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Abstract We have used artificial 1:1 DNA mixtures of
all pairwise combinations of four doubled haploid
Brassica napus lines to test the ability of RAPDs to
function as reliable dominant genetic markers. In situ-
ations where a specific RAPD band is present in one
homozygous line but absent in the other, the band is
expected in the artificial heterozygote, i.e. in the 1:1
DNA mixture. In 84 of all 613 heterozygous situations
analysed, the expected band failed to amplify in the
RAPD reaction. Thus, RAPD markers will lead to an
erroneous genetic interpretation in 14% of all cases. In
contrast, the formation of non-parental heteroduplex
bands was found at a frequency of only 0.2%. Analysis of
1: 1 mixtures using (1) a different set of optimized reac-
tion conditions and (2} a material with low genomic
complexity (Bacillus cereus) gave identical results. Serial
dilutions of one genome into another, in steps of 10%,
showed that all of the polymorphic bands decreased in
intensity as a linear function of their respective propor-
tion in the mixture. In dilutions with water no differen-
ces in band intensity were detected. Thus, competition
occurs in the amplification of all RAPD fragments and is
a major source of genotyping errors in RAPD analysis.
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Introduction

Random amplification of polymorphic DNA (RAPD)
analysis utilizes single arbitrary sequence 10-base
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oligonucleotides as primers to amplify discrete frag-
ments of DNA in low-stringency polymerase chain reac-
tions (PCR) (Williams et al. 1990; Welsh and McClel-
land 1990). The random amplified polymorphic DNA
(RAPD) technique is fast, easy to perform and compara-
tively cheap. As it relies on universal sets of primers
without need for prior sequence information, it is im-
mediately applicable to the analysis of most organisms.
This marker system has been used in many different
applications involving the detection of DNA sequence
polymorphisms: mapping in different types of popula-
tions (Carlson et al. 1991; Reiter et al. 1992), isolation of
markers linked to various traits or specific targeted
intervals (Giovannoni etal. 1991; Michelmore et al.
1991; Deloume et al. 1994) and applications like variety
identification and analysis of parentage (Tinker et al.
1993; Mailer et al. 1994).

The RAPD technology, however, has some limita-
tions. RAPD markers are in general dominant, thereby
having a lower information content than codominant
markers in linkage analysis of F, populations (Williams
et al. 1990). Furthermore, the reliability of RAPD mark-
ers has been questioned in several studies (Weeden et al.
1992). As minor changes in reaction conditions can
significantly alter the number and intensity of the ampli-
fication products, reproducibility can be difficult to
maintain. Penner et al. (1993) reported difficulties in
obtaining identical band patterns from the same set of
primers and materials among different laboratories. In
their study the type of thermocycler used for RAPD
analysis seemed to be a key determinant of the repro-
ducibility of band patterns. A number of different
approaches have been adopted to account for artefacts
affecting the reproducibility of the analysis. Obvious
solutions to this problem are to carry out replicate
runs and discard all non-reproducible bands (Hu and
Quiros 1991; Reiter et al. 1992) or to use all bands
and accept a certain error level (Stiles et al. 1993). If
replicate runs are carried out, a correction for the effect
of the artefacts can be made (Lamboy 1994). Another
type of problem which has been reported is the occur-
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rence of RAPD bands in progeny but not in their
parental DNAs, a phenomenon explained as heterodup-
lex formation (Riedy et al. 1992; Hunt and Page 1992;
Avyliffe et al. 1994). This can occur when allelic sequences
of different lengths are amplified. However, this is not a
major problem since codominance and the possibility of
heteroduplex formation occurs only rarely in RAPD
analysis.

