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Abstract Despite the intensive soybean [Glycine max
(L.) Merrill] genome studies, the high chromosome number
(20) of the soybean plant relative to many other major
crops has hindered the development of a high-resolution
genomewide genetic map derived from a single population.
Here, we report such a map, which was constructed in an
F,5 population derived from a cross between G. max and G.
soja lines using indel polymorphisms detected via a G. soja
genome resequencing. By targeting novel indel markers to
marker-poor regions, all marker intervals were reduced to
under 6 cM on a genome scale. Comparison of the Wil-
liams 82 soybean reference genome sequence and our
genetic map indicated that marker orders of 26 regions
were discrepant with each other. In addition, our compar-
ison showed seven misplaced and two absent markers in
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the current Williams 82 assembly and six markers placed
on the scaffolds that were not incorporated into the
pseudomolecules. Then, we showed that, by determining
the missing sequences located at the presumed beginning
points of the five major discordant segments, these
observed discordant regions are mostly errors in the Wil-
liams 82 assembly. Distributions of the recombination rates
along the chromosomes were similar to those of other
organisms. Genotyping of indel markers and genome
resequencing of the two parental lines suggested that some
marker-poor chromosomal regions may represent intro-
gression regions, which appear to be prevalent in soybean.
Given the even and dense distribution of markers, our
genetic map can serve as a bridge between genomics
research and breeding programs.

Introduction

Soybean [Glycine max (L.) Merrill] has historically been a
major crop in Eastern Asia and is now one of the most
important crop plants used for seed protein and oil content,
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in terms of both cultivated area and production worldwide,
and for its capacity to fix atmospheric nitrogen by intimate
symbioses with microorganisms. Despite the complex
nature of the soybean genome including paleoallopolyp-
loidy, the high haploid chromosome number (n = 20), and
large genome size (1,115 Mb) relative to model plants
including Arabidopsis, rice, and Medicago truncatula, the
soybean genome has been intensively studied, due to the
importance of soybean as a major crop. Thus, there has
been significant progress in the development of genomic
resources and experimental tools needed to expedite soy-
bean research (Stacey et al. 2004; Boerma et al. 2011). A
recent culmination was the release of a genome sequence
draft (Schmutz et al. 2010) comprised of 937.3 mega-
bases (Mb) of 20 pseudomolecules corresponding to 20
chromosomes, representing about 84 % of the predicted
1,115-Mb genome (Arumuganathan and Earle 1991).
Whole-genome resequencing studies of cultivated soybean
and its wild progenitor, G. soja, using the draft genome
sequence as a reference were subsequently reported (Kim
et al. 2010; Lam et al. 2010).

Among the genomic resources, the high-resolution geno-
mewide genetic linkage maps are particularly important
because the genetic maps provide bridging information
between breeding and genome sequence efforts (Lewin
et al. 2009). In other words, genetic maps are necessary for
a structural and functional understanding of the genetic
make-up of a genome and for the localization of genes of
interest through a genetic linkage analysis with mapped
markers (Bernatzky and Tanksley 1986). However, a high-
resolution genomewide genetic linkage map derived from a
single population that covers the soybean genome evenly
has yet to be established. Most of the soybean genomewide
genetic maps consisting of 20 homologous linkage groups
corresponding to the 20 soybean chromosomal pairs and
containing over 1,000 markers have been constructed from
the alignment of 20+ linkage groups derived from multiple
populations (Cregan et al. 1999; Song et al. 2004; Choi
et al. 2007; Hwang et al. 2009). The difficulty in con-
structing a genomewide genetic map from a single popu-
lation is that, despite the thousands of soybean molecular
markers developed, the available polymorphic markers are
not evenly distributed in the soybean genome. The devel-
opment of a high-resolution genomewide soybean genetic
map from a single population may have been hindered also
by the high haploid chromosome number of the soybean
plant. The soybean contains 20 haploid chromosomes,
almost double that of other intensively studied major crops
such as rice (n = 12), maize (10), barley (7), and tomato
(12), as well as in research plants including Arabidopsis
thaliana (5), Lotus japonicus (6), and M. truncatula (8).
Thus, twice the effort is likely needed to establish the
genetic linkage relationship between telomeres and
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centromeres. Recently, Yang et al. (2008) reported a single
population-based genomewide genetic linkage map, which
coalesced into 20 linkage groups representing 20 soybean
chromosomes without unlinked markers by a stringent
cutoff criterion. However, the map contained only 421
markers with many regions of low marker density.

The integration of distinct maps in a consensus map is
usually achieved by aligning common markers with the
assumption that recombination distances are similar
between the maps (Stam 1993; Hu et al. 2004). Recombi-
nation distances in a composite map are average values of
the merged maps. However, the recombination distances
among markers vary among different populations within a
species (e.g. Tulsieram et al. 1992; Williams et al. 1995;
Sanchez-Moran et al. 2002; Rockman and Kruglyak 2009).
Thus, although a composite map may provide the best
fitting order of markers and average recombination dis-
tances of the merged maps, it has been regarded as inap-
propriate for structural and functional genomics research,
including positional cloning, segregation distortion, and
segment rearrangements, variability of recombination
events along chromosomes (Esch et al. 2007; Rockman and
Kruglyak 20009).

Here, we described the development of a high-resolution
genomewide soybean genetic map generated from a single
population derived from a cross between “Hwangkeum”
(G. max) and “IT182932” (G. soja). A unique opportunity
to compare the single population-based genetic map with
the soybean draft genome sequence allowed us to detect
many large-scale misassembled regions in the soybean
draft genome sequence. Several discordant regions were
corrected by obtaining experimental evidence. Then, we
compared the distribution of recombination events to the
genome features. Furthermore, we used resequencing data
of the genomes of Hwangkeum and IT182932 to substan-
tiate putative G. soja introgression regions in Hwangkeum,
which were implicated during the genetic mapping. As
such, the soybean genetic map can be used as a bridge
between genomics research and breeding programs.

Materials and methods
Plant materials

A population of 113 F;5 recombinant inbred lines (RILs)
obtained by single-seed descent from the F, generation of
an interspecific cross between Glycine max “Hwangkeum”
and Glycine soja Siebold & Zucc. “IT182932,” a wild
annual progenitor of the soybean (referred to as the HI
population), was used for linkage analysis. A set of 12
soybean variants including Pureun, Illpumgeomjeong, Pek-
ing, PI96983, T245, Williams 82, Hwangkeum, IT182932,
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V94-5152, T181, Sowon, and Seoritac was used in the
marker diversity test. Fresh leaves of field- or greenhouse-
grown individuals of F;5 HI population and soybean parents
were harvested, and genomic DNA was extracted in
accordance with the methods described by Saghai-Maroof
et al. (1984).

Development and analysis of markers

To locate markers in the marker-poor linkage regions in the
preexisting HI genetic map before the release of the draft
soybean genome sequence, novel microsatellite markers
were mainly generated from scaffolds of the preliminary
soybean whole genome shotgun sequence assembly (ver-
sion “Glyma0”) released by the USDOE-Joint Genome
Institute Community Sequencing Program (http://www.
phytozome.net/soybean) in 2008. Microsatellite repeat sites
(mainly, AT or AAT motifs) were detected in a scaffold
sequence using more than 10 motif-repeated sequences as a
query. Then, the microsatellite-containing sequence was
used to design a pair of forward and reverse primers to
PCR-amplify 100- to 250-bp lengths of the DNA fragment
containing the microsatellite site. In addition, publicly
available markers (Saghai Maroof et al. 2009; Hwang et al.
2009; Yang et al. 2010; Suh et al. 2011) that were pre-
sumed to map to the large marker-sparse regions were
incorporated into the HI genetic map.

