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Abstract Association mapping is based on linkage dis-
equilibrium (LD) resulting from historical recombinations
and helps understanding the genetic basis of complex traits.
Many factors affect LD and, therefore, it must be determined
empirically in the germplasm under investigation to exam-
ine the prospects of successful genome-wide association
mapping. The objectives of our study were to (1) examine
the extent of LD with simple sequence repeat (SSR) and
single nucleotide polymorphism (SNP) markers in 1,537
commercial maize inbred lines belonging to four heterotic
pools, (2) compare the LD patterns determined by these two
marker types, (3) evaluate the number of SNP markers
needed to perform genome-wide association analyses, and
(4) investigate temporal trends of LD. Mean values of the
squared correlation coefficient (R) were almost identical for
unlinked, linked, and adjacent SSR marker pairs. In contrast,
R values were lowest for the unlinked SNP loci and highest
for the SNPs within amplicons. LD decay varied across the
different heterotic pools and the individual chromosomes.
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The SSR markers employed in the present study are not
adequate for association analysis, because of insufficient
marker density for the germplasm evaluated. Based on the
decay of LD in the various heterotic pools, we would need
between 4,000 and 65,000 SNP markers to detect with a
reasonable power associations with rather large quantitative
trait loci (QTL). A much higher marker density is required to
identify QTL with smaller effects. However, not only the
total number of markers but also their distribution among
and along the chromosomes are primordial for undertaking
powerful association analyses.

Introduction

Association mapping (AM) and joint linkage association
mapping (JLAM) are powerful complements to linkage
mapping (LM) for understanding the genetic basis of
complex traits (Yu et al. 2008). All three methods exploit
linkage disequilibrium (LD) between genes coding for a
trait and closely linked markers. LD, also known as
gametic phase disequilibrium, is the non-random associa-
tion between alleles at different loci.

In LM studies, LD can be calculated theoretically
because these are carried out with populations constructed
from bi-parental crosses in a systematic manner. In con-
trast, AM and JLAM make use of the LD resulting from
many generations of historical recombinations in germ-
plasm with unknown relatedness. In this case, LD is
affected by many genetic factors such as mutation,
recombination, selection, migration, and mating pattern
(Flint-Garcia et al. 2003) and can only be determined
empirically. Therefore, the germplasm under investigation
must be examined with respect to the extent of LD and its
genomic distribution to determine the prospects of carrying
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out successful genome-wide association mapping (Rafalski
2002; Kim et al. 2007).

The relationship of LD with physical or genetic distance
is highly variable across species, marker systems, and
genome regions (for review see Flint-Garcia et al. 2003;
Rafalski and Morgante 2004; Yu and Buckler 2006). In
maize, different germplasm sets such as indigenous land-
races, exotic materials, and lines from public breeding
programs have been examined for LD in certain genome
regions. These studies revealed a variable LD decay with a
decrease of 7 from 0.95 to 0.33 within 100 bp (Tenaillon
et al. 2001) to a r? smaller than 0.1 within 1,500 bp
(Remington et al. 2001). Yan et al. (2009) used 632 inbred
lines from temperate, tropical, and subtropical public
breeding programs for a whole genome LD scan. In this
study, LD decay distances differed among chromosomes
and ranged from 1 to 10 kb, and was much higher in
temperate than tropical and subtropical germplasm. Nev-
ertheless, knowledge of LD over large map distances is still
limited particularly in commercial maize germplasm
(Veyrieras et al. 2007).

A high marker density is required for a whole genome
association mapping approach in germplasm with a rapid
LD decay. Simple sequence repeat (SSR) markers, which
are widely used for diversity studies owing to their multi-
allelism and the resulting high information content, may
lack the density required for association studies (Ching
et al. 2002). In contrast, the bi-allelic single nucleotide
polymorphism (SNP) markers, which are found in much
larger number in the genome than SSRs, could provide the
needed high marker density. Stich et al. (2006) compared
multi-allelic (SSR) and bi-allelic (amplified fragment
length polymorphism; AFLP) markers to investigate LD in
72 central European maize inbred lines and concluded that
SSRs should be preferred over AFLPs except in popula-
tions having a long history of recombination. SNPs, how-
ever, have advantages over AFLP markers with regard to
collision (co-migration of different fragments within a
single lane) and homoplasy (Gort et al. 2009). Therefore, a
direct comparison of SSR and SNP markers for the mea-
surement of LD is of interest. In a set of 102 maize inbreds
representing a broad cross-section of public breeding
germplasm from temperate and tropical regions, Reming-
ton et al. (2001) compared the extent of LD in six genes
based on SNPs versus genome-wide distributed SSRs and
observed that the SSRs revealed stronger evidence of LD
than the SNPs. Nevertheless, a direct comparison of the
extent of LD between genome-wide distributed SSRs and
SNPs in commercial maize breeding germplasm is still
lacking.

