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SUMMARY

Sugar beet (Beta vulgaris) is an important crop plant that accounts for 30% of the world’s sugar production
annually. The genus Beta is a distant relative of currently sequenced taxa within the core eudicotyledons; the
genomic characterization of sugar beet is essential to make its genome accessible to molecular dissection.
Here, we present comprehensive genomic information in genetic and physical maps that cover all nine
chromosomes. Based on this information we identified the proposed ancestral linkage groups of rosids and
asterids within the sugar beet genome. We generated an extended genetic map that comprises 1127 single
nucleotide polymorphism markers prepared from expressed sequence tags and bacterial artificial chromo-
some (BAC) end sequences. To construct a genome-wide physical map, we hybridized gene-derived oligomer
probes against two BAC libraries with 9.5-fold cumulative coverage of the 758 Mbp genome. More than 2500
probes and clones were integrated both in genetic maps and the physical data. The final physical map
encompasses 535 chromosomally anchored contigs that contains 8361 probes and 22 815 BAC clones. By using
the gene order established with the physical map, we detected regions of synteny between sugar beet (order
Caryophyllales) and rosid species that involves 1400-2700 genes in the sequenced genomes of Arabidopsis,
poplar, grapevine, and cacao. The data suggest that Caryophyllales share the palaeohexaploid ancestor
proposed for rosids and asterids. Taken together, we here provide extensive molecular resources for sugar
beet and enable future high-resolution trait mapping, gene identification, and cross-referencing to regions
sequenced in other plant species.
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INTRODUCTION

Beta vulgaris is a highly variable taxon that comprises the
cultivated forms chard, beetroot, fodder beet, and sugar beet
(B. vulgaris ssp. vulgaris var. altissima Ddll). Among
angiosperms, sugar beet is classified into the order of
Caryophyllales. The beginning sugar beet cultivation dates
back 250 years with the discovery by A. S. Marggraf in 1747
that sugar isolated from beets is the same substance as the
sugarcane extract. Breeding experiments carried out by F. C.
Achard in the late 18th century using fodder beet and chard
led to the first sugar beet line, the white Silesian beet
(Fischer, 1989). Traits of interest to breeders include sugar
content, beet yield, quality traits such as the content of
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a-amino-nitrogen, potassium, and sodium, the control of
bolting, the seed quality, as well as resistance against fungal
pathogens, nematodes, viruses, and insects. Molecular
resources are required for the identification of the genes
underlying such traits: genetic markers are used to chro-
mosomally assign and fine-map the trait and a physical map
is needed to access the genomic region between the mark-
ers that flank the trait. Candidate gene discovery might be
supported by integration with genome sequences of other
species via map anchors of known sequence.

In recent years, sugar beet genetic maps that integrate
different marker types have been constructed (Schneider
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et al., 2007; Lange et al., 2010). Transcript sequencing pro-
jects have led to a collection of about 30 000 sugar beet
expressed sequence tags (ESTs) in the NCBI dbEST data-
base. In the study of Herwig et al. (2002) many different
genes were identified from relatively few ESTs by sequenc-
ing a cDNA clone set normalized via oligonucleotide finger-
printing. The Gene Index Project (http://www.compbio.
dfci.harvard.edu; formerly TIGR Gene index) has prepared
a BvGl Gene Index that consists of 17 186 unique entries
(March 2011). Several genomic libraries in bacterial artificial
chromosome (BAC) vectors (Hohmann et al., 2003; McGrath
et al., 2004; Hagihara et al., 2005; Jacobs et al., 2009) and
one sugar beet fosmid library (Lange et al., 2008) have
become available.

Physical maps are of value for many types of application
(Meyers et al., 2004; Dolezel et al., 2007; Varshney et al.,
2010): in map-based cloning, physical maps allow immedi-
ate access to genomic regions to identify genes of interest.
In the context of genomic sequencing projects, BAC maps
are invaluable resources for the independent confirmation
of an assembly produced from whole genome shotgun
sequencing data. BACs facilitate targeted high coverage
sequencing of regions that contain gaps in the sequence
draft. Finally, the genomic clones are of value for transgenic
approaches, e.g. for complementing a mutation by a func-
tional gene copy contained in the BAC.

Different strategies have been developed to construct
physical maps. Clone fingerprinting (Coulson et al., 1986)
relies on restriction digestion of clone DNA followed by size
fractionation of the resulting fragments. Clones that share
fragments are considered as overlapping and are grouped
into contigs. This approach has been used successfully to
prepare clone-based maps from many plant and animal
species (Meyers et al., 2004). While straightforward to
implement, the fingerprinting approach has two disadvan-
tages. First, the established contigs are not linked to genes
or chromosomes and integration with genome resources
such as linkage maps or gene indices needs to be addressed
in separate projects. Second, fingerprinting is sensitive to
haplotype variation and is best applied on genomic clones
that have been prepared from homozygous genotypes. The
combination of clone resources across genotypes will lead
to highly fragmented maps. The latter also applies to the
whole genome profiling method (van Oeveren et al., 2011),
which is based on the generation of short sequence tags
from pooled clones after restriction enzyme digestion.