Soon after the release of the draft soybean genome
sequence (Schmutz et al. 2010), 196,356 indels (—35 to
+14 bp) were detected by the comparison between genome
resequencing data of a wild soybean accession IT182932 and
the soybean draft genome sequence (Kim et al. 2010). A total
of 71,751 indels containing longer-than-two-base pair indels
were used as a source of marker development. The remaining
124,605 single-base pair indels were excluded because they
are below the resolution limit of the QIAxcel Biocalculator
System (QIAGEN, Hilden, Germany). The DNA sequences
of the 71,751 indels were classified by presence or absence of
microsatellite repeat variations. Indels that contained
mononucleotide repeats with a repeat number of ten or
greater and multinucleotide repeats of 2—8 bp repeat units
with a repeat number of five or greater in either Williams 82
or IT182932 genome sequences were identified as micro-
satellite sites. Forward and reverse primers were designed for
amplification of 100- to 250-bp lengths of the DNA fragment
containing the indel site with the web-based Primer3 plat-
form (Rozen and Skaletsky 2000). Whenever possible, those
microsatellite-repeats-based indels were not used to generate
novel markers to minimize the occurrence of allelic dropout
frequently observed in the PCR amplification of microsat-
ellite loci (Gagneux et al. 1997).

Primers for marker analysis were custom made by Bi-
oneer (Daejeon, Korea). The polymerase chain reaction

(PCR) mixture contained 20 ng of total genomic DNA,
10 mM Tris—HCI (pH9.0), 30 mM KCI, 1.5 mM MgCl,,
100 nM of each forward/reverse primer, 250 pM of each
dNTP, and 1 unit of Taq polymerase for a total volume of
20 pl. Typically, PCR amplification was performed with an
initial denaturation step at 94 °C for 3 min, followed by 34
cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for
30 s, with final extension steps of 72 °C for 5 min. The
PCR products were resolved on the QIAxcel Biocalculator
system (QIAGEN) using a 12 capillary QIAxcel DNA
High Resolution Cartridge with the 0OM700 method or the
QIAxcel DNA Screening Cartridge with the AMA420
method. The QIAxcel DNA High Resolution Cartridge was
used to analyze PCR products expected to be shorter than
400 bp and for resolving PCR products that differ in
lengths by only 2-9 nucleotides. The QIAxcel DNA
Screening Cartridge was used to resolve PCR products that
differ by more than 10 nucleotides. The PCR products were
transferred from the thermocycler into the 96-well plate in
an 8 x 12 strip format sample tray of the QIAxcel Bio-
calculator system. The PCR products were automatically
injected into the capillary channel and subjected to elec-
trophoresis according to the manufacturer’s protocol. The
QX alignment marker (QIAGEN), which consisted of
15- and 400-bp bands for the QIAxcel DNA High Reso-
lution Cartridge method and 15 bp and 3 Kb bands for the
QIAxcel DNA Screening Cartridge method, was automat-
ically injected into the cartridge with each sample by the
QIAxcel Biocalculator system and enabled the software to
align the lanes. The QIAxcel Biocalculator system pro-
duced a digital gel image and an electropherogram for
fragment analysis. The PCR products were sized using size
markers provided by the manufacturer, and the size of the
products was determined using the QIAxcel Biocalculator
3.0 software (QIAGEN). Diversity or polymorphism
information content (PIC) values of a subset of indel
markers were calculated by classifying allele sizes of each
indel locus on a diverse set of 12 soybean variants listed
above. The calculation of this marker diversity was
described by Anderson et al. (1993).

Construction of linkage map

Linkage analysis between markers, estimation of recom-
bination frequencies, and determination of the linear order
of loci were performed using JoinMap 4.0 software pro-
gram (Van Ooijen 2006) with the independence LOD
between 2.0 and 10.0 for grouping and with the following
settings for regression mapping: used linkages with
recombination frequency smaller than 0.400 and LOD
larger than 2.00, threshold for removal of loci with respect
to jumps in goodness-of-fit 5.00, and Kosambi mapping
function. Marker order within a group was verified using
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MapMaker 3.0b (Lander et al. 1987). The marker order was
determined using the Three point and Order commands and
then was rechecked via repetitive use of the Compare
command. In those cases, when a group contained more
than 100 markers, more than two subsets of markers in the
group were tested. The map presented in this study was
finally drawn using MapChart (Voorrips 2002).

Assignment of marker positions on the soybean
sequence-based physical map

The sequence and primers of each marker from the HI map
were compared to 955 Mb of the soybean genome
sequence including 20 chromosome-level pseudomolecules
and 1,148 unanchored sequence scaffolds in the Phytozome
database  (http://www.phytozome.net/soybean)  using
BLASTN to determine the position of each marker in the
genome assemblies. In those cases, when the source
sequences of the markers from Hwang et al. (2009) were
not available in public databases, the sequences were
determined from the PCR products. When both primers and
the sequence of a marker were placed at the same position,
which was the case for most of the markers, the position
was used as the location of the marker in the soybean
genome sequence map. In cases where primer(s) of a
marker were not positioned using BLASTN, the sequence
hit by the source sequence of the marker was downloaded,
to examine mismatches at primer site(s) or the absence of
the primer sequence. Even if primers were not complete
matches, the hit positions to which the marker sequences
were matched 100 % except for potential differences pos-
sibly resulting from different soybean sources and
sequencing errors of single-pass sequences were taken as
the locations of the sequence-based markers in the soybean
genome sequence map. In all those cases when primer or
polymorphic sites were ambiguous, an approximate median
position of PCR amplicon generated from each marker
locus was taken as the marker’s physical position for the
assignment of marker positions on the soybean sequence-
based physical map.

Long PCR

Long PCR amplification was performed to obtain missing
DNAs corresponding to the break points of misassembled
segments postulated on the basis of comparison between
the genetic linkage map and the sequence map. Primers
were designed from known sequences at the edges of the
misassembled segments (Table S4). Long PCR was per-
formed using a TaKaRa LA Tag kit (catalogue number
RRO02A, TaKaRa, Dalian, Japan) as recommended by the
manufacturer. PCR cycles were initiated with a denatur-
ation step of 1 min at 94 °C, followed by 30 two-step
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cycles of 10 s at 98 °C and 15 min at 52-58 °C depending
on the primer annealing temperature, and terminated with a
final extension step of 10 min at 72 °C. PCR products were
directly sequenced or, in cases of multiple bands, were
subcloned into a plasmid for sequencing.

Analysis of recombination rates

Average recombination rates were obtained by dividing the
total linkage distance (cM) by the total physical length
(Mb) for each linkage group. These estimates were not
adjusted for differences in marker density. Recombination
rate between two markers were determined by calculating
their genetic distance (cM) divided by their physical dis-
tance (Mb). Recombination rates were calculated for each
set of markers. Markers where their physical and genetic
order did not match were not included in these calculations.
Using the soybean genome annotation Glymal.0l (Soybase,
http://soybase.agron.iastate.edu/), the numbers of genes
and transposable elements (TEs) of each marker interval
were calculated and plotted against the recombination rate
of each marker interval. Regression analysis was applied in
logarithmic model.

Resequencing analysis of soybean genomes
and identification of introgression segments

Seeds of Hwangkeum and Williams 82 were germinated at
25 °C in a pot in a dark chamber. After primary leaves of
the germinated seedlings were opened, all shoots of the
seedlings except their cotyledons were collected for
genomic DNA extraction. Sequencing libraries were con-
structed according to the manufacturer’s instructions
(Illumina). Paired-end short reads were generated by
applying the Illumina HiSeq2000 (Illumina). The single-
and paired-end resequencing data of 48.8 Gb for IT182932
used in this study were previously reported by Kim et al.
(2010).

