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Abstract

Genetic distances (GDs) based on molecular markers are important parameters for identifying essentially derived
varieties (EDVs). In this context information about the variability of molecular markers within maize inbred
lines is essential. Our objectives were to (1) determine the variation in the size of simple sequence repeat (SSR)
fragments among different accessions of maize inbreds and doubled haploid (DH) lines, (2) attribute the ob-
served variation to genetic and marker system-specific sources, and (3) investigate the effect of SSR fragment
size differences within maize lines on the GD between maize lines and their consequences for the identification
of essentially derived varieties. Two to five accessions from nine inbred lines and five DH lines were taken from
different sources or drawn as independent samples from the same seed lot. Each accession was genotyped with
100 SSR markers that evenly covered the whole maize genome. In total, 437 SSR fragments were identified,
with a mean of 4.4 alleles per locus. The average polymorphic information content (PIC) was 0.58. GD estimates
between two accessions of the same genotype ranged from 0.00 to 0.12 with an average of 0.029 for inbred lines
and 0.001 for DH lines. An average of 11.1 SSRs was polymorphic between accessions of the same inbred line
due to non-amplification (8.1 SSRs), heterogeneity (4.0 SSRs) or unknown alleles (2.6 SSRs). In contrast to lab
errors, heterogeneity contributed considerably to the observed variation for GD. In order to decrease the prob-
ability to be suited for infringing an EDV threshold by chance, we recommend to increase the level of homoge-
neity of inbred lines before applying for plant variety protection.

Introduction

According to the International Union for the Protec-
tion of new Varieties of Plants (UPOV) convention, a
variety is deemed to be essentially derived from an
initial variety if it is (i) predominantly derived and (ii)
clearly distinguishable from the initial variety and
(iii) genetically conform to the initial variety (UPOV
1991). The genetic conformity between initial and es-
sentially derived varieties is considered to be the main
important element within the concept of essentially
derived varieties (EDV) (ASSINSEL 1999). There-
fore, this concept should be based on genotypic in-

formation and the genetic distance (GD) between va-
rieties is one of the key parameters to distinguish
between essentially derived and independent variet-
ies.

Genetic distances based on molecular marker data
proved to be adequate estimates for the pedigree re-
lationships in all major crops. Especially in maize,
numerous studies yielded significant correlations be-
tween GDs obtained by molecular markers and the
coefficient of coancestry (Lübberstedt et al. 2000;
Smith et al. 1997). For this reason, molecular mark-
ers, particularly amplified fragment length polymor-
phisms (AFLPs) and simple sequence repeats (SSRs),
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were proposed to be an appropriate tool to verify es-
sential derivation in plant varieties (Smith et al. 1991;
Knaak et al. 1996; ASSINSEL 2000).

Plant breeders did not yet implement the EDV con-
cept into their breeding procedures due to the lack of
suitable crop specific thresholds. EDV thresholds
have to be crop specific to take into account the vary-
ing degree of polymorphism among the different crop
species. For example, the proportion of alleles at
marker loci alike in state between unrelated varieties
is much smaller in maize than in barley or tomato (Qi
and Lindhout 1997; Bernardo et al. 1997; Grandillo
et al. 1999).

Because of the legal consequences scientifically
reliable criteria have to be developed for the discrim-
ination of essentially derived and independent variet-
ies. Therefore, highest accuracy and reproducibility of
GD estimates are mandatory. Potential reproducibil-
ity problems were investigated by Jones et al. (1997),
who reported scoring differences of up to 2 bp among
SSR fragments. In addition, information on the sta-
bility of molecular marker data over several genera-
tions of maintenance breeding is scanty.

The objectives of this study were to
• determine the variation in the size of SSR frag-

ments among different accessions of maize in-
breds and doubled haploid (DH) lines,

• attribute the observed variation to genetic and
marker system-specific sources, and

• investigate the effect of SSR fragment size dif-
ferences within maize lines on the GD between
maize lines and their consequences for the iden-
tification of essentially derived varieties.