It has been suggested that the outcome of a RAPD
reaction is in part determined by a competition for
priming sites in the genome (Williams et al. 1993). Am-
plification is probably initiated at many sites, but only a
subset of all possible products are detected as visible
bands after amplification. Several observations support
this view. For example, in several mapping projects
non-Mendelian inheritance for a significant fraction of
all polymorphic bands has been detected, possibly in-
dicating problems with reproducibility and with compe-
tition (Reiter et al. 1992; Echt et al. 1992). In addition,
the number of bands amplified by a specific primer is
approximately the same in small and large genomes.
One possible explanation of this phenomenon is that a
genome with low complexity shows on average a lower
sequence complementarity between target and primer,
whereas a genome with high complexity in general hasa
better sequence complementarity between target and
primer (Williams et al. 1993). Finally, in their study of
the inheritance of RAPD markers in F, hybrids of
maize, Heun and Helentjaris (1993) detected several
cases of apparent non-Mendelian inheritance. Taken
together, these results indicate the existence of competi-
tion in RAPD assays.

The study described here investigates the extent of
competition in RAPD reactions and estimates the fre-
quency of errors in the genetic interpretation of the band
patterns. If competition is genotype-independent, i.e. the
same subset of competing candidates is efficiently ampli-
fied in all genomic backgrounds, then competition will
not generate errors in the genetic analysis. On the other
hand, if competition is genotype-dependent, ie. the
genotype influences which subset of the potential prod-
ucts that will amplify, this will result in errors in the
genetic interpretation. The reliability of dominant gen-
etic markers can be tested by screening completely
homozygous parents for polymorphisms, making cross-
es between the parents and subsequently investigat-
ing all F,s for the presence of the predicted heterozy-
gous bands. We have chosen a more general way to test
the genetic reliability of RAPDs by using completely
homozygous material (doubled haploids) and by
producing artificial mixtures by mixing equal amounts
of DNA of the different materials. Repeated RAPD
analysis enables the discrimination between errors
that are due to a iack of reproducibility, i.e. the phenom-
enon that different band patterns are produced when the
same genotype is repeatedly assayed, and those due to
competition, which is seen as the repeatable disappear-
ance of an expected band in certain genotypes but notin
others.

Materials and Methods
Material and DNA isolation

Four doubled haploid Brassica napus lines (Svalof Weibull AB,
Svalév, Sweden) with known pedigrees were used in all experi-
ments but one. The four lines were named A, B, C and D. DNA
from all pairwise combinations of these lines were mixed in equal
amounts in order to create artificial 1:1 mixtures. The mixtures
were named AB, AC, AD, BC, BD and CD. To repeat the analysis
in an organism with a different genomic complexity, we used four
strains of Bacillus cereus (Swedish Diaries Association, Lund,
Sweden) named E, F, G and H. Artificial 1.1 mixtures were made
in the same way as for the B. napus samples and named EF, EG, EH,
FG, FH and GH. Plant DNA wasisolated from freeze-dried leaves by
the CTAB-method as described by Hjerdin et al. (1994). Bacterial
DNA wasisolated as described by Ausubel et al. (1989). DNA concen-
trations were determined using fluorometry with Hoechst 33258 as
binding dye.

RAPD analysis

PCR amplifications were performed in either Perkin-Elmer/Cetus
9600 or in MJ Research PTC-100 thermal cyclers. The reaction
mixtures contained 80 ng of B. napus DNA, 0.4 pM primer (Operon
Technologies, Alameda, Calif), 10 mM Tris pH 8.2, 50 mM K(Cl,
0.001% gelatine, 2.0 mM MgCl,, 0.1 mM dNTP (Pharmacia) and 0.8
units of Tag DNA polymerase (Perkin-Elmer/Cetus) in a total vol-
ume of 50 ul. The thermal cyclers were programmed for 2 cycles of 60's
at 91°C, 7s at 42°C and 70s at 72°C, followed by 43 cycles of 1s at
91°C, 7sat42°C and 70s at 72°C. To repeat the analysis for a different
set of PCR conditions, we used reaction mixtures containing 50 ng B.
napus DNA, 0.3 uM primer 10 mM Tris pH 8.2, 50 mM KCl1,0.001%
gelatine, 2.5 mM MgCl,, 0.1 mM dNTP and 1.25 units of Tag
polymerase.

