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Abstract Epistatic interactions may contribute substan-

tially to the hybrid performance of sugar beet. The main goal

of our study was to dissect the genetic basis of eight impor-

tant physiological and agronomic traits using two different

biometrical models for joint linkage association mapping. A

total of 197 genotypes of an elite breeding population were

evaluated in multi-location trials and fingerprinted with 194

SNP markers. Two different statistical models were used for

the genome-wide scan for marker–trait associations: Model

A, which corrects for the genetic background with markers as

cofactors and Model B, which additionally models a popu-

lation effect. Based on the extent of linkage disequilibrium in

the parental population, we estimated that for a genome-wide

scan at least 100 equally spaced markers are necessary. We

mapped across the eight traits 39 QTL for Model A and 22 for

Model B. Only 11% of the total number of QTL were iden-

tified based on Models A and B, which indicates that both

models are complementary. Epistasis was detected only for

two out of the eight traits, and contributed only to a minor

extent to the genotypic variance. This low relevance of

epistasis implies that in sugar beet breeding the prediction of

performance of three-way hybrids is feasible with high

accuracy based on the means of their single crosses.

Introduction

Epistasis refers to interactions among alleles of different

genetic loci (Carlborg and Haley 2004). The consequence

of epistasis is that the phenotype of an individual cannot be

predicted simply by the sum of the single-locus effects, but

rather depends on the specific combinations of loci (Lynch

and Walsh 1998). Although increasing evidence for the

existence of epistasis has been provided at the molecular

level (Carlborg and Haley 2004), its importance for the

performance of elite breeding germplasm has received little

attention.

Joint linkage association mapping was suggested as a

strategy to combine the high power of QTL detection from

linkage analyses with the fine resolution of association

mapping (Yu et al. 2008). The resolution of joint linkage

association mapping mainly depends on the extent and

distribution of linkage disequilibrium (LD) of parental

genotypes of the segregating populations. In elite breeding

populations a high extent of LD was observed for various

crops such as wheat (Chao et al. 2007), maize (Reif et al.

2005), and barley (Kraakman et al. 2004). Therefore,

genome-wide joint linkage association mapping in breed-

ing populations is feasible with the available marker den-

sity in many crops of economic importance.

For sugar beet, linkage mapping studies were performed

for investigating the genetic basis of sugar yield and its

components (Weber et al. 1999, 2000; Schneider et al.
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J. Möhring

Bioinformatics Unit, Institute for Crop Production

and Grassland Research, University of Hohenheim,

70593 Stuttgart, Germany

S. Fischer � A. Schechert

Strube GmbH & Co. KG, 38387 Söllingen, Germany
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2002). A candidate gene association mapping approach

based on 26 SSR markers was employed to map QTL

underlying beet yield and sugar content (Stich et al. 2008a).

Moreover, a joint linkage association mapping study was

conducted using multiple related segregating sugar beet

breeding populations with a limited set of 49 SSR markers

(Stich et al. 2008b). Nevertheless, this marker density does

not facilitate genome-wide QTL scans. In addition, pub-

lished studies focused rather on main effect QTL than on

the detection of epistasis.

Biometric models for joint linkage association mapping

should correct for population stratification if the underlying

population structure is associated with the trait under

consideration. For multiple segregating breeding popula-

tions, Stich et al. (2008b) suggested the use of mixed linear

models to correct for population structure facilitating a

stringent control of the type I error rate. The use of mixed

linear models, however, can be computationally challeng-

ing for large data sets or for genome-wide scans for digenic

or higher order epistatic effects (Zhang et al. 2010). Yu

et al. (2008) suggested for the nested-association mapping

design the use of cofactors to correct for the genetic

background. Inclusion of a general population effect led to

a slightly reduced power of QTL detection as well as a

smaller genetic variation explained by the final selected

significant markers. Nevertheless, all approaches should

ultimately be tested with empirical data given that the

detection of epistasis may require proper modeling of the

genetic background (Yu et al. 2008).

The objectives of our study were to (1) estimate the

marker density required for joint linkage association

mapping in elite breeding populations of sugar beet, (2)

compare empirically different statistical models for joint

linkage association mapping in elite breeding populations,

and (3) dissect the genetic basis of eight important physi-

ological and agronomic traits.