Short reads were mapped against the Williams 82 ref-
erence genome (Glymal) with Burrows Wheeler Aligner
(Li and Durbin 2009). FixMateInformation and MarkDu-
plicates modules in Picard software package (http://picard.
sourceforge.net/) were used for mate information correc-
tion and duplicate removal. After this step, short reads of
20.0, 16.5, and 36.9 Gb for Hwangkeum, Williams 82,
and IT182932, respectively, were retained. Alignments
around short indels were realigned with IndelRealigner,
and base pair quality scores were recalibrated with
CountCovariates and TableRecalibration modules in the
Genome Analysis Toolkit (GATK) (DePristo et al. 2011).
UnifiedGenotyper, VariantFiltration, and VariantAnnota-
tor modules in GATK were used for SNP and short indel


http://www.phytozome.net/soybean
http://soybase.agron.iastate.edu/
http://picard.sourceforge.net/
http://picard.sourceforge.net/

Theor Appl Genet (2013) 126:1103-1119

1107

genotyping, filtering, and annotation. Soybean annotations
were downloaded from http://www.soybase.org.

Introgression of genomic segments from wild to culti-
vated soybean was assessed using shared alleles between
wild and cultivated soybeans as described by McNally
et al. (2009) and Lam et al. (2010). As we used rese-
quencing data from only two varieties, one each from wild
and cultivated soybean, the assessment was simplified.
SNPs with missing data and heterozygous genotypes in
individual accessions were excluded. The genotypes of
SNPs in a sliding 100-kb window were scored for
IT182932 (wild soybean) and Hwangkeum (cultivated
soybean) against the Williams 82 (cultivated soybean) draft
genome sequence, and the percentage of shared SNPs of
Hwangkeum per the number of SNPs for IT182932 was
calculated in each window. Regions with a percentage
higher than 50 % were defined as putative introgression
regions (PIRs).

The sequencing data from this article have been
deposited with the GenBank data library under Accession
Nos. JQ898517-JQ898524, JS807314-JS807326, and
JQ924190-JQ924195. The resequencing dataset of short
reads for Hwangkeum and Williams 82K can be down-
loaded from the following ftp site: ftp://ftp.kobic.re.kr/
soybean/hwangkeum_williams82.fastq/.

Results

Construction of a high-resolution genetic map
before the release of the draft soybean genome
sequence

Three different sources of markers were used to saturate a
complete soybean genetic linkage map coalesced into 20
linkage groups representing 20 soybean chromosomes,
which was constructed with 421 markers in the Hwangk-
eum (G. max) x IT182932 (G. soja) population (HI popu-
lation) (Yang et al. 2008). First, 208 novel microsatellite
markers were generated from scaffolds of the preliminary
soybean whole genome shotgun sequence assembly (ver-
sion “Glyma0”) released by the USDOE-Joint Genome
Institute Community Sequencing Program (http://www.
phytozome.net/soybean) in 2008. Of the Glyma0 scaffolds,
we attempted to generate four microsatellite markers from
Scaffold_1 to 19 each longer than 10 Mb by designing
primers from the regions flanking the microsatellite repeats
within the scaffolds. Sequences of the markers mapped in
the HI genetic map were located on each of the scaffolds
with BLAST values of E < e 10 by BLAST searches
against the soybean Glyma( database. For the scaffolds
between 1- and 10-Mb up to Scaffold_196, we attempted to
generate one microsatellite marker from each scaffold

when only one or two markers hit a scaffold in BLAST
searches. When no marker hit a scaffold in the BLAST
searches, we attempted to generate three microsatellite
markers from the scaffold. In cases of scaffolds between
1-Mb and 44-kb in length, we attempted to generate one
marker only from those scaffolds that no marker hit. We
assumed that this strategy would provide novel markers in
the marker-sparse regions of the HI map. Of the 430
attempted primer pairs, 208 primer pairs produced single
polymorphic PCR products in each of the mapping parents,
which were ultimately used to map the microsatellite sites
in the HI population. Those markers were named with the
scaffold number and the ascending order of the alphabet
such as Sca_lc for third marker from Scaffold_1 (Table
S1). The remaining 222 primers produced single mono-
morphic PCR products, multiple PCR products, or no
product in a few cases. Thus, many marker-sparse regions
still persisted after this endeavor.

The second source of markers used was the microsat-
ellite markers reported by Hwang et al. (2009) during the
course of this study. The reported 440 markers that were
presumed to map to the large marker-sparse regions in the
HI map and to the upper and lower ends of linkage groups
were assessed for polymorphism between the two parental
lines of the HI population. In total, 97 microsatellite
markers, representing 22 % of the tested microsatellite
markers, were mapped. Although the map reported by
Hwang et al. (2009) had many large gaps in the middle of
the linkage groups, the map contained many novel markers
at the ends of several linkage groups. As a result, the
markers from Hwang et al. (2009) extended the ends of
several linkage groups including soybean chromosomes
(Chr) 3,6, 7,9, and 11 or increased the marker density at
the ends of the linkage groups. The third source of markers
used in this study was the sequence-based markers, which
were mostly developed for localization of genes of interest
and were reported during this study (Saghai Maroof et al.
2009; Yang et al. 2010; Suh et al. 2011).

Construction of a high-resolution genetic map
after the release of the draft soybean genome sequence

An improved version Glymal of the draft soybean genome
sequence that contains 937.3 Mb of the 20 chromosome-
level pseudomolecules and 17.7 Mb consisting of 1,148
unanchored sequence scaffolds was reported in 2010
(Schmutz et al. 2010). Subsequently, 71,751 of the putative
insertion/deletion (indel) polymorphic sites where the
insertions ranged from 2 to 14 bp and the deletions ranged
from 2 to 35 bp were predicted by the comparison between
genome resequencing data of a wild soybean accession
IT182932 and the soybean draft genome sequence (Kim
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et al. 2010). Three major indel classes were identified by
analyzing the DNA sequences of our indels with regard to
the presence or absence of short tandem repeats (micro-
satellites): (1) 13,052 monomeric base pair expansions with
the repeat number of ten or greater in either Williams 82 or
IT182932 genome sequences, (2) 2,849 multi-base pair
expansions of 2-5 bp repeat units with repeat numbers of
five or greater [the criterion used by Song et al. (2010) to
screen microsatellites in the Williams 82 genome
sequence] in either Williams 82 or IT182932, (3) indels
containing apparently random DNA sequences (Table 1).
Of the multi-base pair expansions, di-, tri-, and tetranu-
cleotide microsatellite sites that were found only in the
Williams 82 genome sequences were 1,590. Thus, the
classification results of our indels indicated that 70,161
(97.8 %) of the 71,751 putative indel polymorphic sites are
novel indels generated from mutation events different from
the 210,990 microsatellite loci identified by Song et al.
(2010). As 33,065 (15.6 %) of the 210,990 microsatellite
sites were proposed to be likely polymorphic between
diverse soybean accessions, the overlapping rate (2.2 %)
between our indels and the 210,990 microsatellite loci was
too low. Whether this lower-than-expected overlapping
rate was caused by the poor sequencing results at the short
tandem repeat regions by the next-generation sequencing
platforms that were used to generate the genome sequence
of IT182932 needs to be examined in the future.

We constructed our high-resolution genetic map mainly
using the markers generated from the putative indel poly-
morphic sites. At the beginning of the development of the
large interval-targeted indel markers, we randomly chose
102 putative indel sites located on the lower telomeric end of
GmO1 and on the upper telomeric ends of Gm02 and
designed 102 primer pairs to amplify them to examine what
portions of the putative indel sites could be used to generate
markers. We obtained single polymorphic PCR bands in
Hwangkeum and IT182932 from 72 primer pairs and single
PCR bands only present in Hwangkeum from 2 primer pairs.
The remaining 28 primer pairs produced single monomor-
phic PCR bands between Hwangkeum and 1T182932 (13),
more than two PCR products (14), or no PCR product (1).
The results suggested that 72.5 % of the putative indel sites
could be used to generate locus-specific markers in our HI
population. In addition, we designed 18 primer pairs to
amplify 18 microsatellite regions detected by BLAST sear-
ches against the Gm05 pseudomolecule to generate markers
in the marker-sparse regions on Chr 5. Of those, nine primer
pairs that produced single polymorphic bands between the
parents were used for genetic mapping. The nine markers,
which were designated GM001 thru GM017, were mapped
to the expected chromosomal regions (Table S1).