In this work, we apply a hybridization-based method
adapted from the medaka physical map project (Khorasani
etal., 2004). Short 35mer oligonucleotide probes are
designed from sequences of interest, e.g. genetic map
anchors or ESTs, and used to hybridize arrayed BACs. The
hybridization signals identify probe matches on clones that
in turn are used for ordering clones into contigs. The
information available for the probes adds substantial value
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to the resulting contig map and provides integration points
to linkage maps and gene location assignments. Different
genotypes can be included in the same map if probes are
derived from genes, as coding regions are mostly conserved
between genotypes. Conceptionally, the strategy is related
to the ‘overgo’ approach (Cai et al., 1998), which uses pairs
of 24mer oligonucleotides with an eight-base overlap for
labeling, but more straightforward as only a single oligo-
nucleotide per locus needs to be designed.

Although dicot genomes have undergone extensive rear-
rangements and gene shuffling, regional collinearity of
genes can be detected (Tuskan et al., 2006; Jaillon et al.,
2007; Tang et al., 2008a; Salse et al., 2009; Argout et al.,
2011). Such comparative approaches are motivated by the
interest in reconstruction of the genome of a common
angiosperm ancestor and by the potential transfer of infor-
mation about candidate genes from one species to another.
Based on the genome analysis of grapevine, a hexaploid
ancestor that encompassed seven different linkage groups
before triplication was proposed for rosid species (Jaillon
et al., 2007). Evidence for the ancestral role of a hexaploid
genome was also found for asterid species (Tang et al.,
2008b; Cenci et al, 2010), a situation that implies the
question if a palaeohexaploid scenario applies to the origin
of further groups within the core eudicotyledons. Synteny
between Caryophyllales and rosids was reported for a 153-
kbp segment of the sugar beet genome (Dohm et al., 2009).

In this study, we present a high-resolution and high-
density genetic map (and incorporate and greatly extend
previous sugar beet genetic maps), a genome-wide physical
map of sugar beet in BACs, the integration of the two types
of maps, and the detection of synteny with other plant
genomes leading to conclusions about the common ances-
try of Caryophyllales, rosids, and asterids.

RESULTS
Resources and strategy for gene-based physical mapping

The genomic resources for genome-wide physical mapping
of the sugar beet genome are two BAC clone libraries com-
prised of 27 648 clones each. One library is a sublibrary of
the SBI library (72 size-selected 384-well plates that con-
tained clones with an average insert size of 150 kbp) from a
heterozygous sugar beet ling, the other library is a sublibrary
of the ZR library (72 randomly selected 384-well plates,
average insert size 110 kbp) from the doubled haploid line
KWS2320 (Hohmann et al., 2003). Based on the estimated
sugar beet genome size of 758 Mbp (Arumuganathan and
Earle, 1991) these two sublibraries represent 5.5-fold (SBI)
and fourfold (ZR) coverage of the genome, respectively.
We aimed to link 35mer oligonucleotide probes with BAC
clones by hybridization experiments (Figure 1). As the clone
libraries cover the genome several times over, each probe is
expected to hybridize with several clones. By using a large
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Figure 1. Overview on strategy and experimental settings for the generation of physical map data and map construction.

(a) Exon junctions within sugar beet expressed sequence tags (ESTs) (Bv: Beta vulgaris) were determined by sequence comparison to gene loci of Arabidopsis
thaliana (At), Populus trichocarpa (Pt), Oryza sativa (Os). Oligonucleotides (35-mers) were selected from exonic regions as oligomers spanning exon-exon borders
cannot hybridize over their entire length with a genomic clone insert.

(b) Oligomers were pooled in accordance with their spatial position within a block of six 96-well plates (virtually cut into halves) before being used as probes in
hybridization experiments. Each half-block contained 288 probes that were combined into 20 pools: eight row pools of 36 probes each, six column pools of 48 probes
each, six half-plate pools of 48 probes each. Names of rows (A-H) and columns (1-12) are indicated. As an example, row pool D and column pool 5 are framed by
black lines. A single probe can be addressed via three coordinates: plate number, row letter, and column number.

(c) Each pool of probes was hybridized against two BAC macroarrays that contained clones of the SBl and ZR libraries, respectively. Three macroarrays of one library
and a few hybridization signals are shown. Signals at the same positions (marked by arrows) of three experiments represent a clone that hybridized with the probe
addressed by the three corresponding coordinates within the probe block.

(d) After resolution of pooled hybridization results to single probe results (deconvolution) a list of probe-clone assignments was generated. One probe (column 1)
can be assigned to several clones (column 2). To avoid false-positive results we discarded clones that occurred more than once for probes within the same block half
(crossed-out clones).