Material & methods

Plant materials

For nine maize inbred lines, six from the flint and
three from the dent pool, and five DH lines from the
dent pool, two to five accessions per line were finger-
printed (Table 1). Accessions were obtained from dif-
ferent generations of maintenance breeding con-
ducted by the University of Hohenheim (UHOH) and
three commercial breeding companies (B1–B3). Two
accessions per DH line were obtained by drawing two
independent samples of 20 kernels out of the same
seed lot. The DH lines were derived from the cross
of inbred lines RG2302 and 69117 by in-vivo-haploid

induction (Deimling et al. 1997) with a subsequent
colchicine treatment for chromosome doubling.

Maintenance breeding at the UHOH was per-
formed by ear to row selection starting with the self-
ing of a single S5 or S6 ear per inbred line (Simmonds
and Smartt 1999). In the further course of this proce-
dure, one ear per row was selected per generation for
maintaining the inbred line, whereas the other ears of
the same homogeneous row were bulked for seed pro-
duction. Thus, all individuals of one inbred line traced
back to a single S5 or S6 ear.

All accessions of inbred lines were phenotypically
homogeneous in field observation trials according to
the regulations of the German Plant Variety Office
and showed at least 95% of identical bands in an
analysis of storage proteins conducted by isoelectric
focusing following the rules of the International Seed
Testing Association. Phenotypic evaluation was done
at the UHOH experimental station at Eckartsweier,
Germany, and the storage protein analyses were per-
formed by the national agricultural research institute
(LUFA) at Augustenberg, Germany, in 1999.

SSR analyses

DNA fingerprinting was performed with a standard
marker set of 100 publicly available SSR markers that
provide an even coverage of the maize genome (Fig-
ure 1). Fifteen seeds per accession were planted in a
single pot for DNA extraction. Equal quantities of
leaf material of 10 plants per accession were har-
vested at the 3 to 4 leaf stage. The leaf material was
mixed and DNA was extracted using a modified
Hexadecyltrimethyl-ammonium bromide (CTAB)
procedure (Saghai Maroof et al. 1984). Electrophore-
sis was performed with an ABI Prism™ 377 DNA
Sequencer using 5% polyacrylamid gels with 96
lanes. Internal fragment size standards were used in
each lane to increase accuracy of DNA fragment size
determination. The size of each DNA fragment was
determined automatically by using the GeneScan®
software and assigned to specific alleles by the Geno-
typer® software.

The 100 SSRs were selected based on robust sin-
gle-locus amplification, absence of null alleles, high
degree of polymorphism, and high reproducibility of
the results. Seventy of the 100 SSRs contained di-
nucleotide repeat motifs, whereas the other 30 mark-
ers consisted of tri- to octa-nucleotide repeats. The
development of the SSR set and the SSR analyses
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were performed by Celera (1756 Picasso Avenue,
Davis, CA 95616, USA).

Distinction of different cases of SSR results for
various causes of variation

In order to distinguish different causes of variation for
SSR results, the following distinction of disjunctive
cases for each possible pairwise comparison of acces-
sions of the same inbred or DH line was developed
(Table 2).

Case 1 = The two accessions of a given line are
homogeneous for the same allele A. This case is de-
noted as the normal case.

Case 2 = Both accessions are heterogeneous for
the same alleles A and B.

Case 3 = Both accessions have the same allele A
and one accession has an additional allele B.

Case 4 = One accession is homogeneous for allele
A and one accession is heterogeneous carrying alleles
B and C.

Case 5 = Both accessions are heterogeneous with
only allele A in common.

Case 6 = Both accessions are heterogeneous with
no allele in common.

Case 7 = One accession is heterogeneous and a
missing value or null allele M occurs in the other ac-
cession.

Case 8 = One accession is homogeneous and a
missing value or null allele M occurs in the other ac-
cession.

Case 9 = A missing value or null allele M occurs
in both accessions.

Case 10 = The two accessions are homogeneous
for different alleles.

Table 1. List of genotypes fingerprinted with 100 SSRs.