These two initial trials suggested that the putative indels
detected between Williams 82 and IT182932 genome
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Table 1 Classification of indels

Indel class
Repeat expansions 15,901
Monomeric 13,052
(T)n 5,913
(A)n 6,409
(On 366
(G)n 364
Dimeric 2,410
(AT)n 543
(TA)n 413
(AG)n 306
(TC)n 256
(GA)n 197
(CT)n 195
(TG)n 169
(AC)n 143
(GT)n 99
(CA)n 89
Trimeric 385
(AAG)n 28
(AAT)n 23
(GAA)n 21
(TTC)n 21
(TTA)n 20
(ATA)n 20
(AGA)n 17
(TTG)n 15
(TAT)n 15
(AAC)n 13
(ATT)n 13
(CTD)n 12
(ATG)n 12
(TAA)n 11
(TCT)n 11
Other (NNN)n 133
Tetrameric 47
Pentameric 7
Other 55,850
Total 71,751
sequences might be highly polymorphic between

Hwangkeum and IT182932 and that the marker orders both
on the HI genetic map and on the draft soybean genome
sequence assembly might be collinear. Then, we designed
primer pairs to generate indel markers targeted to both
marker intervals of greater than 3 cM in the HI map at that
time and the ends of the 20 genetic linkage groups, with an
objective to reduce all marker intervals in the HI map to
less than 2 cM. Of the 810 primer pairs, 462 (57 % of the
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attempted primer pairs) produced single polymorphic PCR
products in the parents of the HI population and so they
were used to map the indel sites in the HI population. The
remaining 348 primer pairs produced single monomorphic,
multiple PCR products, or no PCR product in a few cases.
Mainly due to the lower than expected success rates of this
initial targeted-marker generation, linkage analysis using

mapped markers up to this stage indicated that ten marker
intervals of greater than 6 cM still remained. Most of the
generated markers were mapped to the expected chromo-
somal locations. However, several markers were mapped to
chromosomes different from the chromosomes to which the
markers were designed (Table 2), suggesting that a few
regions of the pseudomolecules might be misassembled.

Table 2 List of markers or marker intervals discrepant between the genetic and sequence-based physical maps

Marker or marker interval

Position or interval
(cM) on genetic map

Position or interval (bp)
on the Williams

82 genome sequence
assembly (Glymal)

Description of discrepancy

Sca_193¢
GSINDEL9257-GSINDEL9007
Satt634-BI1470504A/G
GMES1613
GSINDEL20494—Sca-125¢
Sca_341a
AW277661-Sca-51b
Sca_16a

GMES6354
GSINDEL37893-GSINDEL37855
Satt599-Sca_164d
Satt_252-GSINDELS56531
A636.p1-A656.pl
GSINDEL121628
GSINDEL121634
GSINDEL99279-SMO001
GSINDEL101692-Sca_115a
Sca-28-tal

Sca-28-ta2
Sca-240a-Satt359
GSINDEL104502-CSSR18
Sca-361a—Sca-358a

Sca-9¢c

Sca-9d-Satt414.p2
Satt302-GSINDEL111315
SN314-GSINDEL113427

GSINDEL121265-Sat_375
GMES1545
Satt577-GSINDEL 124822
GSINDEL134291-GSINDEL133985
GSINDEL146736
A963.p1-GMES5448
SL301

GMES4288

Sca-308a
GMES4770-Sct_034.p2
Sca-4b—GSINDEL165018

Chr 1:45.1

Chr 1:95.5..101.4
Chr 2:63.9..64.6
Chr 2:102.5

Chr 3:24.2..26.8
Chr 3:34.3

Chr 4:63.6..64.3
Chr 4:63.6..64.3
Chr 4:104.2

Chr 5:8.3..9.3
Chr 5:92.5..110.0
Chr 6:94.9..103.4
Chr 9:42.1..43.2
Chr 9:63.2

Chr 9:64.0

Chr 11:43.9..44.5
Chr 11:85.6..87.7
Chr 11:88.7

Chr 11:88.7

Chr 11:104.9..106.9
Chr 11:117.1..133.0
Chr 12:52.2..53.9
Chr 12:53.9

Chr 12:53.9..54.8
Chr 12:69.6..70.8
Chr 13:0.0..14.5

Chr 13:57.2..57.8
Chr 13:92.7

Chr 14:3.7..15.1
Chr 14:107.1..113.4
Chr 15:11.3

Chr 15:54.6..63.2
Chr 16:47.6

Chr 17:94.8

Chr 17:95.7

Chr 17:101.0..101.6
Chr 18:51.1..51.6

Scaffold_23:530760..530520
GmO01:53767102..54582005
Gm02:11441753..11316722
No hit
Gm03:4127046..4301966
Scaffold_57:73125..73390
Gm04:19660791..32803274
Gm18:26860865..26860718
No hit
Gm05:735303..848400
Gm05:38121046..41691258
Gm06:48582333..48415540
Gm09:6455599..6477903
Gm13:35251705..35251881
Gm13:35274137..35274280
Gm11:7933139..7743622
Gm11:18615873..30460752
Scaffold_28:77699..77928
Scaffold_28:206755..206945
Gm11:36868404..36989799
Gm11:37952401..39168834
Gm12:17624967..22063214
Gm?20:13282030..13281859
Gm12:25716770..27558043
Gm12:34979782..35108183
Approximately 14 Mbp

Gm13:33860360..34002148
Gm17:3681499..3681724
Gm14:623867..2156774
Gm14:48919835..49708567
Gm16:5869184..5869417
Gm15:9360766..10403150
Gm03:27658399..27658637
Scaffold_41:166110..165873
Scaffold_41:55420..55585
Gm17:39398789..39521345
Gm18:7753176..7519216

Located on unanchored Scaffold_23
Order

Order

Absent in the Williams 82 assembly
Order

Located on unanchored Scaffold_57
Order

Misplaced on Gm18

Absent in the Williams 82 assembly
Order

Order at the telomeric end

Order

Order

Misplaced on Gm13

Misplaced on Gm13

Order

Order

Located on unanchored Scaffold_28
Located on unanchored Scaffold_28
Order

Order at the telomeric end

Order

Misplaced on Gm20,

Order

Order

Order at the telomeric end where
ribosomal DNA genes locate

Order

Misplaced on Gm17

Order

Order at the telomeric end
Misplaced on Gm16

Order

Misplaced on Gm03

Located on unanchored Scaffold 41
Located on unanchored Scaffold_41
Order

Order
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Table 2 continued

Position or interval
(cM) on genetic map

Marker or marker interval

Position or interval (bp)
on the Williams

82 genome sequence
assembly (Glymal)

Description of discrepancy

GSINDEL176475-Sat_408
Sat_174-Sca-1c
GSINDEL191623-GSINDEL 191323
GSINDEL194650-GSINDEL 194643

Chr 19:0.0..4.2

Chr 20:26.3..26.8
Chr 20:27.8..33.1
Chr 20:78.2..78.8

Gm19:21743..555440

Order at the telomeric end

Gm?20:6821145..28808576 Order
Gm?20:31195240-32613841 Order
Gm?20:41164749..41259620 Order

This observation prompted us to generate microsatellite
markers from scaffold_21 to _30 of larger than 450 kb
among the 1,148 unanchored sequence scaffolds in the
soybean draft genome sequence (Schmutz et al. 2010).
However, only scaffold_28 was mapped to Chr 11 by the
two markers Sca-28-tal and Sca-28-ta2, probably because
of highly repetitive and gene-poor nature of the scaffold
sequences, as shown by Schmutz et al. (2010).

