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Abstract Landraces of maize represent a valuable genetic
resource for breeding and genetic studies. Using simple
sequence repeat (SSR) markers, we analysed five flint
maize populations from Central Europe that had played
an important role in the pre-hybrid era in Germany. Our
objectives were to (1) investigate the molecular genetic
diversity within and among the populations based on the
SSR analysis of individuals, (2) compare these results of
the SSR analysis based on individuals with those based
on bulks, (3) examine genotype frequencies for devia-
tions from Hardy–Weinberg equilibrium (HWE) at
individual loci, and (4) test for linkage disequilibrium
(LD) between pairs of loci within populations. Thirty
individuals and their bulked DNA per population were
fingerprinted with 55 SSR markers. Across all popula-
tions, 46.7% of the SSR markers deviated significantly
from HWE, with an excess of homozygosity in 97% of
the cases. This excess of homozygosity can largely be
explained by experimental errors during the amplifica-
tion of SSRs apart from genuine genetic causes. Allele
frequencies of the SSR analyses of individuals and bulks
were significantly correlated (r=0.85, P< 0.01), sug-
gesting that SSR analysis of bulks is very cost-effective
for large-scale molecular characterisation of germplasm
collections. No evidence for genome-wide LD among
pairs of loci was observed, indicating that the popula-
tions are well suited for high resolution association
mapping studies.

Introduction

Maize was first introduced into Europe by Columbus
from the West Indies to southern Spain in 1493. Later
on, maize germplasm was also imported from various
other regions of the New World. In particular, North
American flint populations have played a key role in the
adaptation of the crop to the cool climatic conditions of
Central Europe (Rebourg et al. 2003). Since the intro-
duction of maize to Europe five centuries ago, based on
theoretical arguments one might expect that genetic
diversity was on one hand enhanced by mutation, mei-
otic recombination, as well as new introgressions and on
the other reduced by genetic drift as well as natural and
artificial selection (Falconer and Mackay 1996). This
resulted in numerous open-pollinated varieties (OPVs)
adapted to specific regional growing conditions and
needs of farmers.

After World War II, traditional OPVs of maize in
Central Europe have largely been replaced by hybrids
generated by crossing adapted European flint lines with
high-yielding US dent lines (Schnell 1992). The flint lines
were extracted from a few European OPVs. Therefore, it
can be conjectured that those OPVs, which did not serve
as germplasm source for the current elite flint breeding
pool, may contain useful untapped allelic variation.
Furthermore, in the first phase of hybrid breeding in
Central Europe the main focus was on grain but later on
fodder usage. Thus, OPVs may contain favourable
alleles for fodder usage of maize absent in the elite
germplasm.

Open-pollinated varieties conserved in seed banks
must be well-characterised for efficient management and
effective exploitation. The advent of PCR-based molec-
ular markers such as SSRs has provided an opportunity
for fine-scale genetic characterisation of germplasm
collections. Since SSR markers are highly polymorphic
(Smith et al. 1997), easy to generate, and highly
repeatable (Warburton et al. 2002), they can be used for
large-scale investigations as needed for the characteri-
sation of genetic resources (Powell et al. 1996).
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Most molecular marker studies investigated individ-
ual genotypes. In contrast, some authors (Dubreuil et al.
1999; Rebourg et al. 2001, 2003; Gauthier et al. 2002)
analysed bulks of individuals with restriction fragment
length polymorphism (RFLP) markers and estimated
the marker allele frequencies from band intensities. This
RFLP analysis of bulks was recommended as a cost-
effective strategy for large-scale grouping of OPVs. To
our knowledge, no study is available investigating the
use of bulks in SSR analyses.

Association mapping studies have been proposed as a
promising approach to detect genes and alleles of
interest in germplasm collections (Lynch and Walsh
1997). The mapping resolution of association studies is
determined by the extent of LD across the genome. LD
depends on the genealogy of the germplasm. In addition,
drift and selection within populations can cause LD.
Therefore, the genomic structure of LD must empirically
be determined before initiating association studies, be-
cause it can vary among different germplasm. While LD
was investigated in tropical and subtropical maize pop-
ulations (Reif et al. 2004), no information is available
about LD in temperate OPVs.

