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Abstract

Key message Linkage disequilibrium decay in sugar
beet is strongly affected by the breeding history, and
varies extensively between and along chromosomes,
allowing identification of known and unknown signa-
tures of selection.

Abstract Genetic diversity and linkage disequilibrium
(LD) patterns were investigated in 233 elite sugar beet
breeding lines and 91 wild beet accessions, using 454
single nucleotide polymorphisms (SNPs) and 418 SNPs,
respectively. Principal coordinate analysis suggested the
existence of three groups of germplasm, corresponding to
the wild beets, the seed parent and the pollen parent breed-
ing pool. LD was investigated in each of these groups, with
and without correction for genetic relatedness. Without
correction for genetic relatedness, in the pollen as well as
the seed parent pool, LD persisted beyond 50 centiMorgan
(cM) on four (2, 3, 4 and 5) and three chromosomes (2, 4
and 6), respectively; after correction for genetic related-
ness, LD decayed after <6 cM on all chromosomes in both
pools. In the wild beet accessions, there was a strong LD
decay: on average LD disappeared after 1 cM when LD
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was calculated with a correction for genetic relatedness.
Persistence of LD was not only observed between distant
SNPs on the same chromosome, but also between SNPs on
different chromosomes. Regions on chromosomes 3 and 4
that harbor disease resistance and monogermy loci showed
strong genetic differentiation between the pollen and seed
parent pools. Other regions, on chromosomes 8 and 9, for
which no a priori information was available with respect to
their contribution to the phenotype, still contributed to clus-
tering of lines in the elite breeding material.

Introduction

The beet plant (Beta vulgaris L.) originates from the Med-
iterranean regions and has been cultivated mainly for the
nutritional qualities of its leaves (Cooke and Scott 1993;
Panella and Lewellen 2007). Beta vulgaris contains many
subspecies such as leaf beets, fodder beets, red beets, sea
beets, sugar beets and Swiss chards. Sugar beet (B. vulgaris
ssp. vulgaris) is a biennial plant and is widely grown in
temperate regions (Draycott 2006). It accounts for approxi-
mately 25 % of the world’s sugar production (Draycott
2006). The domestication of sugar beet started late, in the
eighteenth century, and is, therefore, relatively recent when
compared to that of other major crop plants (Cooke and
Scott 1993). Commercial sugar beet varieties are mainly
developed as diploid hybrids by creating an F1 between
two genetically diverse inbred lines (seed and pollen parent
lines) with a yield superior to both parents.

This phenomenon is commonly known as hybrid vigor
or heterosis (Shull 1908; Falconer and Mackay 1996).
Introgression of important characteristics such as mon-
ogermy, maintainers of cytoplasmic male sterility (CMS) or
resistance to the Beet necrotic yellow vein virus (BNYVV)
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into elite breeding lines can be considered as genetic bottle-
necks that are likely to have shaped the linkage disequilib-
rium (LD) pattern and, therefore, the population structure
of the sugar beet breeding material.

The extent of LD has been investigated in elite sugar
beet lines (Kraft et al. 2000; Li et al. 2010, 2011) as well
as in wild beet accessions (Desplanque et al. 2000; Arnaud
et al. 2003, 2009; Fievet et al. 2007). Kraft et al. (2000)
reported significant LD between markers that were <3 cen-
tiMorgan (cM) apart using nine sugar beet elite lines and
a set of 451 AFLP markers. In a germplasm set consisting
of approximately 200 inbred lines belonging to the seed
and pollen parent heterotic pool, Li et al. (2010) reported
LD decay to an 7* value of 0.1 or less within 10 cM using
23 SSR markers. Moreover, they also observed significant
LD between loci on different chromosomes, indicating that
LD in sugar beet can be generated by factors such as pop-
ulation structure, genetic drift and familial relatedness, as
stated by Li et al. (2010). A recent study of LD in an elite
sugar beet germplasm set composed of 264 yield- and 238
sugar-type pollen parent inbred lines reported significant
LD between loci pairs that were 7 cM apart (Li et al. 2011).
In the groups composed of either yield- or sugar-type lines;
however, LD was much more extensive and still significant
for loci at a distance of 45 and 21 cM, respectively. The
variation in LD for the two groups was attributed to differ-
ences in selection history.

Studies looking at the extent of LD in sugar beet showed
good prospects for genome-wide association mapping
studies (GWAS) (Stich et al. 2008a, b; Wiirschum et al.
2011a, b). Simultaneously, studies by Li et al. (2010, 2011)
showed that corrections for differential relatedness, either
using kinship or groupings, are required to control the
number of false positive marker-trait associations detected
in GWAS. These corrections were extensively discussed for
Arabidopsis thaliana by Zhao et al. (2007) and Atwell et al.
(2010). Various statistical approaches have been developed
to assess population structure in crop species, as well as
natural populations. The most widely used is the model-
based clustering program STRUCTURE (Pritchard et al.
2000), whose goal is to identify groups and assign individ-
uals to these different groups using an estimated member-
ship coefficient. Other, distance-based, approaches include
principal coordinate analysis (PCoA), and principal com-
ponent analysis (PCA) (Patterson et al. 2000).