Diversity and distribution of indel variation
in the marker-sparse regions

The low success rate of the initial targeted indel marker
mapping suggested that many chromosomal regions might
contain lower levels of polymorphism between Hwangke-
um and IT182932 than between Williams 82 and
IT182932. Otherwise, the low rate suggested that a large
portion of the putative indels were false. Therefore, in the
rest of our efforts to saturate the remaining marker-sparse
regions, primer pairs designed from the putative indels
were tested on a set of 12 diverse soybean accessions
including Williams 82, Hwangkeum, and IT182932 listed
in “Materials and methods” to obtain an estimated level of
PCR product length polymorphism associated with the
putative indels. Of the 405 tested primer pairs, 323 pro-
duced single polymorphic bands in the set of 12 soybean
cultivars. The remaining 82 primer pairs produced single
monomorphic (n = 23), multiple monomorphic (3), or
multiple polymorphic PCR products (54) or, in 2 cases, no
product. The overall accuracy of the indel detection
including the primer pairs that produced single polymor-
phic bands and multiple polymorphic PCR products was
93 % (377/405). Of the 323 primer pairs that produced
single polymorphic bands, 321 produced the same sized
bands either from both Williams 82 and Hwangkeum or
from both Hwangkeum and IT182932, while 2 (for
GSINDEL89468 and GSINDEL70333) produced three
different sized bands among Williams 82, Hwangkeum,
and IT182932. Interestingly, only 227 of 323 (70 %) that
produced single polymorphic bands between Williams 82
and IT182932 produced bands polymorphic between
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Hwangkeum and IT182932, and all the 227 primer pairs,
suitable for development of single-locus markers, were
used to map the indel sites in the HI population. Although
our general strategy focused on the development of single-
locus markers, of the 54 primer pairs that produced mul-
tiple polymorphic PCR products, 31 that produced different
bands clearly separated from each other and showed
polymorphic bands at the predicted size were used to
generate markers. All marker loci genotyped using the 31
primer pairs were mapped to the targeted marker chro-
mosomal regions and, consequently, were very useful for
saturating large marker-sparse regions.

The mean polymorphism information content (PIC) of
the indel loci detected by the primer pairs that produced
single bands among the set of 12 soybean accessions was
estimated to be 0.2734 (Table S2). This low diversity is
because 138 of the 258 primer pairs produced unique
polymorphic bands from IT182932, while producing the
same sized bands in the remaining 11 soybean accessions.
The analysis of the diversity of indels between wild and
cultivated soybean populations has not been extensively
studied. In the diversity analysis of single nucleotide
polymorphisms (SNP) using resequencing data of 31 wild
and cultivated soybeans, 35 % of SNPs were wild-specific,
5 % of SNPs were cultivated-specific, and 32 % of SNPs
were present in both (Lam et al. 2010). With the assump-
tion that indels would show the same pattern as SNPs, at
least 35 % or as high as 67 % of indels detected between
Williams 82 and IT182932 would be expected to show
polymorphisms between Hwangkeum and IT182932. The
success rate (56 %) of single-locus marker generation for
the mapping in the HI population for this set of 405 primer
pairs was lower than 72.5 % (for the 102 primer sets) and
nearly equal to 57 % (for the 804 primer sets) of our two
initial analyses described above. Consequently, many parts
of the final high-resolution genomewide genetic map still
have 3-6 cM marker intervals partly because of the lack of
useful marker generation as a result of the lack of poly-
morphism of the available indels in many parts of the
targeted chromosomal regions. In one case, two microsat-
ellite markers, BARCSOYSSR_06_0382 and BARCSOY
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SSR_06_0383, reported by Song et al. (2010) were mapped
to the region of low indel polymorphism between GSIN-
DEL48466 and GSINDEL48480 that remained as a mar-
ker-sparse region on Chr 6. Therefore, the chromosomal
regions for which it was difficult to design polymorphic
markers may be regarded as low polymorphic chromo-
somal regions in the soybean population or introgression
regions in Hwangkeum from G. soja. To our surprise, our
observations suggested that four chromosomal regions in
the Hwangkeum genome may have been introgressed from
G. soja (Table S3). In these regions, more than half of the
indel markers polymorphic between Williams 82 (G. max)
and IT182932 (G. soja) were shown to be monomorphic
between Hwangkeum and IT182932. For example, across
13.4 cM between GMES1600 and GMES6736 on Chr 9,
only 5 of 19 indels that were found to be polymorphic
between Williams 82 and IT182932 were polymorphic
between Hwangkeum and IT182932. This possibility was
further tested by the alignment of the resequencing data of
Hwangkeum and IT182932 genomes to the Williams 82
draft genome sequence, as described below.

Examination of discrepant regions between the genetic
and sequence-based physical maps

We integrated a total of 1,154 sequence-based markers to
the HI genetic map previously described by Yang et al.
(2008). Data from the 1,575 markers were used for linkage
analysis. The 20 linkage groups (LOD value of 10) corre-
sponded to the 20 chromosomes of soybean (Table S1;
Fig. 1). All marker intervals were below 6 cM. We inte-
grated the genetic linkage map and the soybean genome
sequence by assigning each marker to a unique position in
the Williams 82 reference genome sequence (Glymal) by
BLAST searches. Since only unique sequences were used
to construct the markers, we were able to unambiguously
assign each marker to one location in the genome with the
exception of a group of markers generated from the ribo-
somal DNA sequences. We noticed that, since the HI
population consisted of only 113 recombinant inbred lines,
one recombination corresponded to approximately 0.4 cM.
The marker intervals of less than 0.4 cM were usually
obtained by double crosses surrounding markers or by
missing data points, indicating that our genetic mapping
data were unable to determine the marker order below
0.4 cM. Therefore, where marker intervals were less than
0.4 cM due to a lack of recombination between markers,
we placed the markers into the same order as they were
found in the genomic sequence.

By comparing the positions and orders of the markers on
the genetic and sequence-based physical maps, we were
able to detect 41 discrepant segments between the two