The main goal of our study was to use SSRs for
characterising the population genetic structure of five
important flint maize populations from Central Europe,
as a basis for an efficient use of this germplasm in
breeding programs. Our objectives were to (1) investi-
gate the molecular genetic diversity within and among
populations based on SSR analysis of individuals, (2)
compare these results of the SSR analysis based on the
individuals with those based on bulks, (3) examine
genotype frequencies for deviations from Hardy–Wein-
berg equilibrium (HWE) at individual loci, and (4) test
for LD between pairs of loci within populations.

Materials and methods

Plant material

Five maize populations from Central Europe (Table 1)
that had played an important role in the pre-hybrid era
in Germany (Oettler et al. 1976) were investigated. The

five OPVs are typical gene bank materials, where only
limited information is available about the genealogy of
the germplasm such as the number of plants originally
collected per population. Each of the five populations
was regenerated in the last generation by sowing a
minimum of 20 rows with 24 seeds per row. All plants
were shoot bagged and pollen from 10 rows was bulked
to pollinate plants in the other 10 rows and vice versa.
Thirty individuals were randomly chosen from seed of
400 ears harvested per population. The number of
individuals used to represent an OPV is higher than
commonly applied in diversity studies (e.g., Labate et al.
2003) because we also examined LD within each OPV.
In addition, two US inbred lines (Mo17 and B73), as
well as six commercial hybrids and their parents were
used as controls.

SSR analyses

DNA was extracted by a modified CTAB procedure
from each individual plant and from bulked leaf mate-
rial from the 30 individuals per population (Saghai-
Maroof et al. 1984). The 150 individuals and five bulks
were fingerprinted with a set of 55 SSRs uniformly
distributed across the maize genome (http://www.uni-
hohenheim.de/jochreif/Marker/SSRs.html). PCR ampli-
fication was performed in 15 ll reaction containing the
following reagents: 50 gg of template DNA, 0.15 mM of
each of the four dNTPs, 1·Taq polymerase buffer, 1 U
Taq polymerase (Amersham Biosciences Europe GmbH,
Freiburg, Germany), 2.5 mM MgCl2, and 0.25 lM of
each of the two primers. Amplification was performed in
a Thermal Cycler (MWG BIOTECH AG, Primus HT,
Ebersberg, Germany). Fragments were separated using
polyacrylamide gels (ultra pure SequaGel-6, National
Diagnostics, Atlanta, Georgia) run on an ALF express
sequencer (Amersham Biosciences Europe GmbH,
Freiburg, Germany). Fragment size data were recorded
by software ALFwin version 2 (Amersham Biosciences
Europe GmbH, Freiburg, Germany) and manually
checked. The fragment with the highest fluorescent
intensity was scored when SSR-primed products showed
band stuttering.

Table 1 Description of the five
Central European maize
populations analysed in this
study

Population Abbreviation Source and Germplasm description

Gelber Badischer
Landmais

GB University of Hohenheim. Collected in Rastatt,
Germany, in 1949. Yellow flint type.
Cylindrical ear shape

Maleksberger MB University of Hohenheim. Collected site
and year are unknown. Yellow flint type

Mahndorfer MD University of Hohenheim. Collected
in Hamersleben, Germany in 1959.
Yellow flint type. Conical ear shape

Rheintaler RT Gene bank Switzerland. White flilnt type.
Collection site and year are unknown.
Long, slightly conical ears

Strenzfelder SF KWS SAAT AG. Collected in Bernburg,
Germany, in 1959. Yellow flint type
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Statistical analyses

The SSR allele frequencies of the bulks were estimated
by dividing the peak area of each band by the cumula-
tive peak area of all bands observed with the respective
SSR marker for the particular population. We deter-
mined the number of alleles per locus for the entire set of
150 individuals as well as for each population separately,
and examined the presence of population-specific alleles
(further referred to as unique alleles). Additionally, the
total gene diversity (HT) across all populations and the
gene diversity between individuals within each popula-
tion (HS) were calculated according to Nei (1987). Sig-
nificant differences betweenHS values were tested for the
SSR analyses of the individuals by a Wilcoxon signed
rank test (Hollander and Wolfe 1973). The coefficient of
gene differentiation (GST) was calculated according to
Nei (1987). GST is the relative differentiation of the
populations. The fixation index FIS for each marker was
estimated separately for each population according to
Nei (1987) as one minus the observed heterozygosity
divided by the expected heterozygosity under HWE.