(e) Probes (columns) are brought into an order in accordance with shared clones (rows), and contigs are built by clone overlaps; connections between probes and
clones are shown as dark squares (see also Figure 4).

number of randomly distributed probes it is expected that between Beta vulgaris haplotypes is low in coding regions
there will be clones that hybridize with more than one probe, (Dohm et al., 2009), and multiple gene loci are not generally
and that single probe-clone connections can be assembled expected (except for particular cases like gene clusters, gene
into rows of overlapping clones (contigs). families, pseudogenes). There is no evidence for recent
The following data resources to generate oligonucleotide genome duplication in Beta vulgaris (Pillen et al., 1992;
probes for the hybridization experiments were used: (i) ESTs Schondelmaier et al., 1996; Hallden et al. 1998). Thus, we
of Beta vulgaris transcripts from Herwig et al. (2002), considered sequences of transcribed regions of the genome
Schneider et al. (2007), and published with this work (Gen- to be an appropriate data source for the generation of a large
Bank accession numbers in Data S1). (ii) Sequences based number of probe sequences.
on markers for genetic map construction that were devel- We clustered publicly available ESTs and got a
oped previously (Schneider et al., 2007, as well as mapping non-redundant set of 14 517 sequences. Source sequences
data provided by KWS SAAT AG), both ESTs and genomic from Roche-454 cDNA sequencing and ESTs used for
sequences. (iii) Genomic sequences from transcribed genetic mapping by Schneider et al. (2007) were added
regions of the sugar beet genome (genotype KWS2320) separately (565 sequences) and we accept that some of
published with this work. (iv) A subset of sequences from a these share sequence information with the clustered non-
sugar beet Roche-454 ¢cDNA sequencing project (Data S2). redundant set. We determined the exon structure of the
Optimal source sequences for probe design are charac- ESTs by sequence homology searches with genomic gene
terized as representing single-copy loci in the genome and loci of Arabidopsis thaliana, Populus trichocarpa, and Oryza
as being haplotype independent. The former point is sativa. We considered only ESTs that did not suggest high
important for the unambiguous assembly of contigs, the gene copy numbers in the target genomes. After masking
latter one facilitates the joint mapping of different haplo- known repetitive regions, we designed 35mer oligonucleo-
types (here, the ones represented by the SBI and ZR BAC tide probes for one exon per EST and for each of the
libraries). Although it is not possible to predict unique and genomic sequences. In total, probes for 13 748 source
haplotype-independent segments without additional infor- sequences were designed (10 330 ESTs, 3323 genomic
mation, transcribed loci are more likely to have these sequences from gene loci, 95 genomic sequences not
properties than other genomic regions. The divergence linked to gene loci).
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Each probe was hybridized against the two clone libraries.
To reduce the experimental effort we combined probes into
pools (Figure 1). Pooling strategies were first established for
the screening of clone libraries (Kusumi et al., 1993; Hunter
et al., 1994); the application to probes is described by Cai
et al. (1998) and Khorasani et al. (2004). Here, we extended
the probe pooling to a three-dimensional scheme that
processed each unit of 288 probes in only 20 pooled
hybridization experiments (see Data S1 for details). Inter-
sections of three hybridization results on the data level
(‘deconvolution’) led to the information which clones are
matched by a single probe. The reduction of experiments
implicates certain ambiguities for clone-probe assignments
in cases in which a clone has a positive signal with more
than one probe within the same experimental unit. In order
to test the probability of such events, we simulated 27 648
clone identifiers and 288 probe identifiers and linked these
probes and clones randomly with an average of five clones
per probe. On average (10 repetitions) 2.6% of all assigned
clones were assigned to more than one probe and 24% of the
probes were affected. After building virtual probe pools and
performing the deconvolution to get back to single probes,
clones that occurred only once were assigned correctly but
clones that occurred more than once were assigned to 83%
of probes. Thus, the combination of simulated pools
resulted in a large proportion of probes that contained at
least one false-positive clone in their assignment result.

We decided to clean the data by removal of all clones that
occurred more than once within the clone-probe assign-
ments of a unit of 288 probes. By doing so, 24% of probes
loose at least one correct clone but at the same time we
safely eliminated all false-positive clones introduced by the
deconvolution step. Later tests during the contig construc-
tion phase confirmed that the use of unfiltered data leads to
incorrect contigs with arbitrary connections across all chro-
mosomes (which is avoided by our cleaning step).

From all probes hybridized we selected those being
positive with at least one clone and with a maximum of 12
SBI clones and a maximum of 10 ZR clones (about two
times the number of expected clones per probe) in order
to exclude most multi-copy regions of the genome. We
kept probe-clone assignments for 12 088 single probe
experiments and found 7.4 clones per probe on average.
For the two clone libraries separately, the average result
was 4.8 SBI clones per probe and 3.7 ZR clones per probe
(excluding probes with zero clones of the library under
consideration). Of 27 648 clones per library 16 891 (61%)
SBI clones and 14 973 (54%) ZR clones were assigned to at
least one probe.

The 12 088 probe hybridizations that included controls
and confirmations contained probes derived from 11 358
different source sequences (probes from redundant source
sequences may be composed of the same 35mer sequence;
however, each hybridization experiment effectively has a
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unique result due to slight variation in experimental condi-
tions and because the removal of clones during the data
cleaning step depends on the set of probes jointly contained
in an experimental unit). As 99.5% of these sequences are
gene-associated, i.e. either ESTs or genomic sequences
from gene loci, the gene-rich regions of the genome are
expected to be well covered compared with non-genic
regions. Some of the source ESTs were integrated in a
consensus sequence of an EST cluster and additionally used
as a separate EST sequence and resulted in two different
probes (141 ESTs affected). After subtraction of such cases,
the number of involved genes as inferred from source
sequences was 11 217. As larger genes might not be
covered by a continuous EST or cluster sequence, the
number of different gene loci covered by our data is
assumed to be a bit lower.