maps (Table 2; Fig. 1; Table S1), which corresponded to
approximately 71 Mb (7.5 %) of the 950-Mb Williams 82
sequence assembly. First, the positions of 15 markers were
different between the genetic and sequence-based physical
maps: (a) 7 were located on different chromosomes from
those identified by pseudomolecules of the soybean draft
genome sequence; (b) 6 were located on the unanchored
scaffolds (scaffold_23, _28, _41, and _57); (c) 2 were
absent in the draft genome sequence. We predicted putative
locations of the three anchored scaffolds by screening
1,000 N bps that were inserted for joining scaffolds at the
time of the generation of the Glymal pseudomolecule
version of the soybean draft genome sequence (Schmutz
et al. 2010) and then attempted to retrieve sequences
connecting the scaffolds to both sides of the 1,000 N bps
by long PCR (Table S4). For scaffold_23 and _28, we
failed to retrieve the sequences likely because the ends of
the two scaffolds contained repetitive sequences. For
scaffold_41, we were able to obtain 4.5 and 9.9 kb of the
two connecting sequences that match with one of both ends
of scaffold_41 and one of both sides flanking the 1,000 N
bp, respectively (GenBank Accession No. JQ924193 and
JQ924194). In other words, Scaffold_41 was inserted at a
1,000-N-bp position located at 39,027,038 position of
pseudomolecule Gm17. Second, the orders of markers on
the 26 regions greater than 0.4 cM in the genetic map were
different from those detected by the BLAST searches in the
draft genome sequence (Table 2). Notably, five discrepant
regions were located at the ends of the chromosomes. With
the assumption that these regions resulted from apparent
misorientation of large scaffolds, we attempted to correct
the errors. For the upper end of Chr 13, our BLAST sear-
ches of rDNA-derived markers against the draft genome
sequence suggested that the disagreement was mainly
caused by misplacement of rDNA repeat segment, which is
usually found at the very end of the chromosomes in other
plants. The rDNA sequences were inserted in a dispersed
manner around the 14 Mb position of Gm13 and most
rDNA sequences were likely filtered out during the
assembly of the draft genome sequence. Thus, the dis-
crepant segment, ranging from position 1 to 15,676,679 of
Gm13, was inverted as indicated by a comparison of the
genetic and sequence-based physical maps (Figs. 1, 2;
Table S1). For the lower ends of Chr 5, Chr 11, and Chr 14
and upper end of Chr 19, our survey of the Genome
Browser at Soybase (http://soybase.agron.iastate.edu/)
indicated that the beginning points of the regions of dis-
agreement likely corresponded to the break points between
the two syntenic blocks from the same homeologous
chromosome with the opposite orientation than that in the
current soybean draft genome sequence (Fig. S1). By
examining the end sequences of the soybean bacterial
artificial chromosome (BAC) clones as well as Glycine
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Fig. 1 Soybean linkage groups and their alignment to the soybean
genome sequence. Linkage group (left)/pseudomolecule (right) pairs
are presented for each chromosome. They are oriented such that the
start of the bp and map distances (0) is at the top of each chromosome.
The location of each marker is indicated by a dot on the genetic map
and a dot on the genomic sequence. Corresponding location for each
marker is indicated by a black or red line. The red line indicates

max-WGS sequences retrieved from the GenBank dat-
abases (http://www.ncbi.nlm.nih.gov/) by BLAST sear-
ches, we were able to identify the putative beginning points
of the regions of disagreement at the sequence level.
Interestingly, those predicted positions corresponded to
positions of the 1,000 N bps (Schmutz et al. 2010). For the
Chr 5, Chr 14 and Chr 19, missing sequences at the
beginning points were determined by sequencing long PCR
products amplified from the genomic DNAs of 1T182932,
Hwangkeum and Williams 82 using primer pairs designed
from the very ends of the agreement region for one and of
the pseudomolecule for the other. Sequences of PCR
fragments amplified from Williams 82 were fully deter-
mined (GenBank Accession No. JQ924190, JQ924192, and
JQ924195). Single-pass sequences of PCR fragments
amplified from IT182932 and Hwangkeum were compared
with the Williams 82 sequences to check that we were
sequencing the expected PCR products as well as to find
polymorphic sites for generation of markers described
below. Both ends of the sequences aligned perfectly to the
respective end of the agreement region and of the
pseudomolecule as predicted after removing the ambigu-
ous sequence parts based on trace profiles of shotgun
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marker-order disagreement regions between the genetic linkage map
and pseudomolecule. Approximate centromere positions proposed by
Schmutz et al. (2010) are indicated by the thick red dots. The scale for
the linkage groups (cM) is on the left and the scale for the genomic
sequence (Mb) is on the right. Note that the recombination rate is not
uniform across the chromosome with higher recombination rates at
the distal ends and lower in the central centromeric region

sequences, indicating that the sequences represented mis-
assembled locations in the pseudomolecules. Therefore, the
sequences were used as a bridge to connect the regions of
agreement to the inverted regions of disagreement regions
to obtain corrected assemblies of the pseudomolecules
GmO05, Gm14, and Gm19. However, for the Chr 11, our
PCR attempts using the scheme described above failed or
produced numerous products. Then, the genomic DNA
sequence corresponding to the soybean EST BE020413 on
Chr 11 which is highly similar to the end of the agreement
region was determined. A long PCR amplification using a
pair of primers designed from the genomic DNA sequence
containing BE020413 and the very end of the pseudo-
molecule produced several PCR products. One of them,
approximately 10 kbp, was completely sequenced. One end
of the sequence was aligned to the end of the pseudomol-
ecule Gml1, but the other end of the sequence was not
similar to the genomic sequence of BE020413, indicating
that the sequenced PCR product was amplified from spe-
cific binding of the primer designed from the end of the
pseudomolecule and from nonspecific binding of the primer
designed from the genomic sequence of BE020413. Nev-
ertheless, these two sequences, which were end-sequences
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Fig. 2 Soybean linkage groups and their alignment to corrected
pseudomolecules of Gm05, Gm11, Gm13, Gm14, and Gm19 in the
soybean genome sequence. Pseudomolecule (left)/linkage group
(middle)/corrected pseudomolecule (right) pairs are presented for
each chromosome. They are oriented such that the start of the bp and
map distances (0) is at the top of each chromosome. The location of
each marker is indicated by a dot on the genetic map and a dot on the
genomic sequence. The corresponding location for each marker is
indicated by a black, blue, or red line. The red line indicates marker-
order disagreement regions between genetic linkage map and
pseudomolecule and blue line indicates corrected marker-order
agreement regions between the genetic linkage map and pseudomol-
ecule. The scale for the linkage groups (cM) is on the left and the
scale for the genomic sequence (Mb) is on the right

of the potentially missing sequence in the pseudomolecule
Gmll, were used to download the unplaced WGS
sequences from the Glycine max-WGS trace achieves
database (http://blast.ncbi.nlm.nih.gov/). As sequences of
shotgun clones were determined by mate pair sequencing,
we could assemble the sequences clone-by-clone consid-
ering the orientation and distance between the mate pair
sequences of the clones. Finally, we obtained approxi-
mately 48.6 kbp of the potentially missing sequence with
some ambiguous parts between the mate pair sequences
(GenBank Accession No. JQ924191).

To substantiate that the sequences indeed correspond to
the missing sequences that connect between the beginning
points of the regions of disagreement and the ends of the
current pseudomolecules, markers were generated from the
polymorphic sites between their corresponding sequences
obtained from Hwangkeum and IT182932. Indel poly-
morphisms were observed between Hwangkeum and
IT182932 from the alignment of all sequences corre-
sponding to the break points of the regions of disagreement
of marker orders obtained from GmO05, Gm14, and Gm19.

The indel polymorphisms were used to generate markers.
The markers Chr5A1-L, Chrl4-L, and Chrl19-U were
mapped to the predicted position in the genetic linkage
map, respectively, at Chr 5, Chr 14, and Chr19. For Chr 11,
three microsatellite repeat sites in the 48.7-kbp sequence
were used to generate markers Chrll-La, Chrll-Lb, and
Chrl1-Lc. All the three markers were mapped to the pre-
dicted positions with a total genetic distance of 2.1 cM.
Taken together, these results are convincing evidences that
four regions of disagreement between genetic and
sequence-based physical maps, which were located at the
ends of Chrs 5, 11, 14, and 19, are misassembled regions in
the pseudomolecules of the soybean draft genome
sequence and indicated that although we cannot exclude
unknown natural phenomena such as chromosomal rear-
rangements, most of the discrepant regions of marker
orders between the genetic and sequence-based physical
maps are likely misassembled regions in the pseudomole-
cules of the soybean draft genome sequence.