Deviations from HWE at individual loci were tested
with an exact test described by Guo and Thompson
(1992). LD between all pairs of loci was estimated for
each population by calculating the composite disequi-
libria coefficient and by applying the chi-square test
statistics (Weir 1996). The LD analyses were performed
with the GDA 1.0 software (Lewis and Zaykin 1999).
For testing the global null hypothesis that populations
are in LD, the Bonferroni correction for multiple tests
(Snedecor and Cochran 1980) was applied.

To examine technical problems associated with non-
detection of heterozygous SSR loci, the genotypes of the
fingerprinted hybrids were compared with the expected
hybrid genotypes predicted from the genotypes of the
parental inbreds (further referred to as predicted hy-
brids). Differences among genotypes and SSR markers
for susceptibility of non-detection of heterozygous loci
were tested with a contingency table chi-square test
(Patefield 1981).

The modified Rogers’ distance (MRD) between
populations was calculated according to Wright (1978)
and Goodman and Stuber (1983) using allele frequencies
obtained from the SSR analyses of bulks and individu-
als. For the latter, standard errors of MRD estimates
were calculated by using a bootstrap procedure with
resampling over markers and individuals. Correlation
between the distance matrices of the SSR analyses of
individuals and bulks were tested with the Mantel test
(Legendre and Legendre 1998). Associations among the
five populations were revealed by principal coordinate
analysis (PCoA) (Gower 1966) based on MRD values.

Genetic relationships among individual genotypes
from the five populations were analysed with a model-
based clustering approach using software package
STRUCTURE (Pritchard et al. 2000). We followed the
suggestions of Pritchard et al. (2000) and did not run
STRUCTURE to determine the numbers of populations

but assumed five populations. Six runs of STRUC-
TURE were performed, setting the burn-in time to
100,000 and replication number to 1,000,000. The run
with the highest maximum likelihood was used to assign
individual genotypes to the five populations.

A simulation study was conducted to examine the
influence of non-detection of alleles in SSR analysis of
bulks on the associations among the populations.
Therefore, the individuals of each of the five populations
were divided in several subsamples and it was assumed
that alleles below frequencies of 0.05, 0.10, 0.15, 0.20,
0.25, and 0.30 required undetected in scoring. Based on
this modified allele frequencies of the populations,
MRDs were calculated and the correlation with the
original MRD values were determined. The sampling
was repeated 100 times and results were averaged.

The statistical analyses were carried out with the
Plabsoft software (Maurer et al. 2004), which is imple-
mented as an extension to the statistical software R
(Ihaka and Gentleman 1996).

Results

Genetic diversity within populations

The 55 SSR markers were polymorphic across all 150
genotypes in the analysis of the individuals. For the SSR
analysis of bulks, five loci were monomorphic across the
five populations. We found a significantly higher average
number of alleles per locus in the SSR analysis of indi-
viduals (5.9) than in the analysis of bulks (3.2) (Table 2).
The majority of the alleles (83%), which remained
undetected in the analysis of bulks, had an estimated
allele frequency below 0.2 in the analysis of individuals
(Fig. 1). We observed in the five OPVs seven alleles,
which were present in the analysis of the bulks but ab-
sent in the analysis of the individuals. The number of
unique alleles per population ranged for the SSR anal-
ysis of individuals from 9 (RT) to 28 (MD) and for the
analysis of bulks from 9 (RT) to 17 (MB). The correla-
tion of allele frequencies within populations between the
SSR analysis of individuals and bulks was highly sig-
nificant (r=0.85, P<0.01). In addition, strong associa-
tions were observed between the gene diversity valuesHS

based on the SSR analysis of individuals and bulks. The
lowest gene diversity value within the five populations
was observed for RT in both types of analyses. The
coefficient of gene differentiation GST between the pop-
ulations was lower for the SSR analyses of individuals
(0.22) than for bulks (0.51).