Several reports on LD decay, and genetic diversity
have been published on elite sugar beet germplasm (Jung
et al. 1993; Kraft et al. 1997, 2000; McGrath et al. 1999;
Smulders et al. 2010; Li et al. 2010, 2011), though using
different marker types, highly variable marker numbers,
and germplasm sets. To our knowledge, none of these stud-
ies provided a direct comparison of LD patterns in culti-
vated and wild beets using the same or similar marker sets.
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In this study, we analyzed population structure in a com-
bined set of wild beet accessions and elite sugar beet lines
genotyped at 459 markers. In the prospect of GWAS, we
investigated the patterns of LD decay on a local and on
genome-wide basis on a set of 233 elite sugar beet breed-
ing lines belonging to different heterotic groups, and a set
of 91 wild B. vulgaris accessions. We also investigated
the effect of differential genetic relatedness on LD decay
in wild and cultivated beets, when estimating LD between
SNPs. To our knowledge, unlike in other crop species,
selective sweep analyses (Clark et al. 2004; Palalsa et al.
2004; Olsen et al. 2006) are currently lacking in sugar beet.
In this study, to quantify the genetic differentiation between
the pollen and seed parent group and to identify possible
signatures of selection, we calculated Fgp values (Weir and
Cockerham 1984). Moreover, using a Z-test for compar-
ing proportions, we tested whether the allele frequencies at
marker loci differed significantly between pollen and seed
parent pools.

Materials and methods
Plant materials and genetic markers

The germplasm used within this study comprises two major
groups: 234 elite sugar beet breeding lines, which are prop-
erty of SESVanderHave. Additionally, a set of 99 wild beet
accessions which were obtained from public databases such
as the International Data Base for Beet (IDBB) or National
Genetic Resources Program (NGRP) was included in the
study. The set included 20 sea beet accessions (B. vulgaris
ssp. maritima) and 79 cultivated beet accessions such as
garden, leaf, red or fodder beet (B. vulgaris ssp. vulgaris)
and was composed to cover a wide range of cultivated beet
types and sea beets as well as a broad range of geographi-
cal origins within the subspecies. The reported sites of col-
lection ranged from the Northern and Western European
countries such as Denmark, France, the Netherlands, UK,
and Germany, to Mediterranean countries such as Italy,
Spain, Turkey, Tunisia and Greece, and to Central and East-
ern Europe with collection sites in Poland, Russia, Georgia
and Kazakhstan.

The elite sugar beet breeding pool is composed of 139
lines that are used as pollen parent and 95 lines that are
used as seed parent. The pollen and seed parents reflect
the two different heterotic groups. A total of 498 SNPs
identified as polymorphic in a representative group of the
SESVanderHave germplasm (composed of 410 sugar beet
genotypes representing historic and currently used sugar
beet lines used as pollinators or as seed parents in breed-
ing schemes) were selected to give a uniform coverage of
the genome, as far as possible. The SNPs were designed in
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both genomic and expressed sequences (cDNAs) and had
previously been mapped using three different F2 mapping
populations to obtain the genetic position of the SNPs.
The three different mapping populations were established
by crossing (1) two diverse lines derived from sugar beet
breeding populations (n = 160), (2) a French maritima
accession and a sugar beet line (n = 130), and (3) a sugar
beet line and a Swiss chard accession (n = 160).

Genotyping was performed on DNA extracted from
freeze-dried leaf tissue pooled from four to eight plants for
each of the 234 elite sugar beet breeding lines and 99 wild
beet accessions in the germplasm collection, using KASPar
assays (KBiosciences) for individual SNPs.

For the pools of pollen parents, seed parents and wild
beets, genetic diversity was characterized by gene diver-
sity (I), or expected heterozygosity, which is defined as the
probability that two randomly selected alleles from a popu-
lation are different. Furthermore, observed heterozygosity
(H) and the polymorphism information content (PIC) were
evaluated for each of the three populations. These parame-
ters were calculated with PowerMarker 3.25 (Liu and Muse
2005).

Population structure analysis

Population structure was investigated using two different
methods: PCoA and STRUCTURE. PCoA was carried
out on a similarity matrix to produce principal coordi-
nate scores which were then used to investigate popula-
tion subgroups in the germplasm collection. For the cal-
culation of the similarity or kinship matrix, SNPs with a
minor allelic frequency (MAF) <0.05 were excluded. This
matrix was obtained using the Dice distance as proposed
by Nei and Li (1979), which defines similarity between
two individuals as the number of common alleles divided
by the average number of alleles observed in both indi-
viduals. Its values range between 0, when the individu-
als do not share a single allele across the set of marker
loci, and 1, if the individuals are genetically identical at
all marker loci used in the analysis. To calculate the simi-
larity matrix, a variant allele and a reference allele were
identified for each marker. The coding pattern for each
of the alleles is a vector that can take the values O, 1, or
2, for which O designates absence of the variant alleles,
1 designates presence of one of the variant alleles and, 2
designates presence of two variant alleles at the marker
locus. These analyses were performed using QKINSHIP-
MATRIX and PCO and DMST procedures in Genstat 14th
edition (VSN International 2011). The software STRUC-
TURE (Pritchard et al. 2000) was run, assuming a popula-
tion admixture model with independent allele frequencies
between subgroups. Ten replications were run for each of
the subpopulation numbers, K, that were chosen to range

from 1 to 9. Each run had 200,000 MCMC iterations, of
which the first 100,000 iterations (that were used to moni-
tor whether a chain reached stationarity) were discarded as
burn in. The delta K method was used to identify the num-
ber of subgroups in the dataset (Evanno et al. 2005). Dif-
ferences between identified groups were tested by analysis
of molecular variance (AMOVA), as implemented in Arle-
quin 3.5 (Excoffier and Lischer 2010).

