al. (1990) (RAPD) and Welsh and McCleliand
(1990) (AP-PCR) has greatly facilitated the characteriza-
tion of plant genomes. The method is easy to perform and
time saving, and only small amounts of plant tissue are re-
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quired as compared to RFLP analysis. Applications include
analysis of the relationship between varieties, cultivars,
and lines (Hu and Quiros 1991; Klein-Lankhorst et al.
1991; Kresovich et al. 1992; Dweikat et al. 1993), estima-
tion of genetic distances between species (Wilkie et al.
1993), and the employment of RAPD fragments as genetic
markers (e.g., Devos and Gale 1992).

Parentage analysis has revealed a Mendelian inheri-
tance of RAPD products (e.g., Welsh et al. 1991; Waugh
and Powell 1992), and segregation studies have shown the
expected dominant nature of RAPD markers (Carlson et al.
1991; Hu and Quiros 1991; Michelmore et al. 1991). DNA
bands inherited from one parent to all members of an F,
progeny have been explained by a homozygous dominant
genotype of the parent harbouring these bands (Roy et al.
1992; Heun and Helentjaris 1993). Given a female cross-
ing partner as the origin of “aberrantly”-inherited bands, a
possible explanation would postulate that the fragments
shared by the female parent and all F, progenies originate
from organellar DNA which is inherited maternally. How-
ever, the RAPD technique has not yet been applied to or-
ganellar DNAs and non-Mendelian inheritance of RAPD
fragments has not yet been investigated systematically. As
the solution of this problem is of great importance for the
interpretation of all mapping and segregation data obtained
on the basis of RAPD, we have compared RAPD patterns
of genomic (total) DNA from two nearly-isogenic lines of
sugar beet with patterns derived from purified nuclear, mit-
ochondrial, and chloroplast, sugar beet DNA.

Materials and methods

Plant material

Nearly-isogenic lines 3011 (cytoplasmic male-sterile) and 3012
(male-fertile) of sugar beet (Beta vulgaris L.) were kindly provided
by Kleinwanzlebener Saatzucht AG (Einbeck, Germany).

Isolation of DNA

Genomic (total cellular) DNA was isolated from sugar beet leaves
according to Rogers and Bendich (1985). Mitochondrial (mt) DNA
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Table 1 Nucleotide sequence of tested primers

Primer Nucleotide sequence

1 5-ACGGTCTTGG

2 5-GGCATCGGCC

OPB-07 5-GGTGACGCAG
OPB-10 5-CTGCTGGGAG

Primer M13 5’-GAGGGTGGCGGTTCT

was isolated as described earlier (Weihe et al. 1991). Chloroplast (cp)
DNA was isolated according to Teeri et al. (1985).

For isolation of nuclear DNA, the chromatin pellet obtained dur-
ing the first step of chloroplast isolation was washed three times with
2% Triton X-100 in lysis buffer, and the DNA extracted with phe-
nol/chloroform. All organellar DNAs were further purified on CsCl-
bisbenzimide gradients (Matthews and Widholm 1985).

PCR conditions

Amplification reactions containing 15 ng of template DNA were per-
formed in 50 pl of 10 mM Tris-HC1 (pH 8.2), 50 mM KCl, 4.5 mM
MgCl,, 0.2 mM each of dATP, dCTP, dGTP and dTTP, 20 ng of prim-
er and 2.5 units of Tag polymerase (Boehringer), overlaid with 50 l
mineral oil. Amplification was carried out in a BIOMED 60/2 ther-
mocycler (BIOMED, Germany) programmed for 40 cycles of 20 s
at 93°C; 1 min at 36°C for 10-mer primers [42°C for (GATA),
50°C for M13-primer]; 20 s extension at 72 °C, and a final cycle of
6 min at 72 °C. Amplification products were analyzed by electropho-
resisin 1.2% agarose gels run in 1 X TAE buffer (Maniatis et al. 1982)
and detected by ethidium bromide staining. -

A “minus-template” control was included in all PCR assays. The
nucleotide sequences of the primers used in the experiments are giv-
en in Table 1.