Materials and methods

Plant materials

Our study was based on 127 S1, 20 S2, and 50 doubled

haploid (DH) sugar beet (Beta vulgaris L.) progenies, which

were randomly derived from nine crosses among diploid

sugar beet clones (Table 1; Supplementary Table S1). The

parental genotypes (G) were all monogerm and belong to

the female heterotic pool (further denoted as O pool). The

number of progenies from each cross ranged from 12 to 30.

The 197 genotypes were crossed to a cytoplasmic male

sterile line (CMS-L). Testcross progenies were produced by

crossing these single crosses with a diploid pollinator (T)

from the male heterotic pool as tester. Thus, entries

evaluated in field trials are of the form (G 9 CMS-L) 9 T.

All material used in this study was provided by the breeding

company Strube GmbH & Co. KG.

Field experiments and phenotypic data analysis

The 197 testcross progenies were divided into four experi-

ments. Each experiment was carried out in 10 locations with

a total of 17 locations (Supplementary Table S2). A set of

four common parents was included in each experiment. The

experimental design was a 12 9 6 a-lattice and a 6 9 6

lattice design with two replicates per location. Plot size was

8.5 m-2. Plant density was 85,000 plants ha-1.

Data were recorded for potassium content (K,

decamol Mg-1), sodium content (Na, hectomol Mg-1),

a-amino nitrogen content (N, hectomol Mg-1), sugar

content (SC, %), white sugar content (WSC, %), sugar

yield (SY, Mg ha-1), white sugar yield (WSY, Mg ha-1),

and beet yield (BY, Mg ha-1). Methods for measuring the

above traits are described in detail by Stich et al. (2008b).

Two locations were excluded in the final analyses for

sodium content and a-amino nitrogen content because of

low quality phenotypic data.

Phenotypic data analyses

The phenotypic data were analyzed based on following

statistical model:

yijkno ¼ lþ cþ gi þ lj þ glð Þijþ clð Þijþtjk þ rnjk þ bonjk

þ eijkno;

where yijkno was the phenotypic observation for the ith

genotype at the jth location of the kth trial of the nth rep-

licate in the oth incomplete block, l was an intercept term,

c was a factor with a single level for each check and a

single level for all entries, gi was the genetic effect of the

ith genotype, lj was the effect of the jth location, (gl)ij was

Table 1 Description of the nine segregating populations underlying

our study

Population Parent 1 Parent 2 Type of progenies No. of progenies

A 9 B A B S1 29

C 9 D C D S2 12

C 9 E C E S1 27

A 9 F A F S1 19

G 9 H G H S1 20

I 9 J I J DH 20

I 9 K I K DH 30

L 9 M L M S1 20

N 9 O N O S2 20

Total 197
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the interaction effect of the ith line and the jth location, tjk
was the effect of the kth trial at the jth location, rnjk was the

effect of the nth replicate at the jth location of the kth trial,

bonjk was the effect of the oth incomplete block of the nth

replicate at the jth location of the kth trial, and eijkno was

the residual. Dummy variables were used to separate

checks and genotypes and estimate variances for each

group following Piepho et al. (2006), but for the sake of

simplicity we suppressed dummies in the model stated

above. For estimating variance components, checks were

treated as fixed and the other effects as random. Error and

block variances were assumed to be heterogeneous among

locations. Variance components were determined by the

restricted maximum likelihood (REML) method by using

the software ASReml (Gilmour et al. 2006). Significance of

the variance component estimates were tested by model

comparison with likelihood ratio tests (Stram and Lee

1994). Heritability on an entry-mean basis was calculated

as the ratio of genotypic to phenotypic variance according

to Melchinger et al. (1998). Furthermore, genotypes were

treated as fixed effects, and best linear unbiased estimators

(BLUEs) were determined for all testcrosses and traits.

Simple correlation coefficients (r) were calculated among

all traits based on BLUEs of the 197 testcrosses. Signifi-

cance of r was tested by using tabulated values based on

Fisher’s (1921) z transformation. Genotypic correlations

were estimated extending the above described model to a

bivariate one.

Molecular data analyses

The 15 parents and their 197 progenies were fingerprinted

following standard protocols with 194 single nucleotide

polymorphisms (SNP) markers. These markers were ran-

domly distributed across the sugar beet genome with an

average marker distance of 3 cM (Supplementary Figure

S1). Map positions of all markers were based on the link-

age map of Strube GmbH & Co. KG. High-quality

molecular data were produced for 14 out of the 15 parents

and for 196 out of the 197 progenies. Therefore, the

analysis of linkage disequilibrium is based on the 14 par-

ents, and the subsequent joint linkage association mapping

analyses are based on 196 progenies.