Amplification parameters were 2 cycles of 60s at 94°C, 60s at
36°C and 120s at 72°C followed by 43 cycles of 30s.at 94°C, 30s at
36°C and 60 s at 72°C. For DNA samples with low genomic complex-
ity, reaction mixtures contained 12 ng of B. cereus DNA, 0.2 uM
primer, 10 mM Tris pH 8.2, 50 mM KCJ, 0.001% gelatine, 2.0 mM
MgCl,, 0.1 mM dNTP and 1 unit Tag polymerase. Amplification
parameters were 2 cycles of 60s at 94°C, 60 sat 36°C and 120s at 72°C
followed by 43 cycles of 205 at 94°C, 60s at 36°C and 1205 at 72°C.
DNA fragments were resolved by electrophoresis in 2% agarose gels
(1:1 mixture of NuSieve and SeaKem agarose, FMC BioProducts)
run at 40 V/em in 1 X TAE for 4.5h and visualized by ethidium
bromide staining.

RFLP analysis

DNA samples from B. napus lines A and B were digested with
the restriction enzymes EcoRI, HindIlI and EcoRV, and the DNA
fragments separated in 0.8% agarose gels. Southern blotting and
hybridization were made as described by Hjerdin etal (1994).
All RAPD bands involved in erroneous situations were isolated from
2% agarose gels by excision and resolved in sterile water by heating
for 5 min. These samples were used for reamplification of the band
using the PCR conditions described previously. The reamplified
bands were once again isolated, resolved in water and stored in
a freezer. Radiolabelling of the isolated bands was performed in
volumes of 12.5 pl containing 2.5 pl of the template DNA solution,
0.2 uM primer, 10 mM Tris pH 8.2, 50 mM KCl, 0.001% gelatine,
2.0 mM MgCl,, 0.05 mM each of JATP, dGTP and dTTP, 2.5 pl
a-[3?P] dCTP (110 TBgq/mmol, Amersham) and 1 unit Tag poly-
metase.



Results
RAPD genotyping errors in artificial DNA mixtures

Itis generally believed that the majority of RAPD bands
represent unique loci with two alleles, where the pres-
ence of a specific band represents the dominant allele
and the absence of the same band represents the reces-
sive allele. This model requires that a heterozygote
always produces the band. In this experiment our aim is
to investigate this aspect of RAPD markers. Instead of
using sexual crosses to produce the heterozygotes, we
have used DNA from four doubled haploid Brassica
napus lines (A-D) to make artificial 1:1 mixtures repre-
senting all six pairwise combinations, i.e. AB, AC, AD,
BC, BD and CD. In each case where a specific band is
present in one line but absent in another, the 1:1 mixture
of the two lines is the equivalent of a heterozygote. For
all such ‘heterozygous situations’ we determined if the
mixtures showed the expected parental bands. If the
expected band was absent, this was scored as a ‘genotyp-
ing error’.

A total of 120 randomly selected polymorphic
primers were used to amplify RAPD bands from the
pure lines and their mixtures. The primers were chosen
from a screen of 466 10-mer primers, where 88 primers
failed to amplify products of a sufficient quality for
analysis. Of the remaining 378 primers, 167 showed
identical patterns, and 211 showed polymorphisms
among the four lines. The only criterion used when
selecting the 120 primers was that each primer should
detect at least 1 scorable polymorphism. The DNA

samples were arranged such that each mixture was-

flanked by its corresponding two pure lines. This ar-
rangement is illustrated in Fig. 1 where a number of
polymorphic bands are shown. A total of 190 polymor-
phic bands were scored, representing 613 heterozygous
situations. A number of errors were observed. Of the 120
primers, 40 showed at least one erroneous situation, i.e.
absence of an expected band in a mixture. Of the 190
polymorphic bands, 48 showed absence in at least 1 of
the mixtures and a total of 84 of the 613 heterozygous
situations lacked a band amplified in one of the parental
lines. The overall error rate per heterozygous situation
was thus 14%. In Fig. 1b and c several genotyping errors
are shown. It should be noted that the errors occur for
RAPD bands of all intensity classes and can not obvi-
ously be explained as artefacts due to the poor reproduc-
ibility of faint bands.