Extended genetic map and BAC end sequencing

The resources used in the hybridization experiments for the
physical mapping were also the basis for marker develop-
ment to build an extended genetic map for sugar beet.
A comprehensive genetic map is of great value for physical
contig assembly as the genetic markers, once reliably linked
to probes or clones of the physical data, can assist the
process of contig assembly and provides information on
orientation and order. The K1 mapping population was
prepared by selfing a single F1 clonal plant derived from the
cross of a doubled haploid line (KWS2320: genotype origin
of the ZR BAC library) and a P2 parent (partly selfed line,
cloned plant, referred to as K1P2 in Schneider et al. (2007)).
A previously constructed genetic map based on a K1 map-
ping population of 97 F2 individuals contained 305 markers
(Schneider et al., 2007). We extended the mapping popula-
tion to a size of 183 F2 individuals. Source sequences for
marker development were existing sugar beet ESTs as well
as newly generated BAC end sequences from the ZR library.
We generated 32 753 unique BAC end sequences singular-
ized in accordance with clone addresses. BACs composed of
highly repetitive regions were identified by sequence com-
parisons (see Data S1) in order to minimize the use of repeat
containing BAC ends as marker sources. Previous estima-
tions on the repeat content of sugar beet (Flavell et al., 1974)
could be confirmed: about 60% of the BAC end sequence
data was found to be repetitive. Based on 1148 selected ESTs
(selection in accordance with previously used markers
(Schneider et al., 2007) and ESTs used for probe design for
physical mapping) and 11 180 BAC end sequences we gen-
erated primers for comparative sequencing of the parent
plants resulting in 548 (EST) and 4810 (BAC) high quality
alignments, respectively. In these alignments we searched
for single nucleotide polymorphisms (SNPs) between the
KWS2320 and P2 parental accessions. The Sequenom plat-
form for genotyping could be applied on 139 (EST) and 1239
(BAC) alignments, respectively. SNP genotyping of the K1
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mapping population resulted in 1127 markers for map con-
struction. We observed a SNP-frequency of 1/324 bp.

We mapped 983 markers (283 EST-based, 700 BAC-based)
in the extended K1 population with a total map length of 886
centi-Morgan (cM; Table 1, Figures 2 and S1). The nine
linkage groups were assigned to chromosome numbers in
accordance with the information of Schondelmaier and
Jung (1997). The map contains 670 distinct loci with an
average distance of 1.32 cM. Of distinct marker pairs 61%
have a distance of <1 ¢cM and 4% have a distance of >5 cM.
Clusters of co-segregating markers are located in the center
of linkage groups rather than at the top or bottom and
reflected the expected reduced recombination rate in cen-
tromere regions. Successive map positions of markers
related to their cM assignments are shown in Figure 3.

To illustrate gene densities in relation to recombination
rates we determined the positions of EST-derived markers
and BAC-derived markers separately (Figure S2). EST-
derived markers represent gene densities, and BACs for
marker development were chosen at random from the
genome. If a high gene density was correlated with high
recombination rates, we would expect steep slopes of the
graphs to be EST-enriched and flat slopes to show more
BAC-derived than EST-derived markers. Most of the chro-
mosomes show at least one region of low recombination
rate in which BAC markers accumulate rather than EST
markers. However, there are also flat parts of the curves that
show EST markers (e.g. in chromosome 7) as well as steep
parts with little or no EST marker accumulation (e.g. in
chromosome 5). The latter may be attributed to the fact that
only a subset of genes is represented by the EST data. The
former suggests that gene-rich regions of low recombina-
tion rates exist.

Physical contig construction and integration
with genetic maps

The genetic positioning of markers in the extended genetic
map (‘Beetmap’) was used to guide the physical contig
construction and ordering. Additionally, we used informa-

Table 1 Number of genetically mapped markers in Beetmap and
map lengths by chromosome

Number of markers

Chromosome EST BAC Total Map length (cM)

1 18 67 85 93.2
2 26 56 82 87.2
3 30 59 89 107.5
4 33 53 86 108

5 41 104 145 101.8
6 44 103 147 102.7
7 36 96 132 101.9
8 23 67 90 925
9 32 95 127 92

Sum 283 700 983 886.8

tion of genetically mapped markers from maps based on
other mapping populations (Schneider et al., 2007; KWS
SAAT AG) to assign the corresponding probes to chromo-
somes.