Linkage disequilibrium analysis

To establish LD between markers, linear regression mod-
els were used with a first SNP as response and a second as
predictor, with or without corrections for genetic related-
ness (GR). The GR was modeled using the idea of Patterson
et al. (2006), where eigenvalue decomposition is performed
on the normalized genotype by marker score matrix. All sig-
nificant principal components (1...Q) are used to correct for
GR by introducing them as covariates in the linear model of
one marker on another. The linear regression models, with-
out and with correction for GR, are thus given by

Yi=p+ BXim + €
Q

Y; =M+Zaqciq+ﬂxim+8i )
q

whereY; and X;,, represent the marker scores for individual
i for the response and the mth predictor SNP, respectively.
C,, contains the principal component scores for individual
i and component ¢, B and «, are the regression coeffi-
cients for the regressor SNP and the principal components,
respectively. Markers were investigated for their LD up to a
distance of 50 cM. ¢; stands for the error terms, which are
assumed to be normally distributed N(0, 0?). The estimate
of the LD, #?, was obtained from fitting the above models
and calculating ratios of sums of squares for explained var-
iation by the mth SNP to total sum of squares, without and
with correction for GR (Mangin et al. 2012):

;2 — SSRUy)
- SST >
;2 — SSR(,|Cy...Cy)
- SST

where SSR(X,|C| ... Cp,) is the sum of squares explained
by marker m given that the significant principal compo-
nent scores are already in the model, SSR(X,,) is the sum
of squares for marker m without correction for GR and SST
is the total sum of squares. For the estimation of LD decay,
LD was calculated between SNPs at maximally 50 cM. A
non-linear quantile regression was fitted to the response
variable, 7 values. The 95th percentile curve from the
resulting non-linear quantile regression was plotted along-
side with the 7* values against the genetic distance x:
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where A and B are linear constants, and C is a non-linear
decay constant. The LD decay was obtained by solving this
equation for a given threshold for 7> denoted by r%hr:

—In((r3,, — B)/A)
C

The r%hr was obtained by random sampling of 10,000
pairs of unlinked markers, calculating the 7 with correction
for GR, and taking the 0.999 quantile as threshold.

Furthermore, for investigation of local LD patterns, the
median LD was calculated for each SNP with all SNPs
within a window of 20 ¢cM on either side, without correc-
tion for GR.

X
r%hrer_C +B—>x=

Identification of selective sweeps

Two different approaches, a genome-wide calculation of
Fg7’s and a test for comparison of allele frequencies using
Z tests, were used to identify chromosomal regions show-
ing differentiation and, therefore, likely under selection in
the seed or in the pollen parent pools. Wright’s Fgr was cal-
culated according to Weir and Cockerham (1984) with the
equation given as
Fsp=1- 1

ST=1— Hr
where H corresponds to the heterozygosity expected under
Hardy—Weinberg equilibrium (HWE) without subdivision,
and Hg corresponds to the expected average heterozygosity
of the two groups assuming HWE.

To identify SNPs showing a significant deviation

between allele frequencies in the pollen and the seed parent
group, we calculated the test statistic Z which is given by

Table 1 Descriptive statistics of SNP markers: chromosome, length
of chromosome expressed in centiMorgan (cM), SNP, the number of
markers per chromosome after removing markers with minor allelic
frequency (MAF) <0.05 and with >40 % missing values, number of
loci with MAF <5 %, number of loci with MAF between 5 and 10 %,

X1+ X2
9
ny +ny

P1— D2
\/ﬁu —p)(£+1)

where p,and p,are the sample allele frequencies for the two
populations, x; and x, are the number of times the most fre-
quent allele appears in each sample, and n, and n, are the
sample sizes (Murray and Larry 2007).

A family-wise error rate was used to correct for mul-
tiple testing, using a modified Bonferroni approach. The
significance level (¢ = 0.05) was divided by the number
of independent markers across the genome, estimated as
n = 286, defined as the sum of independent markers across
chromosomes. The number of independent markers per
chromosome was calculated by dividing the length of the
chromosome by the estimate for LD decay obtained in this
study. Any SNP with a test statistic Z greater than the criti-
cal value of |Z,/2,| = 3.75 was considered to have different
frequencies in seed and pollen elite lines.