The heterogeneity of genotyping errors among
primers and among bands was investigated. The uncon-
ditional proportion of correct heterozygous situations is
86%. However, given a randomly chosen heterozygous
situation that correctly shows an expected band, the
probability that another heterozygous situation for the
same primer is correct is 90%, whereas given an ob-
served error the probability that another heterozygous
situation is correct is only 62%. The corresponding
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Fig. 1a~c Analysis of RAPD genotyping errors in the 1:1 DNA
mixtures of all pairwise combinations of the four Brassica napus lines
A, B, C, and D. a Four polymorphic bands (arrows) are successfully
amplified with primer OP-G06 in all mixtures where the band is
expected. b and ¢ Examples of genotyping errors. In b a band (arrow)
amplified with primer OP-B13 and originating from lines A, C and D
fails to amplify in all mixtures with line B (AB, BC and BD). Inc a
band (arrow) amplified with primer OP-B11 and originating from
lines A, B and D fails to amplify in mixtures BC and CD but is
successfully amplified in mixture AC

probabilities at the band level is 93% and 44 %, respect-
ively, which means that the degree of dependence within
bands is greater than the degree of dependence within
primers. The overall conclusion to be drawn is that
certain primers and bands are more liable to errors than
others. We further investigated the pattern of heterogen-
eity by performing a correlation test. As primers vary
with respect to the number of bands they amplify, we
calculated the Spearman rank correlation coefficient
between the proportion of errors per heterozygous situ-
ation and the total number of bands, the number of
unpolymorphic bands and the number of polymorphic
bands. Only the number of polymorphic bands showed
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a significant correlation to the occurrence of errors. The
rank correlation coefficient was 0.45 (P < 0.0001). To
make a more detailed analysis of this effect we separated
the data into three different subsets; primers with only 1
polymorphism, primers with 2 polymorphisms and
primers with more than 2 polymorphisms. For each
subset, the proportion of errors was calculated (Table 1).
It is clearly seen that the occurrence of errors increases
with the number of polymorphisms. A Friedman non-
parametric test showed that the differences among the
three groups were significant (x> = 7.0, df = 2, P = 0.03).

We also calculated the Spearman rank correlation
between the error rate per mixture and the genetic
distance calculated as band sharing. Band data from 154
primers, randomly selected among the 378 primers, were
used to investigate the genetic distance between the
lines. A total of 409 bands were scored, and genetic
distances were calculated as D = 1 — (the proportion of
shared bands), as described in Halldén et al. (1994),
which also confirmed the known relationships among
the four lines. No significant correlation was found
between error rate and genetic distance. Finally, we
made an overall correlation between the size of a DNA
fragment and the probability of error for the corre-
sponding band level. The Spearman rank correlation
coeflicient gave a weak positive correlation (0.15) that
was marginally significant (P = 0.044).

RAPD genotyping errors using a different
set of reaction conditions

To investigate the influence of different PCR conditions
on the frequency of errors, we repeated the test above
using another protocol. This protocol differs from the
one used in the previous experiment in the following
way: the duration of the denaturation and primer an-
nealing steps is longer, the template DNA concentration
is lower and the primer, MgCl, and Tag DNA poly-
merase concentrations are higher. The amplification
regime used in this experiment is similar to that de-
scribed by Williams et al. (1990) and, thus, is similar to
what is used in most RAPD studies. Three of the B.
napus lines and their corresponding mixtures were
screened for errors with 71 primers. The size of this
experiment is consequently only about one-quarter that