Accessions

Line Type† Pool No. Type‡ Source

D146 IL Flint 3 1991, 1998, B3 bulk

D149 IL Flint 4 1994, 1998, B1, B3 bulk

D171 IL Flint 4 1994, 1998, B1, B3 bulk

D503 IL Flint 2 1991, 1998 bulk

DK105 IL Flint 4 1970 (1988)§, 1980 (1988), 1991, 1996 bulk

UH002 IL Flint 3 S6, S6:11, S6:11
# ear

D06 IL Dent 5 1988, 1994, 1998, B1, B2 bulk

UH200 IL Dent 3 S5, S5:10, S5:9 ear

UH300 IL Dent 3 S5, S5:9, S5:9 ear

RG2302¶ IL Dent 1

69117 IL Dent 1

941118†† HY Dent 1

ZS264 DH Dent 2 2 repetitions‡‡ ear

ZS265 DH Dent 2 2 repetitions ear

ZS337 DH Dent 2 2 repetitions ear

ZS467 DH Dent 2 2 repetitions ear

ZS595 DH Dent 2 2 repetitions ear

† Line derivation: IL, inbred line; DH, doubled haploid line; HY, F1 hybrid.
‡ Accession types: year, year of seed maintenance performed by the UHOH maize program; B1–B3, line-maintenance performed by com-
mercial breeders B1, B2, and B3.
§ Maintenance breeding performed in 1970 and 1980 combined with one selfing generation in 1988 to maintain seed viability.
# Seeds of one S5 or S6 plant and two different S9, S10, or S11 plants derived from the particular S5 or S6 plant were used.
¶ Parental lines of F1 hybrid 941118.
†† Parental source of all ZS lines.
‡‡ Two independent samples from the second selfing generation of the same seed lot were fingerprinted.
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Statistical analyses

The polymorphic information content (PIC) was cal-
culated for each SSR marker according to the formula
of Botstein et al. (1980),

PIC � 1 � ��
i � 1

n

pi
2�� �

i � 1

n � 1

�
j � i � 1

n

2 pi
2 pj

2,

where pi and pj are the frequencies of the ith and jth

allele of a given marker, respectively. Genetic dis-
tances were calculated using the Dice coefficient (Nei
and Li 1979). In the case of missing values, i.e., one
or several primer pairs did not yield an amplification
product in one accession, the corresponding alleles of
the other accession were not used for GD calculation.
The cluster analysis was performed with the distance
matrix using the UPGMA method (Nei et al. 1983).
The reliability of the cluster was assessed by apply-
ing a bootstrap procedure (Efron 1979).

The fit of observed heterogeneity with the values
from expected heterozygosity in S5 or S6 and S9, S10,
or S11 generations was evaluated with a �2 test. Het-
erogeneity was defined as the number of marker loci
that were not homozygous. Differences between di-
nucleotide repeats and SSRs with larger repeat motifs
with regard to PIC values, number of alleles per
marker, level of heterogeneity, number of fragment

Figure 1. SSR markers used in the present study and their map positions.

Table 2. Distinction of different cases of SSR results for various
causes of variation. Letters A, B, C, and D represent different al-
leles for a given marker locus, M represents a missing value. Ac-
cessions 1 and 2 denote two accessions of the same inbred or DH
line.

Case†

Accession 1 2 3 4 5 6 7 8 9 10

1 A A+B A A A+B A+B A+B A M A

2 A A+B A+B B+C A+C C+D M M M B

† For a detailed description of the cases see Materials and Meth-
ods.
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size differences, and number of null alleles were
tested with a t-test.

PIC values were calculated using the Cervus com-
puter program (Marshall et al. 1998), estimation of
GDs and cluster analysis were performed with the
NTSYS-PC software package (Rohlf 1989). The
bootstrap procedure was carried out with the Winboot
computer program (Yap and Nelson 1996). The SAS
software package was used for all other statistical cal-
culations (SAS Institute 1988).

Results

Characterization of markers

A total of 437 SSR alleles were identified. The num-
ber of alleles per marker varied from 1 to 9 with an
average of 4.4 alleles per marker. Only marker bn-
lg1605 on chromosome 3 was monomorphic across
all accessions. PIC values of polymorphic markers
varied from 0.25 to 0.82 with an average of 0.58.