Z= ’IA):

Results
Summary of SNPs

The initial dataset consisted of 333 individual entries which
contained 234 elite sugar beet lines and 99 wild beet acces-
sions that were genotyped with 498 SNPs. After exclud-
ing markers that have (1) more than 25 % missing values
across all genotypes, (2) a MAF <0.05 and (3) genotypes
that have more than 40 % missing values over all the
markers, the whole dataset was reduced to 324 lines cor-
responding to 233 elite sugar beet lines and 91 wild beet
accessions genotyped with 459 SNPs. These markers repre-
sent 203 different mapping positions and their distribution

95th percentile gives the distance between markers below which
95 % of the distances occurs, Loci >1 SNP gives the number of loci
which have two or more SNPs at the same genetic map position,
Loci = 1 SNP gives the number of loci which have only one SNP at
a position

Chrom Length? SNP MAF <5 % 5 % < MAF < 10 % 95th distance percentile Loci > 1 SNP Loci = 1 SNP
cl 66 41 2 2 55 12 11
c2 61 50 4 3 6.8 12 3
c3 89 70 5 1 6.0 21 7
c4 83 73 5 3 5.0 20 8
c5 61 54 2 1 4.6 17 8
c6 79 43 0 3 7.6 12 9
c7 59 32 1 2 8.7 11 6
c8 77 44 1 2 8.2 15 9
c9 51 52 0 4 5.7 19 3
459 139 64

@ Springer
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over all nine individual chromosomes is shown in Table 1.
Applying the above criteria separately to the elite sugar
beet breeding lines and the wild beet accessions datasets,
the elite sugar beet breeding lines dataset was reduced to
454 SNPs that represent 202 different mapping positions,
while the wild beet accessions dataset reduced to 418 SNPs
that represent 190 different mapping positions. Splitting the
elite pool into heterotic groups gave 95 seed and 138 pollen
parent breeding lines that were genotyped with the same
set of 459 SNPs. On average, the gene diversity index and
PIC statistics were larger in the wild accessions than in the
elite material, while the difference between pollen parent
and seed parent breeding lines was small (Suppl. Table 1).
This implies more genetic variability within the wild acces-
sions group than within the elite material. The level of het-
erozygosity was more than twofold higher in the wild beet
accessions than in the elite breeding lines (Suppl. Table 1).
The pollen and seed parents showed a comparable level of
heterozygosity.

Identification of population subgroups

To investigate population structure, PCoA was performed
on the entire dataset of 324 genotypes. The PCoA based
on the similarity matrix explained 14.44 and 6.98 %
of the genetic variation with the first and the second
PCoA axis, respectively. Plotting the scores of the two
first PCoA axes confirmed the presence of three groups
within the germplasm used in this study, though with
some overlap between pollen parent lines, seed parent
lines and wild beets (Fig. 1). On the first axis, the major-
ity of the pollen parent lines are separated from the other
lines. On the second axis, most elite lines belonging to
the seed parent heterotic pool cluster distinctly from
wild beet accessions, while the remaining seed parent
lines and also few pollen parent breeding lines are clus-
tered together with the wild beet accessions. The wild
beet accessions are displayed as a single group, since
PCoA did not reveal a clear differentiation between wild
accessions previously described as B. vulgaris ssp. vul-
garis and ssp. maritima (data not shown). Some overlap
existed between pollen parent lines, seed parent lines
and wild beets (Fig. 1). Plotting higher PCoA axes did
not reveal an improved separation of the known groups
(data not shown). As a second analysis on differentiation,
we used STRUCTURE and observed a gradual increase
in log likelihood from k& = 1-9 (Suppl. Fig. 1A). The
largest delta k was detected at k = 3 which suggests the
presence of three distinct groups (Suppl. Fig. 1B; Suppl.
Fig. 2). The AMOVA result showed a significant differen-
tiation among these subgroups with approximately 34 %
of the total genetic variation explained by the differences
between the subgroups (Suppl. Table 2).

04

PCoA2 (6.98%)

.04

-06
l

| T T T I T 1
-06 -0.4 -0.2 0.0 0.2 0.4 0.6

PCoA1 (14.44%)

Fig. 1 Plot of the first two axes from a principal coordinates analysis
for the elite and wild pools using the 459 SNPs. The red circles indi-
cate lines classified as pollen donors, the blue squares indicate lines
classified as seed parents and the green triangles correspond to wild
accessions

As the wild beet accessions used within this study
include individuals from the ssp. maritima as well as vul-
garis, and since they originate from regions across the
whole of Europe, we investigated whether the wild beets
belonging to the same subspecies (maritima or vulgaris)
or type (fodder, leaf, garden or red beet) clustered together
using the PCoA plot. Interestingly, we could not detect a
separation of the B. vulgaris ssp. vulgaris from the mar-
itima subspecies (data not shown). Moreover, no clusters
were found within the B. vulgaris ssp. vulgaris that coin-
cided with database annotations as leaf, fodder, red or
garden beet (data not shown). Finally, PCoA using exclu-
sively wild beet accessions also failed to identify clusters
representing the sites of collection (data not shown). These
results were rather surprising and might be due to (1) too
small sample sizes, (2) the incorrect annotation of the real
site of origin or type of wild beet in the databases and (3)
a bias in the SNPs, as these were selected on a set of elite
breeding lines.