Temporal trends in LD were investigated by Reif et al.
(2005) with SSR markers. They observed globally a
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decrease of LD over time in the most important maize
hybrids grown in Germany over the past five decades.
However, no information is available on SNP-based tem-
poral trends of LD in maize germplasm developed by a
commercial breeding program.

The objectives of our study were to (1) examine the
extent of LD with SSRs and SNPs in 1,537 commercial
maize inbred lines belonging to four heterotic pools, (2)
compare the LD patterns determined by using these two
marker types, (3) evaluate the number of SNP markers
needed to perform genome-wide association analyses, and
(4) investigate temporal trends of LD in each heterotic
pool.

Materials and methods
Plant materials and molecular markers

Our investigation was based on a set of 1,537 maize inbred
lines representing elite European and North American
germplasm and described in details in a companion study
(Van Inghelandt et al. 2010). Briefly, the inbred lines are
proprietary to the plant breeding company Limagrain
(France), and were assigned by breeders to four heterotic
pools, namely Flint (396 inbreds), Lancaster (399 inbreds),
Stiff Stalk (SSS; 377 inbreds), and Iodent (365 inbreds).
The inbreds of each heterotic pool were grouped into four
periods according to the year of release: Period 1 (<1990),
Period 2 (1990-1995), Period 3 (1996-2000), and Period 4
(2001-2008).

The lines were analyzed with 359 SSR and 8,244 SNP
markers. The SSRs (80% public and 20% proprietary) were
selected over years by Limagrain with respect to their
polymorphism information content (PIC) value (Botstein
et al. 1980) in various sets of maize inbreds. The SNPs
(100% proprietary) were discovered by sequencing 2,973
amplicons in a development set of 30 diverse maize
inbreds. From these, SNPs which showed an Illumina
designability score >0.4 and were not in complete LD in
the development set were selected for genotyping the 1,537
lines. The proportion of missing data was 5.1% for the
SSRs and 2.7% for the SNPs. On average, the amplicons
had a size of 477 bp and contained three SNPs (supple-
mentary material S1).

All markers were mapped in the IBM population (Lee
et al. 2002). Chromosomes 1-10 carried 59, 42, 41, 34, 36,
31, 36, 31, 27, and 22 of the SSR markers, respectively.
Further, 1,456, 858, 902, 898, 1,002, 633, 578, 632, 699,
and 586 of the SNPs were mapped to chromosomes 1-10,
respectively. The frequency distribution of marker-pairs
distances are shown in supplementary material S2.
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Distances between SNP loci pairs within an amplicon were
0. The total map length was 4,265 cM for the SSRs and
4,378 cM for the SNPs.

Genotyping of the SSRs was performed by Limagrain
Verneuil Holding (Riom, France) using standard protocols.
Genotyping of the SNPs was performed by Biogemma
(Clermont-Ferrand, France, unpublished data) using an
Illumina Infinium iSelect chip.

Statistical analyses

The square of Pearson’s correlation coefficient, commonly
noted by r% for bi-allelic loci (Hill and Robertson 1968)
and by R for its extension to multi-allelic loci, was used to
determine the extent of LD and calculated following
Maruyama (1982):

a; b;
D1 D Dizj
a; b;
(1 - Zi:lpiz) (1 - Zj:lp]z)

were a; and b; are the number of alleles occurring at the
two loci under consideration, p; and p; the observed fre-
quencies of the ith and jth allele at these two loci,
respectively, and D;; = p; — p;p; the deviation between the
observed haplotype frequency p; and its expected fre-
quency p;p;. For a matter of simplicity, we used R for both
bi-allelic and multi-allelic markers.