The physical data contain 493 clones and 364 probes that
can be directly linked to Beetmap as BAC end sequences of
these clones and the source sequences of these probes,
respectively, were used for Beetmap marker development.
Together with the chromosomal information for additional
492 probes linked to genetic maps of Schneider et al. (2007)
(partially overlapping with the set of 364 probes contained in
Beetmap) and 2069 probes linked to genetic maps provided
by KWS SAAT AG, we extracted probe-clone connections
from the physical data (i.e. hybridization results) for each of
the nine sugar beet chromosomes. The contig assembly of
the data subsets was performed chromosome-wise using
the program called probeorder (Mott et al., 1993) followed
by manual inspection of the resulting contigs and taking the
order of integrated genetic markers into account (see Data
S1). The complex nature of the genome and the experimen-
tal setting can involve cross-hybridizations, false-positive
hybridization signals, and missing data. We built as many
connections as possible but used the data records conser-
vatively in order to avoid incorrect connections. In total, we
constructed: (i) 391 genetically localized contigs all of which
contained at least one Beetmap marker probe or marker
clone regardless of the contig size, (ii) additional 144
chromosomally assigned contigs that contained one or
more markers from maps of other populations, and (iii) a
pool of 1684 remaining contigs. The genetically anchored
contigs contain 6010 probes and 16 671 clones; the chro-
mosomally assigned contigs without Beetmap placement
contained 2351 probes and 6144 clones. The remaining pool
of 3888 probes and 14 364 clones were either in contigs
without any genetically mapped probe or clone, in contigs
with conflicting chromosomal assignment, or in very small
contigs (<10 probes) that were not manually inspected.

Of the 8361 chromosomally located probes, 154 probes
appeared in more than one contig in cases in which several
possible connections of comparable reliability existed, and
1950 clones appear in more than one chromosome. Several
biological and technical factors can lead to multiple inclu-
sions into different contigs: (i) cross-hybridizing probes with
clones from duplicated regions or genes in the genome, (ii)
contamination of a probe with another probe, (iii) a mixed
population of clones in the microtiter plate, (iv) incomplete
removal of previous hybridization signals after prolonged
exposure to X-ray film; or (v) hybridization artifacts. The
variation of signal intensities (dependent upon clone spot
size, probe activity, exposure time) can result in false-
negative clone information that influences the connection
strength between probes in the contigs and potentially leads
to separate locations for the same clone. However, most
probes and clones could be placed uniquely.

© 2011 The Authors
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Figure 2. Genetic map of sugar beet chromo-
some 1 (Beetmap).

Numbers on the left side refer to cM positions.
Markers derived from expressed sequence tags
(ESTs) sequences are shown in red, markers
derived from BAC end sequences are shown in
green. Black names indicate markers that were
also used for genetic mapping by Schneider
et al. (2007) (see Figure S1 for figures of all nine
Beetmap chromosomes).

cM position

20 40 60 80 100 120 140 160
Marker no.

Figure 3. Increase of centi-Morgan (cM) units within the genetic map along
with successive marker positions.
See also Figure S2.

The largest two BAC contigs were derived from chromo-
some 4 (contig01, 136 probes and 246 clones) and chromo-
some 7 (contig48, 127 probes and 261 clones), respectively,
based on the genetic map location of integrated genetic
markers. In this paper, we show a smaller contig as an
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example in Figure 4: this contig contains several genetic
markers assigned to chromosome 8 at ¢M positions 0 and 1
in Beetmap or assigned consistently to chromosome 8 in
other mapping populations. The seven Beetmap-linked
probes and clones corresponded to six different Beetmap
markers at three distinct cM positions. In the BAC contig
these probes resolved to seven different positions. Two
marker probes (030A05 and 180E08) of different sequence,
but derived from the same source EST, resulted in overlap-
ping sets of clones and placed the two probes next to each
other within the contig. The remaining marker probes were
distributed over the contig and showed an order slightly
different from the one in the genetic map. Although not all of
the 38 probes were derived from unique source sequences
each probe had a unique clone assignment result. Of 98
different clones (65 SBI, 33 ZR) in this contig, 68 clones were
hit by at least two probes. The remaining 30 clones (19 SBI,
11 ZR) were hit only once, thus they were integrated in the
contig but did not contribute to connections between
probes. BAC end sequences are available for 27 clones
(ZR) of this contig.

The numbers of probes, clones, and markers for all
chromosomally assigned contigs are listed as a summary
of chromosomes in Table 2. The individual contigs can be
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Table 2 Numbers of contigs, probes, and clones contained in the
physical map

Genetically anchored Chromosomally assigned

contigs contigs

Chromosome Contigs Probes Clones Contigs Probes Clones
1 32 551 1337 19 317 746
2 | 564 1646 20 37 939
3 32 724 1751 14 189 537
4 28 693 1728 13 212 624
5 60 850 2578 17 282 883
6 67 802 2274 15 219 545
7 48 691 2019 15 249 726
8 36 448 1319 14 226 469
9 47 678 1912 17 286 658
Sum 391 6001 16 564 144 2351 6127

Genetically anchored contigs contain Beetmap markers, and chro-
mosomally assigned contigs contain only markers from maps other
than Beetmap.

viewed and searched via the public webpage http://
bvseq.molgen.mpg.de.

Genetic and physical distances

We expected a physical distance of 855 kbp per 1 ¢cM on
average based on the total length of the genetic map of
886 cM and the estimated sugar beet genome size of 758
Mbp. In 26 cases, markers with different genetic positions
were located on the same BAC clone in the physical map. As

030A05_8:1
035801

198G10
007HO7
126E08
042E11

Figure 4. Display of contig 1 of chromosome 8.
Probes (in columns) were sorted with the pro-
gram wprobeorder in accordance with clone
assignments (clones in rows, clone names alter-

148C06_8:kws

074B11

173E1 . . .