Polymorphic information content of every marker was

estimated as PIC = 1 -
P

p2, where p refers to the allele

frequencies of the locus under consideration. Associations

among the 14 parents and their 196 genotypes were ana-

lyzed by applying principal coordinate analysis (PCoA)

(Gower 1966) based on the modified Rogers’ distances of

the individuals (Wright 1978). Moreover, modified Rogers’

distances based on the allele frequencies of the nine pop-

ulations were calculated. Correlation between the resulting

distance matrix and the differences in trait means of the

nine populations were tested applying a Mantel (1967) test.

Extent of LD between all pairs of loci was determined by

estimating r2 as described by Hill and Robertson (1968).

Decay of LD with genetic map distance was evaluated by

non-linear regression following Remington et al. (2001).

The 95th percentile of r2 estimates between unlinked

markers was taken as a population-specific critical value of

r2 due to genetic linkage. LD analyses and PCoA were

performed using software Plabsoft (Maurer et al. 2008).

Joint linkage association mapping

For the joint linkage association mapping analyses, an

additive genetic model was chosen for the testcross prog-

enies as described by Utz et al. (2000). We applied a two-

step procedure for QTL detection. In a first step, stepwise

multiple linear regression was used to select a set of

cofactors based on the Schwarz (1978) Bayesian Criterion

(SBC). In the second step, we calculated a P value for the

association of each marker with the phenotypic value for

the F test with a full model (with marker effects) against a

reduced model (without marker effects):

y ¼ lþ bqxq þ
X

c 6¼q

bcxc þ e

where y is the vector of the best linear unbiased estimators

of all testcross progenies, l the intercept, bq (bc) is the

regression coefficient of the qth marker locus (or cth

cofactor), xq (xc) an incidence vector of the genotypes of

the testcross progenies at the qth marker (cth cofactor), and

e the vector of residual errors. This model was denoted as

Model A. In addition, we applied an alternative model

(Model B) including an effect for the segregating

population (Pop):

y ¼ lþ Popþ bqxq þ
X

c 6¼q

bcxc þ e:

The Bonferroni–Holm procedure (Holm 1979) was used

to detect markers with significant (P \ 0.05) main effects.

The proportion of the phenotypic variance explained by

QTL was determined by the estimator Radj
2 as described by

Utz et al. (2000). The proportion of the genotypic variance

explained by all detected QTL was estimated from the ratio

pG = Radj
2 /h2.

In addition, we extended Model B and performed a

two-dimensional scan for pairwise interaction effects

among the 194 SNP markers. The model included the

selected co-factors as well as the main and interaction

effects of the marker pair under consideration. The

Bonferroni–Holm procedure (Holm 1979) was applied

to correct for multiple testing. The genotypic variance

explained by the epistatic QTL was obtained as the dif-

ference in pG between the full model and a model without
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the respective epistatic QTL. Joint linkage association

mapping analysis was performed using Proc GLMSE-

LECT, and GLM implemented in the statistical software

SAS (SAS Institute 2004) (SAS code is available upon

request).

Results

Genotypic variances were significantly larger than zero

(P \ 0.01) for all traits (Table 2). Variances due to geno-

type 9 location interactions were also significantly larger

than zero (P \ 0.05) for all the traits except N but of

smaller magnitude. Heritabilities ranged between 0.55 for

N and 0.93 for K. Moreover, we observed for all traits

significant differences in the mean of the populations (data

not shown). Absolute values of phenotypic correlations

among the eight traits were minimum (0.01) between SY

and WSC and maximum (0.99) between SY and WSY

(Table 3). Genotypic correlations deviated only slightly

from phenotypic correlations.

The first two principal coordinates explained 28.5% of

the total variation (Fig. 1). The PCoA revealed a popula-

tion structure of the 14 parents with the following clusters:

(1) E and O, (2) D, M, and I, (3) C, J, and N, (4) G and H,

(5) K, and (6) A, B, and F. Moreover, progenies were

placed with respect to at least one PC in between their

parents. The Mantel test of the distance matrix based on the

molecular data and the differences in trait means of the

nine populations showed no significant associations for all

traits (Table 2). Estimates of r2 decreased with increasing

genetic map distance between marker loci (Fig. 2). The

95th percentile of the distribution of r2 estimates was used

as a population-specific threshold to identify LD due to

genetic linkage. By this approach, it was estimated that

values of r2 [ 0.25 were probably due to genetic linkage.