Each loci pair was categorized as unlinked (marker loci
located on different chromosomes), linked (marker loci
located on the same chromosome), or adjacent (neighbor
marker loci). For the SNP markers, the adjacent loci
included neighbor markers within and between amplicons
(for distance distribution, see supplementary material S2).
In addition, we defined a further category termed “ampli-
con” for SNP marker pairs within amplicons. To reduce
computational efforts, LD for unlinked SNP marker pairs
was computed only between the markers of successive
chromosomes (1 vs. 2, 2 vs. 3,..., 10 vs. 1) rather than all
chromosome pairs.

Mean R values (R) were calculated for all categories of
loci pairs. The percentage of loci pairs with R values higher
than 6 (Pr~s) were determined for linked and adjacent
pairs of SSRs and SNPs as well as for SNP pairs within
amplicons. Three different thresholds (Qos, 0.1, 0.8) were
chosen for d. Threshold Qg5 refers to the 95% quantile of R
values between unlinked loci and was taken as a population
specific critical value of R beyond which LD was likely to
be caused by genetic linkage (Breseghello and Sorrells
2006). Threshold 0.1 was the minimal R value to detect
associations for rather large quantitative trait loci (QTLs)
(Ersoz et al. 2007). This R threshold is based on the rea-
soning that detection of markers that explain <1% of the

R= (1)

phenotypic variance requires an exponentially increasing
population size. Therefore, such small effects would be
considered undetectable in a population of reasonable size
(300). If a marker explaining 1% of the phenotypic varia-
tion is in LD with a QTL explaining 10% of the phenotypic
variation, which—for a complex trait—is considered as
large, the LD correlation between the marker and the QTL
is R=0.1 (Zhu et al. 2008). Threshold 0.8 was chosen
following the current practice for genome-wide association
studies in human genetics (Barett and Cardon 2006).

Estimates of LD are influenced by the sample size. As
the four heterotic pools were of similar size, no adjust-
ment was necessary on this account. However, in order
to compare estimates from individual heterotic pools to
the whole set of 1,537 inbreds, a sampling procedure
with sample size n = 384 (mean number of inbred lines
in one heterotic pool) was carried out. Following Stich
et al. (2005), 50 random samples were drawn and their
LD measures were averaged to be used as estimates for
the whole set sample (hereafter referred to as Mixed
sample).

R values for pairs of linked loci were plotted against
their genetic map distances for SSR and SNP markers, and
curves of decay of LD with distance were fitted by non-
linear regression (NLR; Bates and Watts 1988) and locally
weighted regression smoothing (Cleveland 1981). For
NLR, our data were fitted to the expectation of R between
adjacent sites using the model of Hill and Weir (1988):

10+ C
E(R) = ((2+C) x (11+C)>
(3+C) x (124 12C + C?)
X (H nx(2+C)x (11 +C) )

(2)

where n is the sample size and C the population recom-
bination parameter (with C = 4N,c; N, being the effective
population size and ¢ the recombination fraction between
the loci pair considered).

Estimates of LD decay for each chromosome in each
heterotic pool were obtained by determining the abscise
values of the intersection of the NLR curves with the base
lines R = Qg5 or R = 0.1. To calculate the number of SNP
markers required for association studies with regard to
these two thresholds, we divided the length of each chro-
mosome by the LD decay distance for the chromosome in
each heterotic pool and summed the values over the 10
chromosomes.

To evaluate temporal trends of LD, R, Pk, and
Pr - 0s were calculated for inbreds of each heterotic pool
grouped in four time-periods. As the numbers of inbreds
were different for each heterotic pool-period combination,
we used the above described sampling strategy to draw
samples of the size of the smallest group (n = 20).
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To study the distribution of LD along the chromosomes,
we calculated R values for every given SNP locus x by
averaging its R values with all other loci located within a
window of 1 cM. The averaged R values thus obtained
were plotted against the map position of the locus x on the
chromosome.

All analyses were performed using R
(R Development Core Team 2006).

software

Results

For each heterotic pool, R values were almost identical for
unlinked, linked, as well as adjacent SSR marker pairs
(Table 1). In contrast, R values based on SNPs differed
among the four groups of loci and were lowest for the
unlinked and highest for the amplicon loci. The range of
the R values among the pools was narrow for both marker
types, particularly the SSRs. For the Mixed sample, R
based on both types of markers were within the range of
those of the heterotic pools except that the value between
unlinked SNP loci pairs was larger.