Analysis of linkage disequilibrium

LD decay was estimated in the pollen parent pool, the seed
parent pool and wild accessions, independently. The thresh-
old, r%hr, based on sampling 10,000 pairs of unlinked mark-
ers, was 0.17 for the pollen parent pool, and 0.18 for the seed
parent pool, while the wild accessions pool had a value of
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Table 2 LD decay distance in

Chromosome LD decay distance®

cM for pollen parent pool, seed

parent pool, and wild accessions Without population structure correction With population structure correction

Pollen parent ~ Seed parent ~ Nonelite  Pollen parent  Seed parent  Non elite

1 9.5 6.9 6.3 53 34 3.7
2 >50 >50 0.7 4.9 2.3 0.1
3 >50 6.1 1.8 4.7 3.1 1.6
4 >50 >50 1.0 23 3.5 0.3
5 >50 4.1 0.1 5.4 29 0.3
6 9.6 >50 1.2 5.8 35 04
7 28.7 6.8 0.1 45 4.5 0.1
8 7.7 6.3 1.9 2.6 1.9 1.2

% LD decay distance expressed 9 4.0 32 20 1.9 25 1.8

in cM

0.15. When GR was not accounted for, LD extended beyond
50 c¢M on four chromosomes in the pollen parent pool, and
three chromosomes in the pollen parent pool (Table 2). When
GR was corrected for by including the significant princi-
pal component scores (3 and 2 axes, respectively) for pol-
len and seed parent pools in the model, LD decreased faster
with increasing genetic map distance on all chromosomes
within both heterotic groups. In the pollen and seed parent
pools, LD decayed within a distance of <6 and 4 cM on all
chromosomes, respectively (Table 2). As shown in Fig. 2
for chromosome 3, LD decay distance was much greater in
both heterotic groups than in the wild beet accessions and
this was true for all other chromosomes (Table 2) with and
without correction for GR. Interestingly, correction for GR
made almost no difference in LD decay within the wild beet
accessions (Table 2). This is surprising, but consistent with
the observation that there were neither clusters according to
geographical origin nor to the phenotypic type description
(e.g. leaf beet, garden beet, red beet and fodder beet) in the
wild beet accessions. It suggests that either there is no clear
genetic structure within the wild beet accessions, or that the
sample size may have been too small to pick up any popula-
tion structure with the SNPs used in this study.

With the aim of studying local LD patterns in the pollen
and seed parent heterotic pool, we calculated median r* val-
ues at every SNP using the 7* values with markers within a
window of 20 ¢cM. Most pronounced median 1’ estimates
were found on chromosomes 1 and 3 for the pollen parent
pool and on chromosome 4 and 9 in the seed parent heter-
otic group (Fig. 3). The maximum value of the median 7*
estimates was found at the top of chromosome 9 in the seed
parent pool. Some of the regions on chromosomes 3 and
4 showing high r* estimates coincide with regions that are
known to be under strong selection in elite sugar beet germ-
plasm such as the loci harboring the maintainers of CMS
and the Rzl locus conferring resistance to BNYVV (Owen
1945; Barzen et al. 1992; Pillen et al. 1993; Scholten et al.

@ Springer

1999; Schondelmaier and Jung 1997; Lein et al. 2007,
Hagihara et al. 2005). To verify the extent of long-range
LD within the two sugar beet heterotic pools, we calculated
LD between all possible pairs of loci and displayed this in a
heatmap (Fig. 4a, b). In the pollen parent pool, we observed
7 values above 0.2 (below 0.4) between SNPs located
on chromosome 3 and SNPs on six out of the remaining
eight chromosomes (Fig. 4a). It is interesting to note that
this chromosome harbors loci involved in resistance to rhi-
zomania (Barzen and Mechelke 1995; Scholten et al. 1999;
Grimmer et al. 2007), a trait that has been heavily selected
in the pollen parent heterotic group. This was not seen in
the seed parent pool where only in a few cases LD between
SNPs located on different chromosomes reached the levels
observed in the pollen parent pool (Fig. 4b). Figure 4a, b
shows that the strongest LD was detected between SNPs
located close to each other on the same chromosome. Only
in the pollen parent pool on chromosome 3, > values close
to or higher than 0.6 were also observed between SNPs
located further away (Fig. 3).

Identification of selective sweeps

A genome-wide calculation of Fg; was performed to assess
genetic divergence between the pollen and seed parent het-
erotic pools. Regions that are genetically divergent between
the breeding pools, such as the CMS maintainer loci and
the Rz/ locus which are only present in the seed and pol-
len parent plants, respectively, might indicate regions under
selection in one or both of them. SNPs showing high Fgp
values were detected on all nine chromosomes of the sugar
beet genome (Fig. 5). Twenty-four SNPs on chromosomes
3 (14 SNPs), 4 (6 SNPs), 8 (1 SNP) and 9 (3 SNPs) showed
an Fqr value above 0.25. The highest Fgp value (0.54) was
obtained at a SNP located on chromosome 4 at 82 cM.
Allele frequencies at all SNPs in both heterotic pools were
compared by Z tests in an additional analysis for indications
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Linkage disequilibrium [r2]

Genetic distance [cM]

Linkage disequilibrium [r2]

Genetic distance [cM]

1.0

Linkage disequilibrium [r2]

Genetic distance [cM]