Table 1 The relative proportion of genotyping errors for different
numbers of polymorphisms per primer and for each mixture. Aver-
ages are weighted by absolute numbers

Number of Artificial DNA mixture
polymorphisms
per primer AB AC AD BC BD CD Average
1 67 00 153 1.9 37 58 57
2 250 11.1 235 154 231 150 19.1
>3 333 348 31.6 316 300 00 304
Average 175 103 205 115 122 76 137

of the earlier experiment, but since we base our calcula-
tions on heterozygous sittuations the results are com-
parable. A total of 102 polymorphic bands were ampli-
fied. These generated 187 heterozygous situations of
which 26 (14%) were erroneous. Thus, this result is very
similar to the earlier result and indicates that competi-
tion resulting in the generation of errors is not a specific
feature of a certain set of PCR conditions.

RAPD genotyping errors using template
DNA of low genomic complexity

To investigate if this type of error occurs also for a
genome with different complexity, we used four strains
of Bacillus cereus and their 1: 1 mixtures and screened for
errors as described above. The genome complexity of the
haploid procaryote B. cereus is several magnitudes
lower than that of B. napus, which is an allotetraploid
eucaryote with a large genome containing many repeat-
ed DNA sequences. Using 87 polymorphic primers, we
scored a total of 274 polymorphic bands, of which 68
(25%) were erroneous in at least 1 of the mixtures. The
polymorphic bands generated 827 heterozygous situ-
ations of which 131 (16%) showed genotyping errors.
This result is similar to the results obtained in the
previous experiments. Thus, the error frequency seems
to be independent of the type of template DNA. The
degree of dependence within bands was calculated in the
same way as for B. napus. Given a correct band the
probability that another band is also correct is 93%,
whereas given an erroneous band the probability is only
38%. The degree of dependence is thus somewhat stron-
ger in B. cereus than in B. napus.

RAPD band intensity in dilution series

The relationship between template DNA concentration
and amount of PCR product (seen as band intensity)
was investigated in two experiments. In the first experi-
ment the B. napus DNA samples were diluted in water in
steps of 10%. No differences in band intensity were
detected (Fig. 2a), indicating that a tenfold change in
DNA concentration does not per se influence the final
amount of PCR product under these amplification con-
ditions. In the second experiment DNA from two lines
were diluted into each other in steps of 10%, i.¢. artificial
DNA mixtures with the proportions 100:0, 90:10, 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90, and
0:100 were made. Thus, the series of DNA concentra-
tions of each individual genome were identical to those
in the dilution series with water. This experiment was
performed using two combinations of pure lines, AC and
CD, that was analysed with 129 and 126 primers, re-
spectively. The result was very different from the experi-
ment in which DNA was diluted in water. All polymor-
phic bands decreased in intensity as a linear function of
their respective proportions in the artificial mixture
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Fig. 2a—c Analysis of RAPD band intensity in dilution series. a
Dilution of B. napus DNA in water. The DNA (1.6 ng/ul) was diluted
into water in steps of 10%, from 100% in lane 1 to 0% in lane 11, and
amplified with primer OP-N19. No change in RAPD band intensity
can be seen in the inverval 100% to 10% DNA. b DNA from lines A
and C diluted into each other, in the A:C ratios 100:0, 90:10, 80:20,
70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90 and 0:100, and ampli-
fied with primer OP-HO06. A decrease in RAPD band intensity can be
seen for the two polymorphic bands (arrows). Both bands are success-
fully amplified in the 1:1 mixture, thus resulting in a correct genetic
interpretation. ¢ DNA from lines C and D diluted into each other, as
described above, and amplified with primer OP-F20. Two of the
polymorphic bands (arrows) originating from line D are not amplified
in the 1:1 mixture, thus resulting in genotyping errors