Results and discussion

To investigate the contribution of organellar DNA to PCR
fingerprints obtained with total DNA, we subjected nu-
clear-, mt- and cp-DNA of two nearly-isogenic sugar beet
lines (cytoplasmic male-sterile and male-fertile) to RAPD
analysis and compared the resulting fingerprint patterns
with those obtained using total DNA. The organellar DNAs
were purified on CsCl-bisbenzimide gradients to exclude
possible cross-contamination between DNAs of different
origin.

Using the core sequence of the protein III gene of phage
M13 as primer, reproducible fingerprint patterns were ob-
tained with mtDNA and cpDNA (Fig. 1). Strikingly, the
fragments resulting from mtDNA were in the higher-mo-
lecular-weight range compared with total and nuclear
DNA. This might reflect a lower frequency of the type of
inverted repeat necessary for single primer amplifications
in mtDNA than in the nuclear genome. There are distinct
differences in the mtDNA fingerprint patterns between cy-
toplasmic male-sterile and male-fertile plants, represented
by additional bands of approximately 1600 and 3000 bp
in the male-sterile plant (Fig. 1, lanes 4 and 8). This is in
agreement with experimental evidence indicating that a
primary source of cytoplasmic male sterility is extensive
rearrangement in the mitochondrial genome (for review see
Braun et al. 1992) and with previously-reported differences
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Fig. 1 RAPD analysis of two nearly-isogenic lines of sugar beet (8.
vulgaris L.) with the core sequence of phage M13 as primer. Lanes
2-5, line 3011 (cytoplasmic male sterile); lane 2, total DNA; lane 3,
nuclear DNA; lane 4, mtDNA; lane 5, cpDNA; lanes 6--9, line 3012
(male-fertile); lane 6, total DNA; lane 7, nuclear DNA; lane 8§,
mtDNA; lane 9, cpDNA; lanes I and 10, 1-kb ladder (Gibco BRL).
Arrows indicate mtDNA-derived fragments in total DNA; a cpDNA-
derived band is marked by an asterisk

in restriction fragment patterns between mtDNA of cyto-
plasmic male-sterile and -fertile sugar beet (Powling and
Ellis 1983; Mikami et al. 1984; Weihe et al. 1991). Thus,
in addition to mitochondrial RFLP analysis, organellar
PCR fingerprinting provides another method for differen-
tiation between cytoplasmic male-sterile and male-fertile
cytoplasms. The difference in the fragment patterns of
cpDNA between the two lines, mainly the presence of an
extra fragment of 800 bp in the male-sterile plant, is sur-
prising (Fig. 1, lanes 5 and 9). Chloroplast genomes within
one species are usually well conserved. On the other hand,
single point mutations may exist which cannot be revealed
easily by DNA restriction analysis. A polymorphism at one
HindlIl site has been detected in cpDNA between male-
sterile and male-fertile sugar beet (Mikami et al. 1984).

At least three fragments are shared by total- and mt-
DNA RAPD patterns which are absent from the nuclear
fingerprint pattern of both lines, indicating that these bands
in the total DNA preparation are derived from mtDNA (see
arrows in Fig. 1). And, in fact, these fragments represent
the most prominent bands in the mtDNA patterns.
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Fig. 2 Segregation of RAPD patterns produced by primer (GATA),.
The lanes are in the order of Fig. 1. A 600-bp fragment observed both
in nuclear and mtDNA patterns is indicated by an arrow

One of the fragments of the cpDNA fingerprints in both
lines appears also in the total- and nuclear-DNA-derived
patterns (asterisk in Fig. 1). The most obvious explanation
would be a slight contamination of the nuclear DNA by
cpDNA, which cannot be excluded even after CsCl-gradi-
ent purification. Another source of cpDNA RAPD frag-
ments in nuclear DNA, and thus total DNA, can possibly
be found in organellar DNA sequences transferred to the
nucleus (cf. Gray 1991).

The PCR fingerprint patterns derived from nuclear
DNA are very similar between the cytoplasmic male-ster-
ile and male-fertile line. Minor differences are most likely
due to the fact that the lines are not fully isogenic.