Genetic relationships of accessions within maize
lines

The GD between two accessions of the same line
ranged between 0.00 and 0.12 for inbred lines and
between 0.00 and 0.01 for DH lines. The mean GD
between accessions of the same line varied from 0.01
to 0.08 for inbred lines (Table 3). The average of the
GD means was 0.03 for inbred lines and 0.00 for DH
lines. The dendrograms obtained from UPGMA clus-
ter analyses on the basis of GD estimates resulted in
a clear separation of flint and dent inbred lines (Fig-
ure 2).

Sources of variation

Case 1: Normal case
For different accessions of a given inbred line, the
average number of markers displaying the normal
case varied from 78.7 for DK105 with 6 pairwise
comparisons to 95.0 for D503 with 1 pairwise com-
parison (Table 4). Across the sets of DH lines, an av-
erage number of 92.0 loci showed the normal case,
ranging from 87 for ZS265 to 98 for ZS337. Thirty-
five SSR markers showed the normal case across all
pairwise comparisons of accessions within all inbred
or DH lines.

Cases 2–7: Heterogeneity
The number of marker loci heterogeneous for at least
one accession per inbred or DH line varied from 1 to
13 for inbred lines and from 2 to 4 for DH lines. The
observed level of heterogeneity for S5 and S6 lines
was not significantly different from the expected het-
erozygosity levels. For S9, S10, and S11 lines, the ob-
served level of heterogeneity was significantly (P <
0.05) higher than expected and was not significantly
different from the observed heterogeneity for S5 and
S6 lines. An average of 3.1 and 0.2 heterogeneous
marker loci (Cases 3–7) was found for inbred and DH
lines, respectively (Table 4). An average of 1.0
marker loci for inbred lines and 2.2 for DH lines
showed a Case 2 type of heterogeneity with no effect
on the variation of GD estimates. Four loci showed
three DNA fragments for one accession at a particu-
lar locus (included in Cases 3–5).

Accessions of DH lines showed a GD of 0.0 with
one exception. One accession of line ZS 264 carried
allele 236 at marker locus bnlg2122 whereas the sec-
ond accession showed alleles 236 and 254.

Cases 7–9: Occurrence of null alleles or missing
values
Forty-one markers showed no amplification product
for at least one of all 44 fingerprinted accessions.
Across all accessions of one specific inbred line, a
mean of 10.3 SSRs yielded no amplification product.
Across all DH lines, the mean number of markers
without amplification product was 5.6 (data not
shown). In addition, several cases of non-amplifica-
tion in only one of the two repetitions of a DH line
were detected.

Table 3. Means, minima, and maxima of genetic distances (GD)
between accessions of the same inbred line.

Line No. of accessions GD between accessions

Mean Min Max

D146 3 0.09 0.07 0.12

D149 4 0.03 0.04 0.02

D171 4 0.02 0.01 0.03

D503 2 0.01 0.01 0.01

DK105 4 0.04 0.02 0.06

UH002 3 0.03 0.03 0.04

D06 5 0.01 0.00 0.03

UH200 3 0.03 0.03 0.05

UH300 3 0.03 0.02 0.05

Total/Mean 31 0.029
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Case 10: New alleles
For inbred lines the number of loci with homozygous
unknown alleles averaged 3.9. Homozygous un-
known alleles between accessions of the same line
were not detected for DH lines (Table 5). The differ-
ences between fragment sizes of accessions of the
same inbred lines was 1 bp in 14 cases and larger than
1 bp in 25 cases. For six of the 14 differences scored
to 1 bp, the exact software-detected difference was
0.4 bp and smaller. The exact difference was 0.9–1.2
bp for the other eight 1 bp differences. The difference
between exact and rounded values for allele calling
was at 840 out of the 4561 data points 0.6 bp and
higher. At 14% of the marker data points the differ-
ence was 0.6–0.8 bp, and between 0.8 and 1.2 bp at
4.3% of the data points. Unknown alleles increased
the variation of GD within accessions of the same
line. The fragment sizes of all accessions of a given
line were rounded only in a few cases in the same
wrong direction with no effect on the variation of GD
estimates within the line. In addition, non-parental
bands were detected at six marker loci for DH lines.