Relationships between populations

MRD values between pairs of populations for the SSR
analyses of individuals and bulks were significantly
(r=0.90, P<0.05) correlated (Table 3) according to the
Mantel test. MRD between populations based on the
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SSR analysis of individuals averaged 0.39 and ranged
from 0.32 (GB · SF) to 0.43 (RT · SF) with significant
differences (P<0.01) between MRD estimates. MRD
values based on the SSR analysis of bulks averaged 0.56
and ranged from 0.49 (GB · SF) to 0.60 (RT · SF). The
average correlation between MRD based on SSR ana-

lysis of individuals and between MRD values based on
simulated SSR analysis of bulks decreased with in-
creasing frequencies of alleles undetected in scoring
(Table 4).

The first three principal coordinates (PC) explained a
total of 83.5% and 81.6% of the molecular variation
among the populations based on the SSR analyses of
individuals and bulks, respectively (Fig. 2). In both
PCoAs, the three populations RT, MB and MD formed
distinct clusters, separate from GB and SF. In the
model-based clustering, the individual genotypes were
grouped into their respective populations except for one
genotype of SF and RT, which clustered with 55% and
85% probability, respectively, to MD (Fig. 3).

Population genetic analysis

The percentage of loci with significant (P<0.01) devia-
tions from HWE varied from 34.6% (GB) to 59.6%
(MD), with an average of 46.7% (Fig. 4). In 97% of the
cases, deviations from HWE were attributable to an
excess of homozygosity. FIS values ranged from 0.25
(SF) to 0.48 (MD) (Table 2). The percentage of SSR loci
pairs in linkage disequilibrium (P<0.01) averaged 1%Undetected alleles in bulks

Allele frequencies of the SSR analysis of the individuals
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Fig. 1 Number of alleles observed in the SSR analysis of
individuals and number of alleles that remained undetected in the
analysis of bulks of five Central European maize populations

Table 2 Genetic diversity within and among five Central European maize populations, Gelber Badischer Landmais (GB), Maleksberger
(MB), Mahndorfer (MD), Rheintaler (RT), and Strenzfelder (SF) revealed by SSR analyses of individuals (I) and bulks (B)

Population No. of individuals Avg. no. of
alleles per
locus

Mono-
morphic
loci

No. of un-
ique allele-
sa

Gene diversityb Fixation index (FIS)

I B I B I B I B I

GB 30 3.5 1.7 3 26 18 10 0.41a 0.27 0.27
MB 30 3.3 1.7 2 21 22 17 0.43a 0.30 0.35
MD 30 3.8 1.6 3 26 28 12 0.45a 0.25 0.48
RT 30 2.7 1.4 6 36 9 9 0.31b 0.16 0.47
SF 30 3.4 1.5 2 27 20 10 0.45a 0.23 0.25
Total/Mean 150 5.9 3.2 0 5 0.53 0.50 0.34

aNumber of unique alleles with respect to the total number of alleles found in all five populations
bGene diversity values followed by the same letters are not different at the 0.01 probability level

Table 3 Modified Rogers’ distances (MRD) between five Central
European flint populations based on SSR analyses of individuals
(above diagonal) (average standard error 0.03) and bulks (below
diagonal)

GB MB MD RT SF

GB 0.41 0.35 0.43 0.32
MB 0.57 0.38 0.42 0.40
MD 0.53 0.56 0.38 0.35
RT 0.59 0.57 0.57 0.43
SF 0.49 0.61 0.53 0.60

GB Gelber Badischer Landmais; MB Maleksberger; MD Mahn-
dorfer; RT Rheintaler; SF Strenzfelder

Table 4 Average correlations between modified Rogers’ distances
(MRD) based on SSR analysis of individuals and MRD values
based on simulated SSR analysis of bulks

Threshold for
allele frequencies

Individuals per subsample (N)

30 15 10 5

<0.05 0.999 0.999 1.000 1.000
<0.10 0.966 0.992 0.998 1.000
<0.15 0.968 0.983 0.989 0.994
<0.20 0.968 0.971 0.979 0.994
<0.25 0.959 0.967 0.976 0.982
<0.30 0.811 0.926 0.956 0.979

For the simulated SSR analysis individuals of each of the five
populations were divided into subsamples of size (N) and it was
assumed that alleles below a certain threshold remained undetected
in the scoring of the bulks
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(Table 5). We observed almost as much inter-chromo-
somal (P<0.01) as intra-chromosomal LD. Application
of the Bonferroni correction for multiple tests revealed
that LD within the populations was not significant.