We have also employed simple tandem repeats as prim-
ers for RAPD analysis. Figure 2 shows the results obtained
with (GATA),. Also with this type of primer, the finger-
print patterns obtained with mtDNA were highly different
between the male-sterile and male-fertile line. There is one
fragment of about 600 bp (marked by an arrow) which ap-
pears in the patterns of mitochondrial, nuclear, and total
DNA in similar quantity. In this case, it could be assumed

777

that a sequence of nearly-identical length is amplified from
mtDNA and nuclear DNA. No clear band pattern was pro-
duced using (GATA), as primer and cpDNA as template.

To investigate whether the appearence of cytoplasmic
DNA sequences is a common feature in RAPD analyses of
total DNA we have tested further primers. Figure 3 shows
the results obtained with four arbitrarily-selected 10-mers.
As in the case with the M13-primer, high-molecular-
weight fragments were obtained with mtDNA as template.
However, dependent upon the primer used, the mtDNA
RAPD patterns varied in the extent of differences between
the male-sterile and male-fertile line. Thus, primers 1, 2,
and OPB-07 produced relatively-similar patterns, whereas
primer OPB-10 generated larger differences in the range
of 1600 to 2000 bp (Fig. 3, lanes 13 and 17). The PCR fin-
gerprint obtained with primer OPB-07, showing an
mtDNA-derived band of about 600 bp in the total DNA but
not in the nuclear DNA pattern, represents another strik-
ing example of the cytoplasmic origin of bands in “ge-
nomic” RAPD patterns (see arrow in Fig. 3).

Our results indicate that organellar (mt and cp) genomes
can be discriminated by PCR fingerprinting. Furthermore,
they demonstrate that, at least in sugar beet, and depend-
ing on the primer used for PCR amplification, a number of
fragments in “genomic” RAPD patterns originate from
mtDNA and to less extent from cpDNA. Similar observa-
tions have been made by DNA fingerprint studies on or-
ganellar DNAs using (GATA), and other simple repeats as
hybridisation probes (Beyermann 1992). Thus, when cer-
tain fragments appear both in the female parent and in all
of the descendents of a cross, this may be due to maternal
inheritance.

The question arises why not all fragments detectable in
PCR fingerprints of mtDNA and cpDNA (and also nuclear
DNA) are present in fingerprint patterns of total DNA. The
contribution of organellar genomes to total cellular DNA
varies between species and between cell types. It can be
estimated to be about 1% for mtDNA and about 10% for
cpDNA (Herrmann and Possingham 1980; Ward et al.
1981; Bendich and Gauriloff 1984). The finding that, if
any, only prominent bands of organellar origin are detect-
able in PCR fingerprints of genomic DNA could be the re-
sult of competition for primer binding between suitable
sites in the DNAs of different sources. Earlier experiments
with mixed samples of two different genomic DNAs gave
similar results (data not shown). It is well known that mi-
nor quantities of a specific fragment can be detected within
a large amount of non-target DNA, if PCR is performed in
the “traditional” way to amplify one specific DNA se-
quence by two different primers. However, if the RAPD
technique is applied to detect specific bands in fingerprint
patterns of two different total DNAs mixed at various ra-
tios in one sample, a strikingly lower sensitivity is observed
(Lorenz et al., in preparation).

Our results indicate that reciprocal crosses or F, segre-
gation analyses are necessary for resolving the question of
whether “band sharing” between the female parent and F,
progenies is due either to a homozygous genotype of one
of the parents, as discussed by others (Heun and Helent-
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Fig. 3 RAPD patterns of the two sugar beet lines produced by prim-
er OPB-07 (lanes 2--9), primer OPB-10 (lanes 11-18), primer 1 (la-
nes 21-28) and primer 2 (lanes 30-37). Order of lanes identical to
those from Fig. 1. Lanes I, 10, 19, 20, 29 and 38, 1-kb ladder (Gib-
co BRL). An mtDNA-derived fragment in total DNA is indicated by

an arrow

jaris 1993), or to maternal inheritance (indicated by orga-
nellar fragments). The findings presented here might well
be a common feature in RAPD analyses applicable to other,
if not all, plant species. Whenever aberrant inheritance of
RAPD fragments is observed the contribution of cytoplas-
mic amplification products should be considered a matter
of serious concern having important consequences both for
the interpretation of results in segregation analysis and for
the use of RAPD fragments as genetic markers.
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