For the SSRs, the Qgs values of unlinked loci ranged
between 0.043 and 0.055 for the heterotic pools and Mixed
sample. For the SNPs, Qg5 varied from 0.036 to 0.058
among the pools and were lower than for the Mixed sample
(0.078). The proportion Py » g,,0f linked and adjacent SSR
pairs had a narrow range 4.64-6.59% for all groups. For the
SNPs, the Pg - ¢,; values in the heterotic pools ranged from
11.93 to 14.38% for the linked pairs, from 46.88 to 50.45%
for the adjacent pairs, and from 53.67 to 61.08% for
amplicon pairs. In comparison with the heterotic pools, the
values for the Mixed sample were lower for linked and
amplicon SNP pairs, and higher for adjacent loci pairs.

The proportion Py - ¢ of linked SSR marker pairs ranged
between 0.16 and 0.65% in all groups, and was only slightly
higher (0.37-1.43%) for the adjacent pairs. Furthermore, no
SSR loci pairs had R values higher than 0.8 (Pg - og). For
SNP markers, Pg~ o) was considerably lower for linked
(3.59-7.94%) than for adjacent (38.20—41.39%) and
amplicon (46.40-48.67%) loci pairs in the heterotic pools.
The proportions Pg - .8 were much lower (0.11-0.18%) for
linked than for amplicon (13.24-18.44%) loci pairs, but the
adjacent SNP pairs were even slightly higher (14.49-
18.54%). Pg - ¢ g for the Mixed group was lower than for the
different heterotic pools, and was higher for the Iodent and
SSS pools than for the Flint and Lancaster pools.

There was a rapid reduction in the magnitude of R as
genetic map distance between the SNP markers increased,
whereas in the case of the SSR markers, R remained
consistently at the same low level (Fig. 1). LD decay
varied across the different heterotic pools (supplementary
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material S3). Across the 10 chromosomes, the LD decay
distances inferred as the intersection of NLR curves with
R=0.1 varied from 0.11 cM for the Flint pool to
2.74 cM for the SSS pool (Table 2). LD decay varied also
for the individual chromosomes. LD decay varied between
0.04 and 4.74 cM among heterotic group x chromosome
combinations. A different ranking of the chromosomes
was observed for LD decay in the various heterotic pools
(Fig. 2). In the Flint pool, the most rapid LD decay was
observed for chromosome 7 and the slowest for chromo-
some 10, whereas in the SSS pool the most rapid and
slowest LD decay was found for chromosome 9 and 2,
respectively (Table 2).

Compared to Period 1, the values of R, Pg~ .1, and
Pr - og for adjacent SNP pairs in the Lancaster and SSS
pools increased significantly in Period 2 and 4 after a
decrease (significant in the case of SSS) from Period 2 to 3
(Table 3). In the Flint and Iodent pools, all LD measures
showed a distinct decrease from Period 1 to Period 2. In the
Flint pool, the measures then increased significantly from
Period 2 to 3 and then from Period 3 and 4, reaching again
the level of Period 1. By comparison, the measures in the
Iodent pool generally did not show any significant differ-
ences among Period 2, 3, and 4.

The distribution of LD along each chromosome, pre-
sented as an example for chromosome 3 and 9 in the Flint
and SSS pools, revealed different numbers and positions of
R values higher than 0.8 in the two pools (Fig. 3). The SSS
pool had 13 such peaks whereas the Flint pool had three on
chromosome 3. On chromosome 9, the Flint pool had three
peaks and the SSS pool four at different positions.

Discussion

Several statistical parameters derived from D have been
described in the literature to estimate the extent of LD. The
most commonly used are R and D' (Maruyama 1982;
Hedrick 1987). In this study, R was preferred for various
reasons. First, the sampling properties of D’ are poorly
understood when |D’| <1.0. In addition, R is less influenced
by small sample size than D', which results in less erratic
behavior when comparing loci having low allele frequen-
cies (Flint-Garcia et al. 2003). Furthermore, R can be
interpreted more readily in the context of association
mapping because it relates the amount of variance
explained by the marker to the amount of variance
explained by the associated QTL (Zhu et al. 2008). Finally,
Ducrocq et al. (2008) showed in an empirical example that,
unlike D', the R plot of SNPs in the vicinity of the gene
followed closely the significance levels of associations
between markers and phenotype.
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Comparison of the extent of LD assessed with SSR
and SNP markers