The fitted non-linear regression of r2 values and genetic

map distance passed this threshold at 7 cM.

For all eight traits, the genome-wide scans for main

effects based on Models A and B identified QTL distrib-

uted throughout the whole genome (Table 4; Fig. 3). The

number of detected QTL was higher for Model A (39)

compared to Model B (22). The proportion of genotypic

variance explained by the detected QTL ranged for Model

A from 46.6% for WSC to 100% for N. The proportion of

genotypic variance explained by the detected QTL was

generally lower for Model B compared to Model A with a

range from 0% for BY to 61.2% for N. The allele fre-

quencies may have a substantial impact on the power of

QTL detection. Therefore, we investigated the association

between P values of marker–trait associations and PIC

values for all eight traits (Fig. 4). For Model A, only 10%

of the detected QTL had a PIC value lower than 0.2. In

contrast, for Model B, 27% of the QTL had a PIC value

lower than 0.2.

The two-dimensional genome scan based on Model B

revealed seven significant epistatic interactions for K and

one for SY. Contribution of epistatic effects to the geno-

typic variance was small with 10% for K and 0.1% for SY.

The highest value for the proportion of the genotypic

variance explained by the individual digenic epistatic

interactions was 0.1% for SY and 3% for K.

Discussion

For sugar beet breeding, several physiological and agro-

nomic traits with varying complexity are of utmost eco-

nomic relevance (Draycott 2006). This makes sugar beet as

an attractive model crop for genetic studies. We used an

Table 2 Means, ranges, genotypic variances (rG
2 ), genotype 9 loca-

tion variances (rG9L
2 ), error variances (rE

2), and broad sense

heritabilities (h2) of 197 sugar beet testcross progenies evaluated in

17 locations for potassium content (K, decamol Mg-1), sodium

content (Na, hectomol Mg-1), a-amino nitrogen content (N, hecto-

mol Mg-1), sugar content (SC, %), white sugar content (WSC, %),

sugar yield (SY, Mg ha-1), white sugar yield (WSY, Mg ha-1), and

beet yield (BY, Mg ha-1). Moreover, the correlation between the

genetic distance matrix based on (1) the allele frequencies of the nine

populations and (2) the differences in trait means [r(GD, TD)] is

given

Parameter K Na N SC WSC SY WSY BY

Mean 42.2 42.0 82.8 17.1 15.4 14.9 13.63 86.9

Min 37.3 36.8 67.5 16.6 14.9 13.5 12.15 80.6

Max 45.2 53.3 92.9 17.7 15.9 15.9 14.29 92.3

rG
2 1.76** 3.21** 10.84** 0.03** 0.03** 0.13** 0.10** 4.56**

rG9L
2 0.25** 0.77** 1.07 0.00** 0.01** 0.02** 0.02** 0.73**

rE
2 2.32 51.19 105.55 0.08 0.09 0.34 0.29 11.48

h2 0.93 0.55 0.67 0.86 0.85 0.87 0.86 0.88

r(GD, TD)a -0.02 0.38* 0.34 -0.02 0.05 0.23 0.21 0.08

*, ** Significant at the 0.05 and 0.01 probability level, respectively
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elite sugar beet breeding population, and investigated the

suitability of joint linkage association mapping to unravel

the genetic basis of several complex traits of economic

relevance.

Applicability of genome-wide joint linkage association

mapping in sugar beet

The power to detect QTL for quantitative traits depends on

the sample size and the heritability of the trait under con-

sideration. Our study was based on a set of 196 elite sugar

beet testcross progenies (Table 1). Genotypic effects were

estimated with high accuracy reflected by heritabilities

ranging from 0.55 for Na to 0.93 for K (Table 2).

Therefore, the experimental setup should provide insights

into the genetic architecture of the eight traits underlying

our study.