Discussion

Molecular diversity within and among the five maize
populations based on SSR analysis of individuals

The average number of 5.9 alleles per SSR in our study
is in close agreement with the findings of Senior et al.
(1998) (5.2), but lower than reported by Matsuoka
et al. (2002) (6.9), Labate et al. (2003) (6.5), and Liu
et al. (2003) (21.7). The lower number of alleles per
locus is most likely attributable to the reduced genetic
diversity in the plant material investigated (only Cen-
tral European flint populations). Additionally, exclu-
sion of di-nucleotide repeat SSRs in this survey, which
tend to be more polymorphic than SSRs with longer-
repeat motifs (Vigouroux et al. 2002), could also have
caused the differences in the average number of alleles.
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analysis of the five Central
European maize populations
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Fig. 3 Estimated population structure of 150 individuals from five
Central European maize populations. Each individual is repre-
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to the five clusters. GB Gelber Badischer Landmais, MB Maleks-
berger, MD Mahndorfer, RT Rheintaler, and SF Strenzfelder

 GB MB MD RT SF

Excess heterozygosity
Excess homozygosity

Population

F
re

qu
en

cy
 (

%
)

0

20

40

60

80

100

Fig. 4 Frequency of SSR loci with significant (P £ 0.01) Hardy–
Weinberg equilibrium tests in five Central European maize
populations: Gelber Badischer Landmais (GB), Maleksberger
(MB), Mahndorfer (MD), Rheintaler (RT), and Strenzfelder (SF)

Table 5 Percentage of SSR loci pairs in linkage disequilibrium (%
LD) at the 0.01 probability level for inter- (Inter) and intra-
chromosomal (Intra) comparisons within five Central European
maize populations (GB Gelber Badischer Landmais; MB Maleks-
berger; MD Mahndorfer; RT Rheintaler; SF Strenzfelder)

Inter Intra Total

NT %LD NT %LD NT %LD

GB 1211 2 109 0 1320 2
MB 1262 1 115 1 1377 1
MD 1083 1 109 0 1192 1
RT 978 2 90 0 1068 2
SF 1260 1 116 3 1376 1

NT refers to the number of tests
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The total gene diversity of the five flint populations in
our survey (0.53) was similar to the gene diversity of the
Stiff Stalk pool (0.51) but lower than the gene diversity
of the tropical (0.68) and the non-Stiff Stalk pool (0.68)
when di-nucleotide SSRs were excluded (Liu et al. 2003).
Thus, our results indicated that the original Central
European flint germplasm had possessed a limited ge-
netic variability. This can be due to (1) a bottleneck
during the introduction of maize into Europe and/or (2)
a loss of genetic diversity during the selective adaptation
to European conditions (Rebourg et al. 2003). Among
the five populations investigated, RT showed by far the
lowest gene diversity, number of alleles per locus,
number of unique alleles per locus, and the highest
number of monomorphic loci (Table 2). This may reflect
the intrinsic narrow genetic base of RT. Moreover, the
low genetic diversity could have been caused by a bot-
tleneck during the maintenance of this population in the
seed bank.

PCoA based on MRD showed that two populations,
GB and SF, clustered closely together (Fig. 2). Although
GB was collected in South Germany and SF in East
Germany (Table 1), a closer examination of possible
links between the two populations suggests that SF is
most likely a derivative of GB because the breeder of SF
in East Germany worked before in the Rastatt region
(South Germany), where GB was traditionally cultivated
(W. Schmidt, personal communication). Nevertheless,
the model-based cluster analysis revealed that drift,
migration, and selection have led to allele frequency
changes resulting in a clear separation of individuals
from GB and SF (Fig. 3).

Comparison of SSR analysis of individuals versus
bulks in genetic diversity studies

Although a large number of alleles with low frequency
remained undetected in the SSR analysis of bulks
(Fig. 1), the average number of alleles per locus within
the populations was significantly correlated between the
SSR analyses of individuals and bulks (r=0.92,
P<0.05). This strong association can be explained by a
homogeneous non-detection of alleles across the five
populations. As the non-detection of alleles mainly de-
pends on the allele frequency in the populations (Fig. 1),
the application of average number of alleles as diversity
measure is highly questionable for SSR analysis of
bulks.