J64NS nating on both sides). Connections between
e probes and clones are shown as black squares.
64N12 : . .

:nzx_:u Genetically mapped probes are indicated by
pr extended probe names or clone names and by
sl blue boxes. The first part of an extension corre-
. y

s171G23 sponds to the chromosome, the second part to
z23B2 o ps .
953G17 the cM position within Beetmap. The extension
:(',7,3,“ ’kws’ indicates that the probe was mapped in
St mapping populations different from Beetmap.
z48B20

226024

Z46E4

z45H15

s141B22

s175H20

s16817

s136E9

5174123

s173L24

240M7

z61A14

267016

s146G11

s152H3
s148J23
s152B17
s159P13
z46L7
230K20
s140J13
Z7N1
28J10
Z29A16
s152B9
216G7
5128G18

#28G23_8:1
s122M24
z30D11

BAC clones have a known physical length of about
100-150 kbp we could use such cases to compare expected
and actual physical distances. The smallest difference
between two markers located on the same BAC clone was
found to be 0.31 ¢cM, a number that would correspond to a
physical length of 265 kbp according to the average
expectation. This figure corresponds to an elevated genetic
distance, and thus to an elevated recombination rate, of
about twofold when compared with the maximum physical
distance of 100-150 kbp. The majority of marker pairs
within one BAC clone differed by 0.4-2.9 cM and repre-
sented increased recombination rates of about threefold to
20-fold at these particular genomic regions. The largest
genetic distance found between two markers that shared
the same BAC clone was 7.5 cM (recombination rate ele-
vated by about 50-fold) and was at the terminal region of
chromosome 3.

Synteny analysis and assignment of ancestral
linkage groups

The source sequences of the oligomer probes mapped in
chromosomally localized physical map contigs were used
for a sequence homology search against coding sequences
of the genomes of Arabidopsis thaliana, Populus trichocarpa,
Theobroma cacao, and Vitis vinifera. The matches were fil-
tering by length and sequence identity (and excluded probes
which matched more than 10 different genes of the target
genome), then we used the information on gene positions
within the sequenced genomes and the positions of probes
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within the physical map of sugar beet to detect syntenic
regions (see Data S1). The criteria to determine contiguous
regions of links between sugar beet and the target genomes
were tested by application on 913 (the average number of
probes per chromosome) sugar beet probes that had been
ordered randomly. For 10 000 repetitions, we could not find
any ‘syntenic’ region by chance in poplar and grapevine
genomes. As the gene order of Arabidopsis is shuffled by
several duplications and re-arrangement events (Blanc et
al., 2003) there is a higher chance of finding ‘synteny’ by
shuffling the sugar beet probes; we found such regions in
20% of the created random chromosomes. In cacao this rate
was 1%.

Parts of all sugar beet chromosomes could be assigned to
one or more chromosomes of all target species based on
sequence similarity and gene order. In total, we found 26
syntenic regions in grapevine (1424 grapevine genes
involved), 35 syntenic regions in cacao (2393 cacao genes
involved), 64 syntenic regions in poplar (2718 poplar genes
involved), and 73 syntenic regions in Arabidopsis (2752
Arabidopsis genes involved). In Figure S3, the syntenic
regions between all sugar beet chromosomes and these
species are visualized using circular plots generated with
Circos (Krzywinski et al., 2009). Figure 5 shows such a plot
for sugar beet chromosome 1. In this example, we found

Figure 5. Syntenic regions of sugar beet chro-
mosome 1 (‘Bv_1’) and the chromosomes of four
rosid species.

(a) Arabidopsis thaliana.

(b) Populus trichocarpa.

(c) Theobroma cacao.

(d) Vitis vinifera. Connecting lines indicate cor-
responding genes based on sequence
homology.

© 2011 The Authors
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syntenic regions in poplar chromosomes 2 and 14 (spanning
large regions) as well as 5 and 13 (smaller regions), in
grapevine chromosome 15 und 18, and in Arabidopsis
chromosomes 1, 2, 3 and 4. In a previous study, the order
of 15 genes annotated within two overlapping BAC clones
was analyzed, and microsynteny with poplar chromosomes
2 and 14, grapevine chromosome 15, and Arabidopsis
chromosomes 1, 2 and 4 was found (Dohm et al., 2009).
These two clones were contained in contig 2 of chromosome
1 in our physical map and this finding thus supported the
synteny findings based on physical data.

We summarized the syntenic regions in a graphical
overview from the perspective of the four target species
(Figure 6). Their chromosomes were thoroughly analyzed in
previous studies, and seven ancestral linkage groups have
been proposed that underwent hexaploidization prior to
diversification of the rosid species (Jaillon et al., 2007).
Using information on the assignments of the target species’
chromosomes to these ancestral linkage groups (for grape-
vine, poplar, cacao: Jaillon et al., 2007; Argout et al., 2011)
we transferred these assignments to the corresponding
regions within sugar beet. As in the grapevine genome 16
chromosomes were assigned to only one ancestral linkage
group and three (chromosomes 4, 7 and 14) were assigned
to two of these linkage groups, we started with this genome
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Figure 6. Chromosomes of the four target spe-
cies and their syntenic regions with sugar beet.
Syntenic regions were inferred from homology
searches between probe source sequences (su-
gar beet) and coding sequences (target species).
The colors for the nine sugar beet chromosomes
are indicated at the top of the figure. Chromo-
some lengths and horizontal positions of
syntenic regions are displayed to scale in accor-
dance with genome annotations.