The resolution of genome-wide joint linkage association

mapping is determined by the extent of LD in the parental

population caused by genetic linkage. Besides genetic

linkage, several forces can substantially contribute to LD

such as population stratification, a high degree of related-

ness, and presence of selection as well as genetic drift

(Stich et al. 2005). We used the approach suggested by

Breseghello and Sorrells (2006), and obtained a critical

value of r2 = 0.25 to detect significant LD due to genetic

linkage. The non-linear regression of LD and genetic map

distance indicated that LD due to genetic linkage can be

observed even for marker pairs with a genetic map distance

of 7 cM (Fig. 2). This may be interpreted as an indicator

that the resolution of genome-wide joint linkage

Table 3 Phenotypic (above diagonal) and genotypic (below diago-

nal) correlations for testcross performance of 197 sugar beet

genotypes evaluated for potassium content (K), sodium content (Na),

a-amino nitrogen content (N), sugar content (SC), white sugar content

(WSC), sugar yield (SY), white sugar yield (WSY), and beet yield (BY)

K Na N SC WSC SY WSY BY

K 0.35** -0.18* 0.17* -0.14* 0.48** 0.37** 0.40**

Na 0.18** -0.60** -0.35** -0.50** 0.20** 0.11 0.34**

N 0.12* -0.37** 0.08 0.16* -0.14 -0.09 -0.18*

SC 0.16* -0.48** 0.02 0.95** 0.14* 0.19** -0.27**

WSC -0.15* -0.57** 0.01 1.00** -0.01 0.07 -0.39**

SY 0.45** 0.13* -0.13* 0.07 -0.04 0.99** 0.91**

WSY 0.35** 0.06 -0.14* 0.12* 0.03 1.00** 0.88**

BY 0.36** 0.31** -0.13* -0.11 -0.40** 0.93** 0.91**

Values of genotypic correlations exceeding 1 were set to 1

*, ** Significantly different from zero at the 0.05 and 0.01 level of probability, respectively

Fig. 1 Principal coordinate analysis of the 14 parents (for detailed

information see Table 1) and their 196 progenies based on modified

Rogers’ distance estimates. Percentages in parentheses refer to the

proportion of variance explained by the principal coordinate

Fig. 2 Linkage disequilibrium (r2) between linked SNP markers as a

function of genetic map distance and the distribution of r2 values

between unlinked SNP markers. Horizontal line refers to the 95th

percentile of r2 estimates between unlinked markers. Curve was fitted

by non-linear regression
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Table 4 Trait-associated markers, the explained proportion of the genotypic variance pg, and the allele substitution (a) effects of the joint

linkage association mapping analyses applying two different statistical models

Chromosome Position Model A Model B References

pg (%) a effect pg (%) a effect

Potassium content (K, decamol Mg-1)

1 58.9 11.5 1.19 – – Weber et al. (1999, 2000)

2 56.6 7.7 0.69 28.1 1.11 Schneider et al. (2002)

2 57.2 5.2 0.55 14.5 0.89

5 18.9 – – 1.0 -0.33

5 32.1 – – 0.0 -0.61

5 54.1 52.2 0.74 – – Weber et al. (1999, 2000)

6 79.9 – – 3.7 -0.57

7 34.5 – – 0.9 -0.15 Weber et al. (1999, 2000)

7 41.3 – – 6.9 -0.17 Weber et al. (1999, 2000)

Totala 70.4 49.0

Sodium content (Na, hectomol Mg-1)

1 62.3 11.1 1.04 22.5 1.50

4 52.3 25.3 -0.98 – –

4 72.0 50.0 0.65 – –

7 38.0 13.9 -0.8 – – Weber et al. (2000)

9 13.3 – – 0.3 -0.11

9 24.0 5.1 -0.81 – –

Totala 95.6 19.6

a-Amino nitrogen content (N, hectomol Mg-1)

2 52.3 54.3 2.78 54.3 4.79 Weber et al. (1999, 2000)

2 54.2 1.6 -1.37 8.4 -3.11 Weber et al. (1999, 2000)

3 22.0 4.7 -1.15 – – Schneider et al. (2002)

4 42.3 6.1 1.57 – – Weber et al. (1999, 2000)

5 18.8 – – 4.6 0.88 Schneider et al. (2002)

5 18.9 32.3 -2.64 – – Schneider et al. (2002)

7 21.2 19.8 2.12 – – Weber et al. (1999, 2000)

Totala 100 61.2

Sugar content (SC, %)

1 62.3 8.1 -0.08 – –

2 56.9 4.9 0.12 0.6 0.03 Weber et al. (1999, 2000),

Schneider et al. (2002)

3 24.3 – – 9.1 0.06

4 13.5 1.9 0.02 – –

4 52.6 – – 2.8 0.04

7 41.3 22.4 -0.10 – –

7 65.0 15.8 0.12 – –

9 12.9 – – 0.4 0.02

Totala 47.7 9.9

White sugar content (WSC, %)