Integration of genetic linkage map and genome
sequence

After adding the 6 markers generated from the misassem-
bled regions at the telomeric ends of Gm05, Gm11, Gm14,
and Gm19, the mapping data set containing a total of 1,581
markers were subject to a linkage analysis. Chr 1 contained
the largest number of markers with 128 and Chr 4 con-
tained the least number of markers with 59. The 20 linkage
groups (LOD value of 10) corresponded to the 20 chro-
mosomes of soybean (Table S1; Fig. 1). The map spanned
a total length of 2,361.2 cM with an average of 1.5 cM
between markers. The largest marker interval was 5.9 cM.
The genetic length for each chromosome ranged from
919 cM (Chr 16) to 155.3 cM (Chr 8). Our total map
distance was 45.9 cM longer than the 2,315.3 ¢cM of map
distance of the HI map reported in 2008 (Yang et al. 2008).
One of the main reasons for this increase was addition of
novel markers at the ends of linkage groups. For example,
the addition of seven novel markers to the upper telomeric
end of Chr 20, which was the shortest linkage group in the
2008 HI map, resulted in an increase of 14.3 cM. The
addition of seven novel markers to the lower telomeric end
of Chr 9 resulted in an increase of 11.8 cM. The marker
density of each chromosome ranged from 403.6 to
853.4 kb/marker, with an average of 600.9 kb/marker
(Table S5). There were 63 (6 %) marker intervals between
1 and 2 Mb and 63 (6 %) marker intervals larger than
2 Mb (Table S1). Relative to the centromeres localized by
the centromeric repeat sequence positions in the soybean
draft genome sequence, less than ten markers were dis-
tributed in the 10 Mb regions flanking the centromeres on
each of the soybean chromosomes. Thus, most of markers
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were distributed in the paracentromeric or telomeric
chromosomal regions.

Recombination frequency in a genomic context

The relative changes in recombination rates along each
chromosome were examined by comparing the genetic and
physical distances between the neighboring markers
(Fig. 3; Fig. S2). The average recombination rate for each
chromosome was similar to each other, ranging from 1.9 to
3.4 cM/Mb with a genomewide average of 2.5 cM/Mb
(Table S5). However, recombination rates varied dramati-
cally across the genome, from 0 to 107.0 cM/Mb.
Recombination rates of approximately 170 marker inter-
vals were higher than 20 cM/Mb, which is excess of
eightfold as compared to the average of each chromosome
(Fig. 3; Fig. S2). As has been demonstrated in numerous
other systems (Nachman 2002; Morrell et al. 2012), we
observed low recombination rates in centromeric and
pericentromeric regions of each chromosome with low
gene and high transposable element (TE) density and
higher recombination rates in telomeric regions with high
gene and low TE density (Fig. 3; Fig. S2).

Chromosome19
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cM or cMiMb
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Number
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Fig. 3 Diversity along soybean chromosomes 19-20. The horizontal
axes are in units of million base pairs along the Williams 82 reference
genome and approximate centromere positions proposed by Schmutz
et al. (2010) are indicated by the thick arrows. Top panel shows
relationship between physical and genetic positions (cM, black line),
and corresponding recombination rates (cM/Mb, red line) calculated
from 100-kb sliding windows for the genomic regions between
adjacent markers; the discrepant regions between the genetic and
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The quantitative relationship between the recombination
rate and the gene or the TE density was examined by
plotting the gene and TE content of each map interval
against the corresponding recombination rate (Fig. 4). For
this analysis, we used the corrected assemblies for the
pseudomolecules GmO0S5, Gm11, Gm13, Gm14, Gm17, and
Gm19, as described above. The remaining discrepant
regions between the genetic and sequence-based physical
maps were excluded, as shown by discontinuities in Fig. 3.
In addition, 0 recombination rate values generated by co-
segregating markers were not included. Regression analy-
sis showed a significant positive relationship between the
recombination rate and the percentage of gene sequence in
an interval (Fig. 4). There was a significant negative rela-
tionship between the recombination rate and the percentage
of TE sequence, the largest non-gene component in the
soybean genome, in an interval (Fig. 4) and, vise verse, a
significant positive relationship between the recombination
rate and the percentage of TE-excluded DNA sequence in
an interval (Fig. 4). Relative to a similar analysis with
Brachypodium genome reported by Huo et al. (2011),
gradient of our logarithmic model curve between the
recombination rate and the percentage of TE sequence is

Chromosome 20
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10 20 30 40

sequence-based physical maps are shown by discontinuities. Middle
panel shows numbers of genes per 100 kb (black line) and numbers of
transposable elements (TE) per 100 kb. Bottom panel shows numbers
of single nucleotide polymorphic (SNP) sites per 100 kb (left y axis)
and percentages of shared SNPs of Hwangkeum per the number of
SNPs for IT182932; green lines are Williams 82K, blue lines

IT182932, red lines Hwangkeum, and black lines % shared SNP



Theor Appl Genet (2013) 126:1103-1119

1115

A 100
% y = 5.3746In(x) + 23.994
= 80 ) R?* = 0.259
é p <0001
8 70
5 60
g. 50
a 40
E’ 30 {+
T 20
o
o 10
0 .
0 5 10 15 20 25 30 35 40 45 50
Recombination rate (cM/Mb)
B
y = -5.089In(x) + 12.811
R2 = 0.4863
=
s p<0.001
3 o
c
@
=]
o
@
w
w
=

0 5 0 15 20 25 30 35 40 45 50
Recombinationrate (cM/Mb)

-
o
(=}

o e Al

80 '

o y = -5.0893In(x) + 87.189
- R? = 0.4863

i p<0.001

50

401

20
10

TE-excluded sequence (%) O

0 5 10 15 20 25 30 35 40 45 50
Recombination rate (cM/Mb)

Fig. 4 Correlation of genome features with recombination rates. The
percentages of coding sequence (a), transposable element (TE)
sequence (b), and TE-excluded sequence (c) contained in each
interval were calculated and plotted against the recombination rate
(cM/Mb). A logarithmic model was applied to each dataset and the
correlation coefficient calculated

much steeper in the low recombination rate intervals of
0-10 cM/Mb likely because many of those intervals con-
tain <10 % TE sequences. This difference suggests that a
majority of the approximately 100 Mb of unassembled
repetitive sequences in the current Williams 82 genome
assembly (Schmutz et al. 2010) should have been incor-
porated into those intervals.

The overall recombination rate for the soybean was
lower than those for Arabidopsis, Brachypodium, and rice
with small genomes below 500 Mb and higher than those
for maize and sorghum with large genomes above 500 Mb
(Table S6). In particular, genetic map lengths of both
soybean and maize were approximately 2,350 cM, even
though the maize genome is 2.45 times larger than the
soybean genome. However, the question remained whether

the estimated recombination rate of one species is unusu-
ally high or low relative to that of other well-studied spe-
cies, as attempted by the genome studies of Arabidopsis
lyrata (Kuittinen et al. 2004) and Brachypodium distach-
yon (Huo et al. 2011). The correlation between genome
sizes and recombination rates has not been examined.
Recent completion of numerous high-quality genome
sequences driven by the next-generation sequencing plat-
forms (Table S6) provided a unique opportunity to address
this question. Interestingly, the adjusted recombination rate
value of 5.9 cM/Mb of soybean, calculated by dividing the
map length by the sequenced genome size excluding TE,
was similar to those of the highly studied A. thaliana, rice,
and maize. However, a test of the variability of the
recombination rates estimated from the sequenced genome
sizes is not significantly different from that of recombina-
tion rates estimated from the TE-excluded sequenced
genome sizes (F test, P = 0.619). Therefore, our results
indicated that TE contents are not the sole and major
determinant of genomewide average recombination rates.
Other chromosomal features such as the number and
location of centromeres and the density of recombination
hot spots may play an important role in determining ge-
nomewide average recombination rates. Our results sug-
gested that the recombination rate of the soybean genome
is not unusually high.