(a) Arabidopsis thaliana.

(b) Populus trichocarpa.

(c) Theobroma cacao.

(d) Vitis vinifera.
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to infer the partitioning of sugar beet chromosomes. The
distribution of the ancestral linkage groups within the
genomes of poplar and cacao were more fragmented, but
in many cases results were sufficiently clear when taking
into account the position of the syntenic sugar beet region
within the chromosomes of these genomes. Arabidopsis
was not analyzed due to its extensive fragmentation of
ancestral traces. All assignments of the seven ancestral
linkage groups to sugar beet inferred from grapevine were
also inferred consistently from assignments based on the
genomes of poplar and cacao. Some additional assignments
based on poplar and cacao existed, which we only consid-
ered if the two genomes were confirming each other. We
found each of the ancestral linkage groups I, Il, lll, V in three
different sugar beet chromosomes. The ancestral linkage
group VIl was found to be present within two, linkage group
VI within four, and linkage group IV within six sugar beet
chromosomes (Table 3). The presence of predominantly
three locations of the different ancestral linkage groups
within sugar beet suggested that also Caryophyllales, like
rosids and asterids, are evolved from a hexaploid ancestor. If
this situation is the case, the corresponding regions within
sugar beet would be expected to be paralogous. We
performed an all-against-all comparison at the protein level
with the source sequences of genetically anchored sugar
beet physical map probes. After setting cutoffs for sequence
identity and match length (see Data S1) we counted the
matches between different sugar beet chromosomes. The
top-four most frequently occuring matching chromosome
pairs (excluding chromosome 8, which has the least number
of genetic markers and the smallest physical contig size and
thus is likely to be a less reliable data source) were in line
with the location of the linkage groups assigned by com-
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parison with the genomes of grapevine, poplar and cacao
(Table 3). Alternative scenarios would be an independent
genome triplication of Caryophyllales or several indepen-
dent chromosomal triplications. However, in the case of
independent triplication events, one would not expect to
find each of the three resulting copies corresponding to
exactly one copy within the other species. For example,
linkage group | (LGI) segments were found in sugar beet
chromosomes 1, 3, and 5 (Table 3) and within Vitis LGI
was found to be located in chromosomes 2, 15, and 16
(Jaillon et al., 2007). For each of the three sugar beet
chromosomes (bvchr) there is only one of the three Vitis
chromosomes (vvchr) that show synteny: LGI in bvchr1
corresponds to LGI in vvchr15, bvchr3 corresponds to
vvchr16, and bvchrb corresponds to vvchr2 (see Circos plots
in Figure S3), and none of the other two LGl regions of Vitis
was found to be syntenic in each of these cases. The same
result is true for other LGs. If the triplication was indepen-
dent we would expect to see synteny scattered between all
three copies of other species for each of the three sugar beet
copies. The one-to-one relationship of syntenic blocks that
reflects triplicated ancestral linkage groups is most parsi-
moniously explained by a common triplication event before
speciation.

DISCUSSION

In the context of this work we presented a dense linkage map
of the sugar beet genome and a gene-based physical map in
BAC clones. Both types of maps are linked tightly by
reference points that they have in common, either because
anchor probes for physical mapping and SNP detection
employed the same set of EST source sequences or because
genetic marker development was based on BAC end

Table 3 Assignment of sugar beet chromosomes to ancestral linkage groups inferred from comparisons with the genomes of grapevine, poplar,

and cacao

Ancestral linkage groups assigned

Sugar beet chromosomes | Il 1l v v Y VI Bvchr matched by tblastx
bvchr1 X X 9,6,5,3
bvchr2 X X X 7,9,3,5
bvchr3 X X X X 5921
bvchr4 X X X 53,97
bvchrb X X X X 9,312
bvchré X X (8,)1,9,5,2
bvchr7 X X 2,9,35
bvchr8 X X (6,9, 2,5)
bvchr9 X X 1,2,5,3
Total® 3 3 3 6 3 4 2

The seven proposed ancestral linkage groups are indicated by roman numerals (the numbering follows the order of the linkage groups in Figure
4(c) in Argout et al., 2011). Assignments are based on comparisons with paralogy information of grapevine, poplar, and cacao genomes. The last
column lists the top-four matching chromosomes in an all-against-all sequence homology search (protein level) of sugar beet sequences anchored

in the physical map.

®The last row contains the number of different sugar beet chromosomes to which the ancestral linkage groups were assigned.
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sequences and the underlying BAC clones are present in the
map. The integrated nature of the maps is particularly
rewarding and will allow rapid progress from linkage results
to genomic regions that contain candidate genes.

A comparative inspection of genetic and physical maps
suggested uneven distribution of recombination events in
the sugar beet genome. The linkage map contained markers
based on both gene sequences and genomic sequences;
bins of unresolved markers on the genetic map contained
markers from both types of sources. While co-segregation of
markers from coding sequences might be explained by the
uneven distribution of genes, markers from BACs should
represent a random sampling of the genome. We concluded,
therefore, that the distribution of crossovers is non-random.
We also noticed enhanced recombination at chromosome
ends and that linkage maps were compressed centrally.
Such map distortion may be a feature of any large plant
genome and has been reported previously for soybean
(Schmutz et al., 2010).