1 62.3 6.5 -0.07 – –

2 56.6 – – 6.3 -0.06

2 56.9 – – 0.1 0.02

3 37.6 9.4 0.06 – –

4 52.6 – – 0.1 -0.01

4 71.6 16.8 0.06 – –

5 10.4 3.8 0.05 – –
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association mapping is limited in the underlying elite

population. Nevertheless, many marker pairs with a genetic

map distance smaller than 7 cM were below the fitted line

suggesting that mapping resolution can be substantially

higher in some chromosomal regions. This is in accordance

with results of Kraft et al. (2000), who observed LD only

for very tightly linked markers (\3 cM). An increase in the

mapping resolution for chromosomal regions with a high

degree of LD due to linkage may be accomplished by the

use of genetic resources such as sea beet with a low extent

of linkage disequilibrium between markers (Hansen et al.

2001).

In our study, the average genetic map distance between

adjacent markers was 3 cM (Supplementary Figure S1).

Our result suggests that this marker density can be con-

sidered as the lower limit for a genome-wide association

mapping survey in this elite sugar beet population. Even

though emphasis was given to select equally spaced

markers, a few chromosomal regions were not covered

with markers. These gaps must be kept in mind when

interpreting the QTL results from our study.

Model comparison

For all traits we detected a higher number of QTL and

observed a higher proportion of explained genotypic vari-

ance for Model A compared to Model B (Table 4). This

can be explained by a better exploitation of the genotypic

variance among populations for joint linkage association

mapping when using only markers as cofactors and disre-

garding a population effect (Model A) (Yu et al. 2008).

Furthermore, we observed lower R2 values for the fit of the

selected co-factors for Model A than for Model B (data not

shown). Consequently, the control of the genetic back-

ground is less stringent while applying Model A compared

to Model B. This harbors the risk to detect a higher number

of false positive marker–trait associations. We observed

correlations between the genetic distance matrix based on

(1) the allele frequencies of the nine populations and (2) the

differences in trait means ranging from -0.02 for K and SC

to 0.38 for Na (Table 2). Würschum et al. (2010) investi-

gated the consequences of the correlation between genetic

distances and the differences in trait means on the number

Table 4 continued

Chromosome Position Model A Model B References

pg (%) a effect pg (%) a effect

7 41.3 15.6 -0.06 16.5 -0.10

Totala 46.6 19.4

Sugar yield (SY, Mg ha-1)

2 52.6 – – 12.6 0.15

2 60.5 9.2 0.18 – –

3 22.5 25.8 0.18 – – Weber et al. (1999)

4 72.0 26.6 0.18 – –

6 53.8 3.9 -0.11 – – Weber et al. (1999)

Totala 59.8 11.1

White sugar yield (WSY, Mg ha-1)

2 52.6 – – 15.4 0.14

3 22.5 24.3 0.17 – –

4 72.0 22.3 0.20 – –

5 26.8 12.9 -0.13 – –

6 34.1 13.8 0.17 – –

Total 67.2 13.7

Beet yield (BY, Mg ha-1)

3 16.4 9.1 1.66 – –

3 17.8 12.6 -0.89 – –

3 25.6 15.7 0.73 – –

4 72.0 24.0 1.22 – –

5 26.8 3.9 -0.46 – –

6 57.6 2.9 0.56 – –

Totala 61.7 0.00

a The proportion of the genotypic variance of the final fit
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of false positives in association mapping designs. Their

results indicated that even for traits with a moderate cor-

relation between genetic distance and the trait means cor-

rection for population stratification is required to minimize

the risk to detect an increased number of false positive

QTL. Thus, for Na, N, SY, and WSY, the number of QTL

detected based on Model A may be inflated.

Only a small fraction (11%) of the total number of

QTL was detected in the joint linkage association map-

ping based on Models A and B (Table 4). This low

overlap can at least partially be explained by the signifi-

cant differences in the means of the nine populations. Our

finding also indicates that both models are complemen-

tary: while Model A exploits the genotypic variance

among populations more efficiently, Model B facilitates

the detection of minor QTL due to a more stringent

control of the genetic background (Table 4). Moreover,

more QTL were detected at loci with small PIC values

with Model B compared to Model A (Fig. 4). Alleles with

low frequency, as indicated by low PIC values, can be

very likely lost during the phenotypic selection even if the

minor allele possesses a positive effect because of genetic

drift in elite breeding populations. Therefore, these QTL

are of particular interest for marker-assisted selection.