(Fig. 2b). The rate of the decrease varied among bands so
that some bands disappeared after a small dilution
whereas others were visible as strong bands even in the
10:90 mixture. Figure 3 summarizes the information on
band disappearance as a function of DNA proportion in
the artificial mixture. A number of polymorphic bands
were very poorly amplified and failed to amplify the
expected product in the 1:1 (50:50) mixture, thus giving
rise to a genotyping error. In correspondence with the
previous experiment, approximately 15% of all hetero-
zygous situations produced such errors, shown in Fig. 3.
This experiment also constitutes a replicate of the initial
test for errors. By comparing the heterozygous situ-
ations in the two datasets we found that : 85.3% repeat-
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Fig. 3 Frequency of successful RAPD bands as a function of DNA
proportion in artificial mixtures. Reduced proportion of DNA in the
artificial mixture leads to reduced frequency of successfully amplified
RAPD bands(in contrast to dilution of DNA in water). The frequency
of bands that disappear in the 1:1 mixtures is approximately 14%

edly showed the expected band in the mixture, 6.2%
showed the band in one of the experiments but not in the
other and 8.5% did not show an expected band in either
experiment.

REFLP analysis of RAPD bands

To estimate the genomic copy number of the target
DNA sequences, we isolated polymorphic bands in-
volved in error situations and used them as probes in
RFLP analysis. The selection of bands included bands
that failed to amplify in 1:1 mixtures (‘suppressed
bands’) and bands that appeared to suppress such bands
(‘successful bands’), i.e. bands that were successfully
amplifed while the suppressed bands were not. We also
included 11 cases where a single band failed to amplify in
a monomorphic background.

A total of 51 polymorphic bands, representing a
majority of the previously detected erroneous hetero-
Zygous situations, were isolated. The bands were radio-
actively labelled and probed on membranes containing
DNA from lines A and B, and then digested with the
restriction enzymes EcoRI, EcoRV and HindIIl. The
DNA sequence copy number was categorized as either
high-, low- or single-copy. The results are shown in
Table 2. Our a priori expectation was that suppressed
bands would show a lower DNA sequence copy number
than competing bands, i.e. the success rate of amplifica-
tion of the band was expected to be positively correlated
to the sequence copy number. No such correlation
between the DNA sequence copy number and the suc-
cess of amplification was found. Thus, the actual DNA
sequence rather than the sequence copy number seems
to be the important determinant for successful amplifi-
cation.
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Table 2 Determination of DNA sequence copy number of successful or suppressed bands

DNA sequence
copy number

Band type

Successful band Suppressed band Suppressed band in Sum
monomorphic
background
High copy 4 10 2 16
Low copy 3 4 2 9
Single copy 13 6 7 26
Sum 20 20 11 51

In the screening for errors among the six artificial
mixtures, the primer OP-P11 produced an unexpected
result (Fig. 4a). This primer amplified a band in the F,
mixture of lines B and C but not in either of the pure
lines. This pattern of inheritance is equivalent to that
reported by Hunt and Page (1992) and Ayiiffe ct al.
(1994), where heteroduplex formaton between different
allelic RAPD products was shown to occur. To confirm
that heteroduplex formation was operating also in this
case, we isolated the bands that were specific for the two
parental lines and the corresponding bands in the F,
mixture in addition to the presumed heteroduplex band.
RFLP analysis as described above showed exactly the
same band patterns for all 5 bands (Fig. 4b), indicating
that this non-parental band is indeed created by hetero-
duplex formation.

Discussion

To estimate the proportion of erroneous heterozygous
bands the homozygous lines and their 1:1 mixtures were
compared. The observed errors represent both repro-
ducible errors due to strong competition effects and
errors due to the poor reproducibility of certain bands
generated by less strong competition effects and sample-
to-sample differences in reaction conditions. The overall
estimate of this error rate is approximately 15% in our
study. The consistency of the error rate observed for
such diverse genomes as Brassica napus and Bacillus
cereus and for the rather different amplification proto-
cols used in this study indicates that this phenomenon is
a general feature of RAPD reactions. In contrast, the
formation of heteroduplex molecules as seen by the
existence of 1:1 mixture-specific non-parental bands
was detected at a frequency of only 0.2%. Other studies
have indicated similar low-frequency estimates for
heteroduplex formation (Ayliffe et al. 1994; Hunt and
Page 1992).