The increasing R values from unlinked to linked, adjacent
and then to amplicon SNP markers pairs (Table 1), and
more generally, with decreasing distance between SNP loci
(Fig. 1, supplementary material S4), suggested a decay of
LD with distance. On the contrary, R values did not differ
among adjacent, linked and unlinked SSR loci. This greater
power of SNPs to examine LD was almost certainly
attributable to the higher marker density of the SNPs
(supplementary material S2).
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Fig. 1 Distribution of linkage disequilibrium measure R over differ-
ent map distance classes between linked simple sequence repeat
(SSR) or single nucleotide polymorphism (SNP) marker pairs over the
whole set of genotypes. No pairs represent the number of marker pairs
in each distance class. Axes scales are different for each plot
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Furthermore, the Pg . o, of adjacent and linked SSR
(about 5%), contrarily to SNP loci pairs (up to 61%),
indicated no evidence of LD caused by genetic linkage.
This results in a high ratio of LD between unlinked and
adjacent loci for our SSR markers, which is a major dis-
turbing force in gene mapping. It indicates association
between markers and genes located on different chromo-
somes and will result in a high rate of false positive
detections of marker-trait association. Nevertheless, we
observed for unlinked SSR markers higher R than for SNPs
(Table 1). This finding might be explained on the basis that
multi-allelic SSRs (the mutation rate of which is about four
to five orders of magnitude higher than of SNP’s), have a
higher power to detect LD than bi-allelic SNPs, if marker
density is ignored. This is in accordance with the study of
Stich et al. (2006), which showed a clear advantage of
SSRs over AFLPs to detect LD in a population with short
history of recombination. Consequently, SSRs could be
more powerful for association mapping if they were
available in the genome with the same density as SNP
markers. However, the SSR markers employed in the
present study would not be adequate for association anal-
ysis, because of insufficient marker density for the germ-
plasm evaluated. Therefore, all trends regarding LD
presented below were based on SNP markers.

Influence of sample size, genetic diversity
and population structure on the extent of LD

Besides providing fair comparisons of the whole set versus
each individual heterotic pool, the estimates obtained for
the Mixed sample with the sampling procedure enabled us
to examine the influence of sample size n on the R values
for the whole set. Slightly higher R values for the Mixed
sample than for the whole set (0.02, data not shown)
indicated a slight upward bias due to small sample size.
The graphic presentation of E(R) versus n based on Eq. 2
showed that R is always upwardly biased for small n, but
the bias is negligible for n > 400, independent of N,
(supplementary material S5).

As predicted, the LD in the investigated breeding
germplasm was considerably higher than previously
reported in more diverse germplasm collections. Yan et al.
(2009) examined 632 inbreds using 1,229 SNP markers and
reported a lower amount of LD (R = 0.009) than that found
in our study for the whole set (R = 0.027; data not shown).
The higher LD in our study was most likely attributable to
the marker density and the genetic diversity in the germ-
plasm. We employed 8,244 SNP markers compared to
1,229 used by Yan et al. (2009), who examined temperate,
tropical, and subtropical public inbred lines that were more
diverse and contained less related materials than the elite



Theor Appl Genet (2011) 123:11-20

17

Table 2 Genetic map distance (LD decay) for which the trend line of the non-linear regression falls below R = Qgs (Qos of R values between
unlinked loci), or below R = 0.1, and number of single nucleotide polymorphism (Nb SNP) markers required for association studies

Pool Threshold LD decay (cM) Nb SNP
Allchr Chr1 Chr2 Chr3 Chr4 ChrS Chr6 Chr7 Chr8 Chr9 Chr 10

Flint R > Qg5 (0.036) 0.39 1.11 0.59 0.41 2.09 0.77 0.83 0.05 0.17 0.21 2.88 17,420
R> 0.1 0.11 0.31 0.17 0.12 0.58 0.22 0.23 0.01 0.04 0.06 0.80 65,580

Lancaster R > Qg5 (0.048) 1.01 2.32 0.49 1.96 0.80 2.72 1.15 2.10 0.31 0.14 3.94 6,750
R >0.1 0.40 0.92 0.19 0.77 0.32 1.07 0.46 0.81 0.12 0.05 1.54 17,070

SSS R > Qg5 (0.058) 5.61 4.52 9.93 8.29 3.78 8.06 293 6.28 2.99 0.26 7.47 2,030
R>0.1 2.74 222 4.74 3.99 1.86 3.88 1.45 3.06 1.46 0.13 3.60 3,980