Genetic distance between lines

Due to the fact that 2 to 5 accessions per line were
fingerprinted, GD values of up to 20 pairwise com-
parisons of accessions between the same two lines
were calculated. The range for GD values calculated
for each pairwise combination of accessions between
the same two lines varied from 0.00 to 0.07 with an
average range of 0.02. The mean range of GD be-
tween two inbred lines was significantly higher (P <
0.01) than the mean range of GD between two DH
lines.

Comparison of di-nucleotide and longer repeats

Di-repeat SSRs yielded a significantly greater num-
ber of alleles per marker (P < 0.01) and number of
unknown alleles (P < 0.05) than SSRs with longer re-
peat motifs. The observed differences between these
two SSRs groups were not significant for PIC values,
the number of missing values, and the amount of het-
erogeneity.

Figure 2. Associations among accessions of maize inbred lines revealed by UPGMA cluster analysis based on genetic distances calculated
from SSR data. Asterisks (*) at the forks indicate that the group right of the fork was found for at least 95% of 1000 bootstrap runs. DH lines
are marked by filled circles (‰). Flint and dent lines are marked with squares ([) and circles (‰ �), respectively.

186

23



Discussion

The use of flint and dent lines as well as the com-
monly employed methods of maintenance breeding
make our study representative for maize breeding in
Europe. In addition, SSR analyses were performed
using publicly available SSR primers with a semi-au-

tomatic high-throughput system, which reduces hu-
man errors and subjectivity to a minimum. This
should result in a higher accuracy of GD estimates, a
prerequisite for EDV identification.

The degree of polymorphism in our line set was in
close agreement with results reported by Smith et al.
(1997). PIC values and the average number of alleles
per marker were of similar size in both studies. How-
ever, in an analysis of genetic diversity among 33 in-
bred lines from the US corn belt, Pejic et al. (1998)
found a substantially higher number of alleles than in
the previous studies. The observed discrepancy can be
explained by sampling effects caused by different in-
bred line sets that were fingerprinted with different
sets of SSR markers.

Causes of variation

We observed a considerable variation for GD among
different accessions of the same inbred line. This vari-
ation can be explained by genetic and technical rea-
sons.

Table 4. Occurrence of different cases for each pairwise comparison of accessions of the same line analyzed in this study.

Line No. of pairwise comparisons Case

1 2 3 4 5 6 7 8 9 10

Average no. of loci per pairwise comparison

Inbred lines
D146 3 78.7 1.3 5.0 0.7 1.3 0.0 1.0 3.7 4.7 3.7

D149 6 84.7 1.8 4.0 0.0 0.0 0.0 0.3 5.2 2.0 2.0

D171 6 87.3 1.0 0.7 0.0 0.0 0.0 1.3 5.3 3.2 1.2

D503 1 95.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0

DK105 6 78.7 0.7 1.7 0.0 1.0 0.0 0.5 9.0 6.0 2.5

UH002 3 88.0 1.0 3.7 0.0 0.0 0.0 0.3 2.3 4.0 0.7

D06 10 91.5 1.1 1.0 0.0 0.0 0.0 0.0 1.6 4.0 0.8

UH200 3 90.3 1.0 2.7 0.0 0.0 0.0 0.0 2.0 2.0 2.0

UH300 3 85.3 0.7 1.3 0.0 0.0 0.0 0.0 6.0 4.0 2.7

Mean 86.6 1.0 2.3 0.1 0.3 0.0 0.4 3.9 3.8 1.7
DH-lines
ZS264 1 91.0 3.0 1.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0

ZS265 1 87.0 2.0 0.0 0.0 0.0 0.0 0.0 9.0 2.0 0.0

ZS337 1 98.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

ZS467 1 92.0 2.0 0.0 0.0 0.0 0.0 0.0 3.0 3.0 0.0

ZS595 1 92.0 2.0 0.0 0.0 0.0 0.0 0.0 2.0 4.0 0.0

Mean 92.0 2.2 0.2 0.0 0.0 0.0 0.0 2.8 2.8 0.0
Total Mean 88.5 1.4 1.6 0.1 0.2 0.0 0.3 3.5 3.4 1.1

Table 5. Number and category of differences in fragment size at
the same locus within the same line group for Case 10.