Fig. 2 Linkage disequilibrium (r%) between SNP markers as a func-
tion of genetic map distance for chromosome 3 for pollen parent (a),
seed parent (b) and the wild beet accessions (c). Left panel plot of
/* as a function of genetic map distance (cM) without correcting for

Linkage disequilibrium [r2]

Linkage disequilibrium [r2]

Linkage disequilibrium [r2]

1.0

0.8

0.6

Genetic distance [cM]

0.8

0.6

Genetic distance [cM]

0.8

0.6

Genetic distance [cM]

genetic relatedness. Right panel plot of r* as a function of genetic
map distance (cM) with correction for genetic relatedness using prin-
cipal component scores. The red curve corresponds to the 95th per-
centile of 7* estimates between SNP markers
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Fig. 3 Median /? estimates between markers and their direct neighbors (within 20 ¢cM) along the chromosomes with no correction for genetic
relatedness for the pollen parent pool (red line), and the seed parent pool (blue line)

of signatures of selection in the pollen and/or seed parent
pool. Significant differences in allele frequencies between
both pools were found on all nine chromosomes. The 24
SNPs identified previously with the Fgp approach were
also among the significant SNPs identified with the Z-test.
Chromosome 3 showed the highest number of SNPs with
significant allele frequency differences between pollen par-
ent and the seed parent pool (50 SNPs), followed by chro-
mosomes 4 (40 SNPs) and 9 (33 SNPs). On chromosome 3
with the exception of 10 SNPs, all significant SNPs mapped
within 5 ¢cM of each other at the middle of the chromo-
some. SNPs showing significant allele frequency differ-
ences between the seed parent and pollen parent pools were
observed at both ends of chromosome 4. Frequency differ-
ences on chromosome 9 were lower than those on chromo-
somes 3 and 4. However, in contrast to chromosomes 3 and
4, SNPs with differential allele frequencies between groups
were not concentrated in one region, but scattered over the
full length of the chromosome.

To check whether markers showing evidence of selec-
tion were sufficient to reveal the clustering pattern observed
(Fig. 1), we performed a PCoA using all SNPs that showed
a significant allele frequency difference between the elite
breeding lines in both heterotic pools. Knowing that certain
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regions on chromosome 3 as well as some on chromosome
4 harbor genes involved in traits that have been heavily
selected in one of the heterotic pools, we excluded the SNPs
on these regions to avoid a bias in the analysis. On chromo-
some 3, loci involved in rhizomania resistance (Barzen et al.
1992; Scholten et al. 1999; Lein et al. 2007), and in main-
tenance of CMS have been mapped (Schondelmaier and
Jung 1997), while on chromosome 4 monogermy (Barzen
et al. 1992) and loci contributing to the expression of CMS
sterility (Hagihara et al. 2005) are located. When using the
remaining 142 SNP markers, for which we have no addi-
tional information with regard to the phenotype they are pos-
sibly involved in, two clusters were obtained within a PCoA
that correspond to the two heterotic pools present in the col-
lection of elite breeding lines (Fig. 6). As expected, PCoA
using the SNPs that were not significant in the test for com-
parison of allele frequencies between the pools did not reveal
any clustering of the elite breeding lines (Suppl. Fig. 3).

Discussion

In this work, we have analyzed population structure and
genetic diversity in a set of elite sugar beet lines and wild
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Fig. 4 Heatmap of /* values between all possible SNP pairs without
correction for genetic relatedness, in the pollen parent pool (a) and
the seed parent pool (b)

beet accessions. Using two different approaches, PCoA and
STRUCTURE, we could clearly distinguish three groups
in the set of genotypes used in the study. Using a priori
information, we were able to verify that these groups cor-
responded to the two heterotic pools included in the elite
germplasm and the wild beet accessions, respectively.
However, the PCoA plot also suggested that some elite
lines belonging to one heterotic group were finally more
closely related to lines belonging to the other heterotic pool

than to lines belonging to the same heterotic pool. This is
the case for instance for one line classified as seed parent,
though it clusters with the pollen donor lines. However,
this result is not surprising as this line originated from a
pollen donor line. While some pollen parent lines were
clearly separated from the majority of the seed parent lines,
other elite lines belonging to both heterotic groups clus-
tered rather towards the center of the PCoA plot and even
overlapped. These elite lines originated from the opposite
heterotic pool and have probably been used in breeding for
a shorter time period than the breeding lines that are posi-
tioned at the extremes of the PCoA axes, which are sup-
ported by the relative short breeding history and long gen-
eration time of sugar beet compared to other major crops
such as maize. In sugar beet, recurrent selection within the
pollen parent heterotic pool is typically faster than in the
seed parent pool, leading, on average, to a higher num-
ber of recombination events per unit time. The more pro-
nounced separation of the pollen parent lines from the wild
beets than the seed parent lines is consistent with this. The
clustering of the wild beet accession together with a few
breeding lines from the pollen and seed parent heterotic
pool can be explained by the fact that part of these lines
was recently developed from wild beets.