Iodent R > Qs (0.051) 5.50 4.25 2.25 6.32 4.01 8.25 9.50 8.89 2.99 0.17 7.75 2,885
R > 0.1 2.29 1.78 0.95 2.62 1.68 3.38 3.86 3.64 1.26 0.07 3.17 6,790

Whole set R > Qg5 (0.071) 0.45 1.35 0.42 0.49 0.83 1.42 0.76 1.31 0.09 0.06 2.01 14,230
R > 0.1 0.29 0.87 0.28 0.32 0.53 0.92 0.49 0.85 0.06 0.04 1.29 22,400

lines evaluated by us. The effect of diversity was also
evident from the magnitude of R in the different pools.
Flint and Lancaster had smaller R values than SSS and
Iodent (Table 1). The SSS and Iodent pools have a nar-
rower genetic base (Hallauer and Miranda 1988; Troyer
1999) and less genetic diversity than Flint and Lancaster
(Van Inghelandt et al. 2010), which is expected to lead to
higher LD, as shown by Stich et al. (2005) in a comparison
of LD between related versus unrelated Flint lines.

Two opposing trends are expected when comparing the
Mixed sample versus heterotic pools: the extent of LD
could be higher in the Mixed sample than in the heterotic
pools due to population structure (Yu and Buckler 2006),
or it might be lower in the former than in the latter because
of the higher genetic diversity. We observed that the extent
of LD in the Mixed sample was in the range of the heterotic
pools for linked, adjacent, and amplicon loci, but slightly
higher for the unlinked SNP loci. This result is in accor-
dance with the fact that population structure creates LD
especially between unlinked loci (Stich et al. 2005), and,
therefore, leads to false positive associations.

Temporal trends of LD

The LD between adjacent loci present in the Period 1 of
the four heterotic pools reflected the influence of the
relatedness on LD as discussed above. Across time peri-
ods, the Lancaster and the SSS pools behaved similarly
and showed an increase of LD from Period 1 to Period 4
(Table 3). This increase might be attributable to high
selection intensity for favorable epistatic combinations of
alleles at different loci (Falconer and Mackay 1996). The
small decrease in both pools from Period 2 to Period 3
can be explained by the successive generations of inter-
mating carried out by Limagrain breeders within the pools
since their establishment.

In the Flint pool, a strong decrease in R between adja-
cent loci took place earlier (between Period 1 and 2), so
that there were finally no differences between Period 1 and
4. This could be explained by the introgression of new
material that counterbalanced the effect of selection.
Indeed, Limagrain acquired during this period several plant
breeding companies with a strong base in the early flint
maize germplasm. A strong decrease was also observed for
the Todent pool after Period 1. This was probably due to the
use of distinct germplasm that was introgressed into the
Todent pool by Limagrain.

LD decay

Quantifying the extent and patterns of LD in germplasm of
interest will facilitate the design of a SNP chip for asso-
ciation mapping studies. The observed association of the
R values with the genetic map distances based on SNP
markers suggested a decay of LD with distance (Fig. 2).
This finding was expected and also reported by Remington
et al. (2001) and Yan et al. (2009) for physical distances.

The LD decay was variable among the heterotic pools as
shown by the distance for which the NLR curves dropped
below the pool specific threshold Qgs and below 0.1. It was
more rapid in Flint and Lancaster, the pools with higher
diversity, than in SSS and Iodent, the pools with higher
relatedness (Table 2). These results are in accordance with
those reported by Yan et al. (2009). Further, LD decay also
varied among chromosomes (Fig. 2). This reflects the
known complex genome structure of maize. Based on the
LD decay per chromosome calculated with threshold 0.1,
we would need for the various heterotic pools between
4,000 (SSS) and 65,000 (Flint) SNP markers (Table 2) to
detect associations with QTL of complex traits explaining
at least 10% of the phenotypic variation in a population of
350-400 inbreds like in the present study.
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Fig. 2 Trend lines of the non-linear regression of the linkage
disequilibrium measure R versus genetic map distance between
single nucleotide polymorphism (SNP) marker pairs for each
chromosome in the Flint and SSS pools. Horizontal lines indicate
the Qos of the distribution of R between unlinked marker pairs