The RAPD protocol described in the first experiment
used very fast tramsitions between the denaturation,
annealing and synthesis steps and has been used to
facilitate the screening of many samples. The other two
protocols are similar to the protocol of Williams et al.
(1990) and use amplification regimes of longer duration.

a AABBBCCCDDCACAAD DBDB

b
Upper parental band

“ b :a

$45.80

Intermediate band  Lower parental band

i T
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Fig. 4a,b Heteroduplex formation. a In mixtures AB, BC, CD and
AD a band is present (arrow) that does not originate from either of the
parental lines but is intermediate in size compared to two polymor-
phic parental bands. b This band showed the same restriction pattern
as the two bands in the parental lines, when they were used as probes
in RFLP analysis with DNA from lines A and B digested with EcoRI,
HindIll and EcoRV

All three protocols have been optimized with respect to
template, primer, MgCl,, and Tag DNA polymerase
concentrations. The following criteria were used to spec-
ify the conditions of each experiment. The band patterns
should not show high-molecular-weight smears and
should be invariant in tenfold dilutions with water. The
assays were prepared using master mixes and careful
manual or robotic multipipetting in order to eliminate
as much sample-to-sample variation as possible. Since
one of the real benefits of RAPD analysis is that the
markers can be used as truly universal markers without
prerequisites such as optimization of each primer, and
since it is highly impractical to optimize the use of the
hundreds of primers involved in the average RAPD



study, we have not optimized the reaction conditions for
each individual primer.

The experiment involving dilution series shows that
competition affects all bands, even bands that are not
involved in situations with genotyping errors. Thus, the
effect of competition is quantitative and not qualitative.
Instead, the degree of competition experienced by a
band in a specific genotype determines the expected
copy number of amplified fragments in the final product.
It follows that the two types of errors identified above
are not independent. If the expected number of amplified
fragments is high the band will be reproducibly visible; if
the expected number is low the band will be reproduc-
ibly invisible; and if the expected number is intermediate
the band will be poorly reproducible. In the dilution
series such intermediate bands should be the bands that
disappear in mixtures with approximately equal
amounts of the parental genomes. Dependent on the
precission of the labwork, the variation in copy numbers
realized for a specific product in repeated assays will be
large or small. If the variation is small, then the range of
expected copy numbers resulting in unreliable bands
will be narrow. From our repeated analysis it was seen
that, 6.2% showed the band in one of the experiments
but not in the other, whereas 8.5% showed the absence
of an expected band in both experiments. This indicates
that reproducible errors constitute a significant propor-
tion of the errors that occur in a RAPD reaction. The
observation in the dilution series that all bands are
affected by competition, in addition to the constancy of
the error rate for different genomes and methods, indi-
cates that the phenomenon as such is universal. To our
knowledge, the only other experiment where the issue of
errors due to competition has been addressed is the
study by Heun and Helentjaris (1993). In their study of
maize they found, in correspondence with the results of
this study, polymorphic bands that were absent in F,
individuals. However, their results differed quantitative-
ty from ours in that they found a lower frequency of such
errors. In addition, Heun and Helentjaris (1993) re-
ported that certain bands are often involved in erron-
eous situations whereas others appear as expected in all
F;s. This result is consistent with our observation that
there is a strong positive dependence within primers and
bands for the probability of errors.
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RAPD markers are used in many different applica-
tions. The consequences of errors due to competition
and poor reproducibility depends on the type of applica-
tion but also on the genetic structure of the material. In
general, the problems are less serious in the investigation
of haploids or completely homozygous genotypes,
whereas heterozygous materials are more problematic.
In the following we discuss the effects of errors due to
competition in sexual diploids. In linkage mapping,
genotyping errors can be partly eliminated by discard-
ing all polymorphisms where the expected RAPD band
is absent in F/ s or artificial 1:1 mixtures. Additional
errors due to competition may furthermore be identified
in the segregating population from distorted segrega-
tions. The possibility of doing this depends on the degree
of distortion and the number of individuals scored. For
example, consider two loci with the alleles A/a and B/b
amplified by the same primer, where the A4 band is
successful in competition and the B band is suppressed.
The strongest effect of competition on the B band will
occur for genotype AABb. The weakest effect of compe-
tition will occur for AaBB whereas the genotypes with
an equal number of alleles for the band, i.e. A4BB and
AaBb, ought to be intermediate. Table 3 shows the
expected segregation ratios for the B band for four
different competition scenarios in an F, population (e.g.
after selfing an AaBb individual). The segregation ratios
vary widely among the different cases and are also
dependent on the recombination frequency, r, between
the two loci. In all cases, except with genotyping errors
in AABb genotypes alone, the number of offspring re-
quired for a statistical power of 95% in a test of a 3:1
segregation of the band, at a significance level of 5%, is
less than 20. Such skewed segregation ratios are identi-
fied in all mapping projects. Whenever a locus with a
skewed segregation ratio is not identified and discarded,
it will cause a bias in the recombination frequency
estimates (cf. Sll and Nilsson 1994). In a species with a
reasonable number of linkage groups, however, any two
randomly chosen loci are most likely unlinked. We
therefore believe that situations in which competition
passes unnoticed and leads to biased recombination
estimates are relatively rare.