The construction of the physical map described herein
relies on hybridization of gene-derived probes. The contigs
will cover gene containing intervals well while gene-poor
stretches in the genome will be sparsely covered due to the
uneven distribution of coding regions in genomes. If a gene
complement of about 29 000 sugar beet genes (Dohm et al.,
2009) is assumed, we prepared probes from roughly 30% of
all sugar beet genes. Little information on the spacing of
sugar beet genes is presently available. Dohm et al. (2009)
sequenced and annotated overlapping BAC clones and
estimated a density of one gene per 11 kbp of genomic
sequence. As the average insert size of the two BAC libraries
used for map construction was 110 and 150 kbp, respec-
tively, distances of up to 150 kbp between genes could be
spanned. Given that about one-third of all genes was
represented by oligomer probes, we assume a maximum
average distance of 30-40 kbp between genes included in
the physical map. However, gene densities might vary
greatly.

Gene duplicates, pseudogenes, or gene fragments located
on different chromosomes may lead to map assignments of
BACs to wrong positions in the map by means of cross-
hybridization. However, the short oligo sequences are very
specific in hybridizing with their genomic location. Thus,
only highly similar (if not identical) sequence segments in
the genome would result in cross-hybridizations. The
hybridization data were cleaned for probes with high-copy
matches, and the contig construction relied on the presence
of several links between clones that supported each other
consistently. A cross-hybridizing sequence in the target
clone will presumably be embedded into an entirely differ-
ent genomic context and probes from the vicinity will drive
the correct placement during contig construction. However,
in the case of sparsely distributed probes or missing data,
clones might be linked incorrectly. The location of a partic-

ular clone should be read with caution taking into account
the number of probes connecting this clone with its
neighbors.

The taxonomic position of sugar beet (order Caryophyll-
ales) within the core eudicotyledonous plants makes it a
relevant target for filling a gap in comparative genomics
data. The Caryophyllales represent a sister taxon to both
rosids and asterids. While genome sequences that repre-
sent the rosid or asterid lineage are available, or are in
progress, no genome project for Caryophyllales other than
the one for sugar beet has been announced so far. The
gene-derived mapping probes ordered within the physical
map provide access to a genome-wide gene set and its
spatial arrangement within a member of the Caryophyll-
ales. Although the gene set is not comprehensive, it could
be used successfully to identify syntenic blocks with
sequenced rosid species.

It has been suggested previously that an angiosperm
ancestor had existed that contained a haploid set of seven
chromosomes and had undergone hexaploidization of its
genome (Jaillon et al., 2007). Evidence for the hexaploid
origin of different rosid and asterid genomes has been
reported based on complete or partial genomic sequence
data (Jaillon et al., 2007; Argout et al., 2011; Tang et al.,
2008b; Cenci et al., 2010). We compared the genome-wide
syntenic regions of sugar beet in grapevine, poplar, and
cacao with the ancestral paralogy data described for these
species (Jaillon et al., 2007; Argout et al., 2011). Assuming a
hexaploid ancestor for sugar beet we expected to find the
ancestral linkage groups three times (e.g. in three different
chromosomes, if there was little re-arrangement like in
grapevine) within the haploid sugar beet genome. We
indeed found three paralogous regions in sugar beet for
four of the proposed ancestral linkage groups (and two, four,
and six paralogous regions for the remaining three ancestral
linkage groups). As the three target genomes under consid-
eration confirmed each other and, consistently, no more
than two to four different ancestral linkage groups were
assigned per sugar beet chromosome (despite of many
different syntenic blocks of sugar beet within the target
genomes), we concluded that sugar beet shares the hexa-
ploid ancestor with these species. The scenario of an
independent triplication event in Caryophyllales, in contrast,
seems to be unlikely. In many cases, the individual copies of
triplicated ancestral linkage groups in sugar beet were found
to correspond to distinct copies in the other species. Thus,
the most likely scenario is that hexaploidization of the
proposed ancestral angiosperm genome has occurred prior
to lineage separation of Caryophyllales, asterids, and rosids.
For the same reasons, we further concluded that inter-
chromosomal rearrangements have been relatively rare
during the evolution of Caryophyllales, a finding that
contrasted with findings for other angiosperm lineages such
as Brassicales (Lagercrantz, 1998; Kejnovsky et al., 2009); we
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consider sugar beet to be a rewarding target for further
comparative analyses.

In summary, this work provides well characterized
resources for the study of sugar beet. The genome-wide
comparative analysis based on the presented data shed light
onto the evolutionary history of Caryophyllales, and a future
genome sequencing project will benefit substantially from
these resources. The maps provide a backbone for a sugar
beet draft assembly based on whole genome shotgun
sequencing, and will be an invaluable tool to order, orien-
tate, verify, and connect assembled sequence scaffolds.

EXPERIMENTAL PROCEDURES

The experimental procedures used in this work are described in
detail in the Data S1.
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