However, plant breeders and geneticists are interested in
explaining as much of the phenotypic variation with
molecular markers as possible, and, therefore, in detecting
also QTLs explaining <10% of the phenotypic variation.
In a population of 300 genotypes, the power to detect a
marker explaining 1% of the phenotypic variance is only
about 0.2 (Yu et al. 2006; Stich and Melchinger 2009). To
detect a QTL explaining 1% of the phenotypic variation,
we need a marker explaining 1% of the phenotypic varia-
tion which is in LD with the QTL with a correlation higher
than 0.8. The calculations with this threshold were not
possible in our case, because none of the NLR showed
R > 0.8. Nevertheless, we can assume that with this
threshold we would need about one million of markers

@ Springer

Table 3 R values for adjacent single nucleotide polymorphism
(SNP) markers for four time-periods: Period 1 (<1990), Period 2
(1990-1995), Period 3 (1996-2000), and Period 4 (2001-2008) for
the four heterotic pools with pool size standardized to that of the
smallest group. Pg - 5 represents the percentage of adjacent loci pairs
with R values higher than ¢, with 6 = 0.1 and 6 = 0.8

Pool Period n R Pr~ s (%)
5=0.1 5=038
Flint Period 1* 20 0344 ™ 6005 ™ 1984 ™
Period 2* 20 0320 * 5629 * 17.57 °
Period 3* 20 0338 ° 5853 ° 1955 °
Period 4 20 0344 ° 5930 © 2001 °
Lancaster Period 1* 20 0314 * 5790 * 1693 *
Period 2* 20 0356 ° 61.63 ° 2084 °
Period 3* 20 0349 ° 6120 ® 2038 °
Period 4 20 0364 ¢ 6251 ¢ 2166 °©
SSS Period 1 20 0418 * 6696 * 2625 °
Period 2* 20 0459 ° 6893 ° 3082 °©
Period 3* 20 0438 ° 6729 * 2816 °
Period 4 20 0457 ° 6890 ° 3009 °©
Todent Period 1* 16 0473 ™ 6827 "™ 3148 ™
Period 2* 20 0441 * 6653 * 2954 @
Period 3* 20 0441 * 6511 ° 3016 °
Period 4* 20 0440 * 6566 ° 2975 °

A 50 random samples were drawn from the pool—period combination,
and their results were averaged

abe represents differences at the 0.05 significance level according to a
pairwise ¢ test with Bonferroni correction

* No sampling possible

(Gore et al. 2009). Such a high number of markers is
currently not available in chip format, but maybe devel-
oped soon, and next generation sequencing will probably
meet this demand (Lai et al. 2010).

Genome-wide distribution of LD

In our study, the fine scale SNP coverage (average marker
distance = 0.5 cM) was adequate to reveal a good picture
of the structure of LD in maize at the whole genome level.
To design a marker chip for association analyses, not only
the variation of LD among chromosomes, but also among
loci on a chromosome is important. We observed R to vary
for markers at different positions on a chromosome (Fig. 3,
supplementary material S6). The marker density, though
very high, was not uniform on the chromosomes, which
could explain the observed differences.

The variation of R within a chromosome did not follow
the same pattern in the various heterotic pools. The non-
uniform density of markers cannot explain these differ-
ences because we used the same SNPs in all pools. The
variation among pools may be due to the variation in
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recombination rate and in the history of recombination for
specific chromosome regions within specific families
(McMullen et al. 2009). Moreover, some markers may be
monomorphic in certain chromosomal regions in one het-
erotic pool. Since no measure including D or any para-
metric representation of D is unaffected by differences in
allele frequencies (Lewontin 1988), this could also have
influenced the distribution of LD along the chromosomes.
Consequently, our findings suggested that a universally
applicable marker chip should have a marker coverage high
enough to capture the fastest LD decay found in the
chromosome regions of all considered heterotic pools.

Conclusions

In the present study, SNP markers of the examined density,
unlike SSR markers present at a lower density, can be used
effectively for association studies in commercial maize
germplasm. The 60 K SNPs chip, currently available for
maize, seems appropriate to identify QTL that explain at
least 10% of the phenotypic variance. However, to identify
QTL with smaller effect, which is a realistic situation for
most traits of interest to maize breeders, a much higher
marker density is required. Furthermore, not only the

Position on chromosome (cM)

number of markers but also their distribution among and
along the chromosomes in accordance with the extent of
LD are primordial for undertaking powerful association
analyses.
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