Line No. of accessions Fragment size differences Total

1 bp 2 bp 3 bp � 4 bp

No. of differences

D146 3 6 1 1 4 12

D149 4 1 2 0 2 5

D171 4 0 0 1 1 2

D503 2 0 0 0 0 0

DK105 4 5 1 0 2 8

UH002 3 0 1 0 1 2

D06 5 0 1 0 1 2

UH200 3 1 1 0 2 4

UH300 3 1 0 0 3 4

DH-lines 10 0 0 0 0 0

Total 41 14 7 2 16 39
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Genetic reasons
Mutations within the SSR primer region may yield
null alleles, whereas a mutation between the primer
regions may result in new alleles. The natural muta-
tion rate for genomic non-repetitive DNA is estimated
to range from 10−8 to 10−6 per locus and generation
(Drake et al. 1998; Allard 1999). However, SSRs
showed higher mutation rates than non-SSR regions
ranging from approximately 10−6 per locus and gen-
eration for Saccharomyces cerevisiae (Sia et al. 2000)
up to 10−3 in the pipefish Syngnathus typhle (Jones et
al. 1999). The mutation rate of SSRs was found to be
dependent on the repeat type, the repeat number, and
the sequence of the repeat motif or the flanking se-
quence (Schloetterer 2000). Mutations within SSR
markers were mostly insertions and deletions of
mainly complete repeats (Twerdi et al. 1999). For
maize, no information about the mutation rate of SSR
loci is yet available. However, if their mutation rate
is also higher than for non-SSR regions, mutations
cannot be neglected as a cause of genetic variation
between accessions of the same line. Unequal cross-
over in SSR regions is another genetic reason for the
unexpected variation in GD as reported in wheat
(Plaschke et al. 1995).

Segregation from S5 and S6 to the particular S9,
S10, or S11 generations was the cause of genetic vari-
ation between accessions of the same line at four loci.
At these loci, the fingerprinted S5 or S6 accession was
heterogeneous and the corresponding S9, S10, or S11

accessions were homogeneous, each with one allele
of the particular S5 or S6 accession. However, for S9,
S10, and S11 lines the observed level of heterogeneity
was significantly (P < 0.05) higher than expected for
these selfing generations.

Bulking during maintenance breeding can be one
reason for this unexpectedly high level of heteroge-
neity in highly inbred lines. Ears of each row not used
for generating the next generation were bulked for
seed production of the particular line. Because of the
segregation due to residual heterozygosity, this pro-
cedure may have resulted in a mixture of genotypes
that were homogeneous for different parental alleles.
For samples drawn out of the bulk (Table 1), these
effects are not negligible. In addition, genotyping a
bulk of ten individuals can lead to variation, when
certain regions of the genome still segregate. To avoid
this, the individuals should be genotyped indepen-
dently.

Another possible cause for the variation of GD
values within the same line is contamination by for-

eign pollen during maintenance breeding (Smith et al.
1997). However, all accessions were homogeneous in
field observation trials and isoelectric focusing. In ad-
dition, deviations from the normal case at numerous
loci would be expected in case of a contamination.
Therefore, contamination with foreign pollen can be
excluded as a cause for the observed high level of
heterogeneity in advanced generations.

Technical reasons
In this study, DH lines were used to distinguish be-
tween genetic and technical reasons for variation of
GD within accessions of the same line. If the finger-
prints of two samples of the same DH line are not
identical, only technical reasons might explain this
finding. The observation of heterozygous DH lines
could be explained by heteroduplex bands, especially
in those four cases with three alleles at a single locus.
It is known that heteroduplex bands emerge by an-
nealing of two DNA fragments of unequal sequence
or length (Hatcher et al. 1993). This mismatch usu-
ally tends to retard the migration of DNA of the het-
eroduplex band during electrophoresis (Nataraj et al.
1999). In addition, the intensity of heteroduplex
bands is supposed to fall between the corresponding
homoduplex bands. However, adopting this defini-
tion, only two of the four above mentioned bands,
would be heteroduplex.