One of the most common uses of RAPDs is in bulked
segregant analysis (BSA), where a created linkage dis-

Table 3 Expected segregation ratios obtained in different competition scenarios and for different recombination frequencies, r, between 4 and
B. The number of offspring required to obtain a power of 95% in testing 3:1 segregation at a significance level of 5% is shown for each scenario

Genotypes Expected segregation of B-band Number of offspring for 95% power

not showing

the B-band r =0, coupling r=0, repulsion #=0.5 (unlinked) r=0, coupling r =0, repulsion # = 0.5 (unlinked)
AABb 33 31 53 - - 173

A-Bb 1:3 1:3 3:5 9 9 19

A-Bb, AABB 0:1 1:32 53 3 9 14

A-B- 0:1 13 3:13 3 9 8

? The segregation ratio closest to 3:1 for any 0 <r < 0.5 occurs for r = 1/3 in this case, and is equal to 1:2 (in all other cases the segregation ratio

closest to 3:1 for any 0 <r < 0.5 is among the values presented)
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equilibrium is utilized to accumulate markers for a
selected genomic region. This technique is probably
quite robust for errors due to competition. Given the
terminology defined above, the greatest risk of an error
occurs when the 4 band is linked to the region and the B
band is unlinked. In this case there is a clear risk of
observing a false linkage of the B band to the region. The
two bands will then appear as alleles at a codominant
locus. Incidentally, in a BSA project in sugar beet we
observed some cases where two apparently codominant
bands seemed to be linked to the target locus. In each
case, one of the bands was found to be unlinked after
confirmation (unpublished results).

RAPD markers have also been extensively used in
the analysis of genetic variation. The presence of errors
in such applications will generally cause the accessions
to appear more variable than really is the case. Esti-
mates of genetic variation will thus be biased upwards
and closely related individuals will appear to be more
distantly related. The most serious effect of this type of
error occurs when RAPDs are used to deduce parent-
age. It is easy to see that the described effects lead to
erroneous exclusion of parentage. A particularly un-
pleasant property of the competition effect is tlillhat the
risk of an incorrect exclusion increases with the number
of investigated bands. Moreover if the error is due only
to competition, replicating the tests will do nothing to
improve the situation.
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