Summarizing, the findings of our study clearly suggests

that it is advantageous to apply both complementary sta-

tistical approaches, Models A and B, for joint linkage

association mapping.

Fig. 3 SNP markers associated with eight traits in sugar beet based on two statistical models. The horizontal line refers to a threshold of

P \ 0.05 applying a Bonferroni–Holm correction for multiple tests. Multiplication symbol indicates the selected cofactors
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and agronomic traits

We performed a literature review for QTL reported for the

eight traits K, Na, N, SC, WSC, SY, WSY, and BY (Weber

et al. 1999, 2000; Schneider et al. 2002) and compared the

published QTL positions with those of our study. Although

the lack of an integrated map hinders a precise validation

of QTL, it may serve as a rough guideline to confirm our

findings. Several of the QTL detected in our study co-

located with previously reported QTL (Table 4). Further-

more, we observed several major QTL explaining[10% of

the genotypic variance, which were not reported in other

studies. This shows that genome-wide joint linkage asso-

ciation mapping holds the potential to detect previously

unknown QTL and is well suited to unravel the genetic

basis of complex traits.

In total, ten markers were associated with at least two

traits (Table 4). Multi-trait QTL were also reported in

previous studies in sugar beet (e.g., Schneider et al. 2002;

Stich et al. 2008b), and can be explained either by pleio-

tropic effects of a single gene or by tightly linked genes.

Differentiation between both causes is of relevance if the

positive allele for one trait possesses a detrimental effect

for the other trait. For the detected multi-trait QTL, the

majority showed allele substitution effects in the same

desired direction. Consequently, the discrimination between

linkage and pleiotropy is of less interest.

In accordance with previous studies on agronomic

important traits in sugar beet (e.g., Schneider et al. 2002),

Fig. 4 Relationship between polymorphic information content of SNPs and P value for SNP–trait associations based on two statistical models.

Multiplication symbol refers to identified QTLs
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the effects of single QTL were of considerable size

explaining up to 54.3% of the genotypic variation

(Table 4). QTL with large effects are promising candidates

for marker-assisted selection. Nevertheless, large estimates

of QTL size may also reflect small QTL effects estimated

with a large bias (Utz et al. 2000). Cross-validation

(Melchinger et al. 1998) or validation in an independent

sample has been suggested (Lande and Thompson 1990) to

obtain unbiased estimates of QTL effects in the context of

linkage mapping. Cross-validation, especially for large

sample sizes, is an efficient validation approach (Melchinger

et al. 1998). When using joint linkage association mapping

with an inherent population structure, however, it is not

obvious from which pool to draw samples for estimating

the QTL parameters in a resampling strategy. Therefore,

we suggest validating the effect sizes of QTL in an inde-

pendent experiment.

Epistasis among QTL is expected to be less relevant in

studies based on germplasm selected from one heterotic

group because of the narrow genetic base and the low

probability to disrupt co-adapted gene complexes in the

parents (Melchinger et al. 1998). The power to detect

epistasis with testcross performance is also low because of

masking effects of the tester (Gallais and Rives 1993).

Furthermore, genetic contribution of the 196 genotypes to

the testcross progenies was 25%. Consequently, relative

contribution of additive variance to the genetic variance

among testcross progenies is eight times larger than for

additive 9 additive variance resulting in a lower power to

detect epistatic compared to main effects. In accordance

with this expectation, digenic epistatic interactions were

detected only for two out of the eight traits and contributed

only little to the explained genotypic variation. This finding

is in accordance with the results reported for testcross

performance of complex traits in other cross-pollinating

species such as maize (Mihaljevic et al. 2005). Conse-

quently, our results may be interpreted as an indicator that

epistasis can be ignored in sugar beet breeding. One

important implication of this is that predicting the perfor-

mance of three-way hybrids—the predominating variety

types in sugar beet—from the means of their single crosses

is very efficient (Melchinger et al. 1987). The genetic

contribution of male lines to testcross progenies (50%) is

owing to the common mating design (female 9 CMS-

L) 9 male, higher than that of the female lines (25%).

Therefore, mapping epistasis within the male compared

to the female heterotic pool possesses a higher power to

detect epistasis and represents a promising strategy to

validate the findings of our study.
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