Artificial stutter bands could also have led to vari-
ation in GD estimates within the inbred lines. Espe-
cially SSRs with a di-repeat motif are known to show
stutter bands caused by a ‘loop’ of 2 bp in the strand
of the template (Smith et al. 1997). Therefore, stutter
bands appear 2 bp shorter than the main band. The
software program “Genotyper” automatically identi-
fies stutter bands based on their migration distance
and the intensity of the particular bands. However,
intense stutter bands could have been wrongly scored
as non-stutter bands and independent bands with low
intensity could have been incorrectly identified as
stutter bands.

Compared to a study of Murigneux et al. (1993)
performed with RFLPs, our results showed an in-
creased level of heterogeneity between DH acces-
sions based on SSRs. This finding can be explained
by artificial SSR bands caused by heteroduplex or
stutter bands. In addition, mutations due to colchicine
treatment used for chromosome doubling and tissue
culture steps may also have caused the observed het-
erogeneity (Marhic et al. 1998).
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An additional source of variation within an inbred
line are unexpected effects due to slippage of the
DNA polymerase during the PCR. Therefore, whole
or partial repeats could be added or removed from the
template and thus yielding genotyping errors (Pals-
boll et al. 1999; Schloetterer and Tautz 1992).

Software imperfections resulted in a further in-
crease of variation of GD estimates. Genotyping er-
rors of the software Genotyper® caused about half of
the 1 bp differences. The software Gene Scan® de-
termined the DNA fragment size using a sizing curve
with an accuracy of 0.1 bp. These fragment size mea-
sures were employed by the software Genotyper® to
assign the fragments to specific alleles. However, rea-
sons for the genotyping errors remain unknown as the
algorithm of the software is not publicly available.
For those 1 bp differences that could not be assigned
to genotyping errors, slippage effects are a possible
reason. In addition, small variations in the concentra-
tion of the gel, buffer or the voltage of the run could
lead to 1 bp differences. To check the repeatability of
these 1 bp differences, further studies are required,
using several repetitions of single accessions, by se-
quencing the DNA of the particular fragments, or by
genotyping individuals instead of bulks.

Implications for the identification of EDVs

The results of this study demonstrated that lab error
and heterogeneity caused variation of GD estimates
between different accessions of the same inbred line.
In order to assess the implications of the lab error on
the identification of EDVs, we first assume the fol-
lowing hypotheses:

H0: Lines X and Y carry for a specific marker lo-
cus the same marker band.

H1: Lines X and Y carry for a specific marker lo-
cus different marker bands.

Based on these hypotheses a Type I error, i.e., two
bands were scored as different although they were
identical, and a Type II error, i.e., two bands were
scored as identical although they were different, can
be distinguished. In the case of highly related lines,
lab errors result in an overestimation of GD(X, Y) and
the hypothesis that X and Y are highly related will be
rejected too frequently. However, this study showed
that for SSRs employing a semi-automated gel and
scoring system, lab errors accounted only for a minor
proportion of the detected variation of GD among ac-
cessions of the same inbred line and are, therefore,
negligible.

The impact of heterogeneity on EDV identification
can be exemplified using the following scenario. An
individual of line X is used for the development of
line Y. A genotypic fingerprint of line Y will be com-
pared with fingerprints of different accessions of line
X. Due to the possible varying GD values among ac-
cessions of X, GD(X,Y) will also vary conditional on
the used accession of X. If the range of GD values
between accessions of the same line is large, it might
be possible that a true EDV could be judged as inde-
pendently derived or a truly independent variety as
essentially derived just by genotyping different acces-
sions of each variety (Figure 3). In contrast to lab er-
rors that were of negligible importance, heterogeneity
reached considerable levels in some cases, e.g., in-
bred line D146 (Table 3).

Our results illustrate the crucial importance of in-
creased levels of homogeneity within new lines be-

Figure 3. The concept of different thresholds and the consequences of variation between accessions of the same line for the identification of
EDVs.
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fore applying for plant breeder’s rights. If lines are
heterogeneous, further selfing generations should be
performed. A more rapid procedure would be the pre-
screening of newly developed lines with molecular
markers. Our study showed that the variation of GD
estimates within maize lines was lowest among DH
lines. If DH techniques can efficiently be applied in a
breeding program, this technique might be less labo-
rious and costly than a routine fingerprinting with a
marker set covering the entire genome.
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