Without correction for GR, LD between markers within
50 cM of each other remained consistently high over
the length of the chromosome in four out of nine chro-
mosomes in the pollen parent pool and three out of nine
chromosomes in the seed parent pool. Previous reports on
LD decay did not report such extreme results. Kraft et al.
(2000) reported strong LD only for markers that were
tightly linked, while Li et al. (2010) reported a decay of
r* to 0.1 within 10 cM on a genome-wide scale. Multiple
reasons can be put forward to explain the discrepancies
between the observations made in the current and previ-
ous studies. The size of the germplasm set, the number of
markers, as well as the type of markers used to analyze LD
decay were very different between this work and the pre-
vious studies, which precludes any direct comparison of
LD measures. Finally, we prefer to report LD decay values
on a per-chromosome basis rather than on a genome-wide
scale, because we know that all chromosomes have not
been subjected to the same selection intensity throughout
their breeding history. Therefore, we suspected to identify
quite contrasting patterns in LD over the different chromo-
somes, as reported in crops like maize (Yan et al. 2009).
This is also what we have found, as no decay in LD at all
was observed on four chromosomes in the pollen parent
pool and three chromosomes in the seed parent pool. By
comparing the LD decay in the heterotic pools with the LD
decay, we observed in the set of wild beet accessions, we
have confirmed that the LD decay patterns we observed in
the elite lines do not reflect the wild origins of sugar beet.
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Fig. 5 Fg; against genome position for comparison of pollen parent and seed parent pools

Indeed, in the set of wild accessions LD decayed within
2 cM on all chromosomes, except for chromosome 1,
whether we corrected for GR or not. Since PCoA did not
reveal any clusters of wild beets according to their geo-
graphical origin or described phenotypic type and due to
the observation that LD decay did not change significantly
after correction for GR, one can assume that the wild beets
used within this study represent a completely unstructured
set of accessions which reveal no apparent signatures of
selection. Therefore, we concluded that the LD patterns in
both of the elite heterotic pools reflect the breeding his-
tory of these elite lines, meaning that extensive artificial
selection has been performed on these lines. Additionally,
it is known that the genetic base of sugar beet is fairly nar-
row as this goes back to selections made by F.K. Achard
in the late eighteenth century leading to the “White Sile-
sian beet” which formed the basis of most modern varie-
ties (Cooke and Scott 1993). However, it was unexpected
for us to find no sign of population structure in the wild
beet accessions since they originate from distant places
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all over Europe where they should have developed local
adaptations that should be visible after a genetic diversity
analysis such as the one we have performed. It is possi-
ble, but unlikely, that the geographical origins have been
wrongly annotated leading to the present results. However,
it could equally be that the number of different wild beet
accessions used within this study is not big enough, and
that we lack power to detect differences due to origin and
phenotypic type. Moreover, we used a limited number
of SNPs that had been designed to detect polymorphism
between elite breeding lines, meaning that they might not
be the best choice for a genetic diversity study on wild
beet accessions. Nevertheless, gene diversity and heterozy-
gosity statistics suggested a broader genetic basis in the
wild beet accessions than in the elite breeding pools. This
was expected as sugar beet is an outbreeding species while
breeding lines, on the contrary, are strongly inbred with a
narrow genetic basis. Large scale approaches to investigate
the extent of genetic diversity, such as the French AKER
program (www.aker-betterave.fr) with more than 2,000
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Fig. 6 Plot of the first two axes of the principal coordinates analysis
using markers identified as significant by Z-test, excluding the SNPs
on chromosome 3 and the SNPs associated with monogermy and
maintainers of CMS on chromosome 4. The red circles indicate lines
classified as pollen parent and the blue squares indicate lines classi-
fied as seed parent

individual accessions, are needed to study the genetic
imprint of local adaptations in wild beets.

To our knowledge, this is the first study in sugar beet
to provide a comparison of LD between SNPs with and
without inclusion of the principal components capturing
the genetic relatedness between elite breeding lines and
wild beet accessions, a method previously described by
Mangin et al. 2012. Our results indicate that the two elite
heterotic pools were not equally structured, probably due
to the more intensive selection in the sugar beet lines used
as pollen parents when compared to the lines used as seed
parents. Local LD decay plots (Fig. 3) revealed a region at
approximately 82 cM on chromosome 4 which displayed
strong LD with adjacent markers in the female elite lines,
but not in the male heterotic pool. In the genome-wide pair-
wise Fgr scan, this region also showed high Fgp, suggest-
ing divergence of the two pools (Fig. 5). Genetic mapping
studies have located fruit monogermy in sugar beet exactly
at that region on chromosome 4 (Barzen et al. 1992). Mon-
ogermy, which is inherited by a single recessive gene, is
an important characteristic that was introduced into com-
mercial varieties only in the second half of the twentieth
century and is now part of all seed parent lines in commer-
cial breeding programs (Cooke and Scott 1993). Addition-
ally, this region on chromosome 4 also harbors the Z-locus
which is, beside the X-locus on chromosome 3, responsible