The low number of alleles detected in the SSR anal-
ysis of bulks but absent in the SSR analysis of the
individuals suggests that only a small fraction of the
amplified bands are an artifact. While most alleles with a
frequency below 0.2 remained undetected in the SSR
analysis of bulks in our survey (Fig. 1), Dubreuil et al.
(1999) reported in a RFLP study of bulks that alleles
could be detected as long as their frequency was greater
than 0.05. The higher sensitivity in the latter survey
compared to our study may be due to the lacking PCR

step in the RFLP analysis: during the PCR reaction,
alleles with low frequency may not be amplified due to
competition for polymerase and other reagents. Another
reason could be the different number of individuals used
per bulk. While we used one bulk of 30 individuals per
population, Dubreuil et al. (1999) took three bulks of
ten individuals per population. The results of the simu-
lated SSR analysis of bulks strongly suggests that even if
alleles with frequencies below 0.25 were not scored, the
correlation between MRD values of SSR analysis of
individuals and bulks is high (Table 4). Consequently,
associations among such diverse populations can be
accurately displayed. Under the assumption of a con-
stant number of individuals analysed, the precision in
estimating allele frequencies increases with decreasing
number of individuals per bulk. Thus, for closely related
germplasm a higher number of individuals per bulks is
advantageous to correctly display the associations
among the populations. In addition, it is of interest to
examine whether bulking should be done before or after
DNA extraction. Bulking before DNA extraction, as
applied in this study and by Dubreuil et al. (1999), offers
big advantages with regard to time and cost effective-
ness, but could also cause biases due to an unequal
DNA contribution of individuals.

Our results clearly showed that the allele frequencies
of a population could be estimated with high accuracy
from the band intensities of SSR profiles of bulks. This
suggests that the SSR analysis of bulks allows to (1)
measure the gene diversity within populations and (2)
examine the genetic relatedness among populations
(Table 2, Fig. 2). The higher GST value in the SSR
analysis of bulks compared to individuals indicates that
differences between populations are emphasised due to a
concentration on alleles with high frequencies. This
hypothesis has to be verified with a larger sample of
populations. Summarising, SSR analyses of bulks
promise to be a cost-effective method to characterise a
large number of populations in seed banks and, conse-
quently, facilitate the conservation and use of genetic
resources.

Population genetic analysis

In a large population with no selection, mutation, or
migration, HW proportions are attained after one gen-
eration of random mating (Hardy 1908; Weinberg 1909).
Thus, considering the procedure to maintain the five
OPVs, it was expected that the populations were in
HWE. Nevertheless, all five maize populations deviated
significantly from HWE at a large number of SSRs
(Fig. 4) and showed an excess of homozygous loci
(Table 2). The deviations from HWE are in agreement
with previous studies with random mating populations
using (1) PCR-based markers (Reif et al. 2004), (2)
RFLP markers (Dubreuil and Charcosset 1998; Labate
et al. 2000), or (3) protein markers (Kahler et al. 1986;
Revilla et al. 1997). However, FIS values were higher
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when PCR-based marker systems rather than protein or
RFLP markers were used.

The excess of homozygosity of the five maize popu-
lations used in this study can be related to the following
genetic causes: (1) positive assortative mating between
individuals (homogamy), (2) artificial subgrouping of
individuals within populations, and (3) selection
favouring homozygotes. Positive assortative mating can
be caused by genetic variation in flowering. In this case,
only SSRs closely linked to QTL for flowering time
should display a higher degree of homozygosity than
expected under HWE. However, LD between the 55
SSRs and QTL for flowering time is unlikely due to the
uniform distribution of the markers across the entire
maize genome. Artificial subgrouping of genotypes
within populations was not observed in the PCoA of
individuals (data not shown) and, thus, cannot explain
the excess of homozygosity. Selection favouring homo-
zygotes is unlikely in maize, where fitness increases with
heterozygosity due to positive heterosis for plant vigour.
Summarising, genetic causes provide at best a partial
explanation for the observed deviation from HWE.

To examine whether technical problems may have
caused the excess of homozygosity, hybrids were com-
pared with predicted hybrids. The high percentage of
heterozygous loci in the predicted hybrids, which were
homozygous in the hybrids (28.6%), strongly suggests
that the excess of homozygosity is related to the exper-
imental errors during the SSR assays. Assuming that the
error rate of the hybrids also applies to the populations,
this results in an average FIS value of 0.29, which is
similar to the observed total FIS value (0.34). Thus, the
excess of homozygosity in our study can largely be ex-
plained by experimental errors apart from genuine ge-
netic causes.

The following laboratory errors would lead to an
overestimation of homozygosity: (1) alleles remained
undetected due to competition for polymerase and other
reagents during amplification in the PCR reaction, (2)
the setting of the threshold of band intensity to detect
alleles was too strict, and (3) a heterozygous locus car-
rying a null allele was scored as homozygous. The rate of
null alleles can be estimated in an analysis of inbred lines
and was reported to be generally low in elite Central
European flint germplasm for the 55 SSRs used in this
study (Reif et al. 2005). Additionally, a low threshold of
band intensity to detect alleles was applied and, conse-
quently, lab errors caused by the detection systems were
minimised. Therefore, non-amplification of a second
allele during the PCR reaction is presumably the major
reason for the excess of homozygosity.

The significant differences among SSRs in the hybrids
for non-detection of heterozygous loci in the contin-
gency table chi-square test and the significant correla-
tions between FIS values of all pairwise population
comparisons strongly suggest differences among SSRs in
their susceptibility towards lab errors. We tested the
possibility to pre-select SSRs less affected by lab errors,
based on the comparison of hybrids with predicted

hybrids. Therefore, SSRs heterozygous in the predicted
hybrids have been considered and those markers have
been selected that were also heterozygous in the hybrids.
The selected SSRs had on average lower FIS values in
the five populations than all SSRs, and 60% of these
markers showed no excess of homozygosity. Conse-
quently, it would be prudent in future studies investi-
gating HWE within populations to pre-select SSRs
robust against lab errors, based on a test set of hybrids
and their parental inbred lines. The high level of lab
errors for detecting heterozygous loci have strong
implications, for instance in mapping studies, and war-
rants further detailed investigations by fingerprinting a
larger number of hybrids and their parental inbred lines
with different PCR-based marker systems in different
laboratories with different detection systems.

Technical problems during the SSR assays causing a
systematic non-amplification of specific alleles could also
influence the LD among marker pairs. To investigate
whether specific alleles remained undetected during the
SSR assays, it would be prudent in future studies to re-
peat the SSR analysis of the predicted hybrids. We as-
sumed that the non-detection of alleles occurred
randomly in heterozygous individuals, which would not
influence LD detection. LD was tested by applying the
composite disequilibrium coefficient (Weir 1996), be-
cause this method is free of the HWE assumption. We
found that on average 1% of the two-locus disequilib-
rium tests were significant, which can be explained by
Type I error alone. This is in agreement with a previous
study with OPVs (Reif et al. 2004) but in apparent dis-
agreement with surveys within elite breeding material
(Liu et al. 2003; Remington et al. 2001). Thus, the ab-
sence of genome-wide LD in our study and the presence
of LD in the surveys of Liu et al. (2003) and Remington
et al. (2001) can be explained by the different type of
plant materials used. The LD in OPVs is expected to be
lower than in elite breeding germplasm due to (1) a lower
selection intensity and (2) a large number of inter-mating
generations since the establishment of the populations.

The lack of LD in the five flint populations indicates
that the populations are well suited for high resolution
association mapping studies. As a first step towards
association mapping we suggest to decompose the OPVs
into representative samples of homozygous lines by using,
for example, doubled haploid lines. The decomposition
has two advantages: (1) the resulting genotypes are
immortal and can be subject to replicated tests for phe-
notyping and (2) the genetic load is reduced by eliminating
deleterious alleles during the inbreeding process. The lines
can then serve as a base population to identify favourable
alleles with high resolution association mapping. This
strategy would facilitate a systematic exploitation of the
available genetic diversity in maize populations.
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