for the maintenance of cytoplasmic male sterility (Pillen
et al. 1993; Schondelmaier and Jung 1997; Hagihara et al.
2005). As commercial sugar beet seed production relies on
this CMS system (Owen 1945), maintainer alleles at both
the X- and the Z-loci are present in all female breeding
lines. Similarly, the resistance to rhizomania identified by
the Holly Sugar Company in California (Lewellen et al.
1987) and conferred by the dominant Rz/ locus has been
widely introduced into almost all commercial sugar beet
varieties since the early 1990s. Rz/ has been mapped to
a resistance gene cluster on chromosome 3 (Barzen et al.
1992; Scholten et al. 1999; Lein et al. 2007) and colo-
cates with a region at 50 cM on chromosome 3 where
we could detect adjacent markers which are in strong LD
(Fig. 3) as well as reduced heterozygosity as indicated by
the genome-wide calculation of Fgyp (Fig. 5). The elevated
levels of LD on chromosomes 3 and 4 (Fig. 3) point to the
recent introduction of monogermy, the CMS maintainer
loci and the Rz/ locus into elite sugar beet germplasm. As
expected, elevated LD around the monogermy locus was
only observed in the seed parent lines, while LD decayed
relatively quickly in the same region in the pollen parent
pool. Strong LD was also detected around the Rz/ locus
on chromosome 3 in the male breeding lines, where it
was deliberately introgressed, but not in the lines of the
female heterotic pool, which for the most part do not con-
tain this trait. The extent of LD around the monogermy and
RzI loci is also indicative of the time of introgression of
these traits into the commercial sugar beet breeding lines.
While strong local LD extends to an interval of approxi-
mately 10 cM around the monogermy locus, the elevated
local LD persists in an interval of more than 20 cM at the
region where the Rz/ locus is located on chromosome 3.
This is expected as monogermy was introduced in com-
mercial sugar beet breeding lines starting from the 1950s
onwards, while introgression of the Rzl locus started
only in the 1990s (Cooke and Scott 1993), thereby allow-
ing fewer cycles of recombination and less loss of poten-
tial linkage drag around the introgressed loci. Strong LD
was also observed between markers located at the top of
chromosome 9 in the female breeding pool (Fig. 3), and
this region also exhibited high Fgr values (Fig. 5). While
we can possibly explain the LD profiles observed on chro-
mosomes 3 and 4 through selections that have been made
by the breeders, we cannot provide such an explanation for
the extensive LD observed on chromosome 9. Testing for
significant allele frequency differences between the pollen
and seed parent pools indicated that SNPs showing signifi-
cant allele frequency differences were present on almost all
chromosomes. Regions other than those that carry disease
resistance loci or further genes involved in traits that have
been actively under selection in one of both pools, such as
monogermy, may contribute to the combining ability of the
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two heterotic groups. Identification of such loci would be
of particular importance within a breeding program, since
this would reduce the number of testcrosses to be made and
decrease the costs for assessing yield performance.

Differences between pollen and seed parent pools
were also visible from the heat maps showing inter-chro-
mosomal LD (Fig. 4a, b). LD between SNPs on different
chromosomes was extensive in the pollen parent pool, and
almost absent in the seed parent pool. Interestingly, inter-
chromosomal LD observed in the pollen parent pool always
involved loci on chromosome 3. The extensive inter-chro-
mosomal LD reported for the pollen donor lines is possibly
the result of selection for a specific combination of char-
acteristics, among which is rhizomania resistance. The Rz/
resistance to BNYVV comes from a single source and the
introgression into elite sugar beet breeding lines occurred
very rapidly. The strong selection pressure is highlighted
as discussed above by the local LD decay plots (Fig. 3),
but might have also created a genetic bottleneck leading to
high LD on other regions of the genome, such as the strong
LD on top of chromosome 9 and between loci on different
chromosomes (Fig. 4).

Besides revealing selection history within and among
genetic pools, the study of LD decay can be used to design
future GWAS studies. Based on the LD decay estimates in
the pollen and seed parent pools and the length of the chro-
mosomes, it is possible to estimate the minimum number of
SNPs required for successful GWAS. Since LD may decay
at different rates in different genetic pool and chromo-
somes, as was the case in this study, it is advantageous to
calculate the required number of markers per chromosome
and per germplasm group. For example, from Table 2, for
chromosome 1 in the pollen parent pool, GWAS would
require at least one marker every 10.6 cM (=2 x 5.3),
because this would guarantee markers to be always within
5.3 cM from a putative QTL. Note that the LD estimates in
Table 2 are based on a 95 % quantile non-linear regression
curve, which implies an upper bound for LD, which for
the understanding of population genetic processes seems
most informative. For assessing the minimum number of
required markers for GWAS, using a lower bound for LD,
e.g. by taking a 20 % quantile to estimate LD would be bet-
ter. However, calculating such a lower quantile can be prob-
lematic if estimated positions of the SNPs on the linkage
map are not precise enough, because there were not enough
observed recombinations between closely linked markers
in the mapping population. For example, for chromosome 1
in the pollen parent pool, the LD estimate is equal to zero if
we use <40 % quantile non-linear regression (Suppl. Fig. 4)
as the result of the underestimation of the distance between
markers because of not enough map resolution. The uncer-
tainty in the positions of the markers on the linkage map
can be improved using bigger mapping populations.

@ Springer

We conclude that calculating LD per chromosome,
with correction for genetic relatedness, is an interesting
approach. On the one hand, it gives us a good estimate of
the upper bound of LD, to get a better understanding of the
population genetic processes. On the other hand, it also can
be used as guideline in designing GWAS studies to define
the number of markers needed.
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