Identification of introgression regions in Hwangkeum

Four PIRs in Hwangkeum from G. soja were detected
from the genotyping of indel markers developed in this
study. Numerous introgression regions were recently pre-
dicted from the analysis of about 5x coverage rese-
quencing data of 31 soybean accessions (Lam et al. 2010).
In this study, we predicted the genomewide introgression
region by aligning 21 x coverage of genome resequencing
data of Hwangkeum generated in this study and those of
IT182932 reported by Kim et al. (2010) to the G. max
reference sequence. A Williams 82 line (referred to as
Williams 82K) that have been maintained in Korea
Research Institute of Bioscience and Biotechnology
(KRIBB) was resequenced to 17x coverage as a check.
For each of the three accessions, the alignment indicated
that more than 93 % of the reference genome was covered
with at least five sequencing reads (Table S7). The map-
ping of the resequencing data of Williams 82K showed a
degree of SNP call rate (approximately 1,000-2,000 SNP/
100 kb) on small regions of Chrs 3, 7, 12, 14, 15, and 20
(Fig. 3; Fig. S2), consistent with the Kingwa introgression
spots detected in the Illumina Infinium SNP genotyping
(Haun et al. 2011) and showed extremely low or no SNP
variation in the other chromosomes. This indicates that our
mapping of the resequencing data is sound. The number of
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SNP detected in IT182932 was approximately two times
higher than that in Hwangkeum. Of the approximately 3.1
million SNPs, which were predicted from IT182932 and
Hwangkeum against the Williams 82 sequence assembly,
473,886 (38.3 % of Hwangkeum and 19.7 % of IT182932)
were shared between the two variants (Fig. S3).

To quantitatively examine the correlation of the distri-
bution of SNPs along each chromosome in Hwangkeum
versus IT182932 soybeans, the number of SNPs in a sliding
100-kb window was plotted along the sequence map of
each chromosome. The average number of SNPs per
100-kb window was 130 in Hwangkeum and 252 in
IT182932 (Fig. 3; Fig. S2). The genotypes of SNPs in a
sliding 100-kb window were scored for each individual and
the percentage of shared SNPs of Hwangkeum per the
number of SNPs for IT182932 was calculated in each
window. Among the regions where there were more SNPs
in both Hwangkeum and IT182932 than the average, more
than 50 chromosomal regions were identified as PIRs in
Hwangkeum where the percentage of shared SNPs was
higher than 50 %. Half of these PIRs were identified in the
gene-rich chromosomal regions. Interestingly, they always
corresponded to one of the approximately 40 chromosomal
regions where Hwangkeum had higher number of SNPs
than IT182932. The remaining PIRs were identified in the
gene-poor pericentromeric regions. Interestingly, several of
those PIRs, which were located on Chrs 3, 16, 18, and 19,
contained much higher-than-average numbers of SNPs and
showed higher than 70 % shared SNPs. It would be inter-
esting to further explore how and when such PIRs in the
pericentromeric regions where recombination rates are
extremely low have originated. However, they may not be
identified by conventional genetic mapping but by other
methods including genome resequencing performed in this
study. Two chromosomal regions, which were on Chr 2 and
Chr 10, showed higher-than-average SNPs in Hwangkeum
and much lower-than-average SNPs in IT182932. We
presume that these two regions may be putative intro-
gression regions in Williams 82 from G. soja. Among the
four PIRs that were presumed to be introgression regions in
Hwangkeum from G. soja on the basis of indel marker
genotyping (Table S3), three that were predicted on Chr 3,
Chr 9, and Chr 15 were supported by more than 50 %
shared SNP and one that was predicted on Chr 6 was
supported by more than 40 % shared SNPs. The potential
introgression regions on Chr 6 contained a misoriented
Williams 82 assembly region, thereby indicating that
shared SNP percentage might be underestimated. There-
fore, our PIR identification results that used resequencing
data of two parental soybean genomes in our mapping
population not only supported the PIRs predicted by the
marker genotyping but also provided many additional
PIRs.
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Discussion

The development of a comprehensive genomewide genetic
map for soybean provides a resource for understanding the
dynamic genetic features of its physical chromosomes.
Using publicly available markers as well as markers gen-
erated from indel polymorphisms detected by comparing a
cultivated and a wild soybean genome sequence (Kim et al.
2010), we have developed a comprehensive soybean
genetic linkage map of densely and evenly spaced markers
in a single population. Relative to the previously published
soybean maps that had several intervals larger than 10 cM
in which no markers were present, the average intervals
between markers in the current map was 1.5 cM and the
largest interval was 5.9 cM. Comparison of the genetic
linkage map with the soybean draft genome sequence
(Schmutz et al. 2010) revealed that colinearity of the
genetic and physical maps was mostly conserved with
putative erroneously assembled or naturally occurring
discordant regions in 7.5 % of the draft genome sequence.
We then obtained convincing evidence to affirm the correct
placement of five misoriented regions, estimated to be the
largest portion of the misassembled regions. In addition,
one unanchored scaffold was positioned by a long PCR
approach. Seven marker sequences indicated that small
portions of the pseudomolecules of the draft soybean
genome sequence likely consisted of misplaced scaffolds.
Two mapped markers were absent in the current Williams
82 assembly. These results suggested that most of the non-
collinear regions between the genetic and sequence-based
physical maps detected in this study likely represent errors
in the Williams 82 assembly, although some of the regions
may represent chromosomal rearrangements, as evidenced
by the identification of a reciprocal translocation of chro-
mosomal segments between chromosomes 11 and 13 in
two wild soybean accessions (Findley et al. 2010). In other
words, although the current Williams 82 sequence assem-
bly did incorporate information of the 356,157 BAC end
sequences, the soybean genome sequence essentially
obtained from the whole genome shotgun sequence
assembly (Schmutz et al. 2010) likely has some degree of
assembly error as observed in the whole genome shotgun
assemblies of rice and maize (International Rice Genome
Sequencing Project 2005; Ganal et al. 2011). A comparison
of the map-based sequence and two whole genome shotgun
assemblies of the rice genome revealed that a substantial
portion of the contigs from the two assemblies were non-
homologous, misaligned, or provided duplicate coverage
(International Rice Genome Sequencing Project 2005). The
draft genome sequence of maize was obtained in quite a
similar way to that of soybean. A comparison between the
maize genome sequence and the two independent genetic
maps revealed that 172 mapped markers were absent in the
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current maize assembly and, among many, five putative
major misassembled regions (Ganal et al. 2011). Taken
together, our results suggested that the soybean draft genome
sequence contains some degree of inaccuracy, an inevitable
downfall in the whole genome shotgun sequence assembly
method. Therefore, our results can be used for future
improvements of the Williams 82 reference sequence.

Genetic recombination is a vital component of crop
genetics and breeding, as it generates new combinations of
genes available for crop improvement. Genomewide dis-
tributions of recombination have been described for many
animal and plant species including human, mouse, Ara-
bidopsis, rice, maize, tomato, wheat, and Brachypodium
(Gaut et al. 2007; Huo et al. 2011). In these cases,
recombination rates in the repeat-rich centromeric and
pericentromeric regions are much lower than rates in the
gene-rich distal regions (Drouaud et al. 2006; Jensen-Sea-
man et al. 2004; Wright et al. 2003; Wu et al. 2003).
Although variations of recombination rates along soybean
chromosomes were previously examined using composite
maps (Schmutz et al. 2010; Ott et al. 2011), the quantitative
relationship between the recombination rate and the gene
or the TE density in soybean was poorly addressed likely
because of the limitation of the composite maps. We
identified the physical locations of the marker sequences on
the soybean chromosomes. Then, we studied the physical
distribution of recombination on chromosomes by com-
paring the linkage map with the sequence-based physical
map. The corrected pseudomolecules were analyzed to
determine the recombination rate. The uneven distribution
patterns of recombination on chromosomes were clear.
High recombination was generally observed in the telo-
mere regions as compared to the centromere regions. These
observations are in line with several previous studies of
other plant species, which showed a suppressed recombi-
nation in centromeric and pericentromeric regions and
enhanced recombination in telomeric regions (Chen et al.
2002; Schnable et al. 2009; Saintenac et al. 2009; Yu et al.
2009). In agreement with studies in rice, maize, wheat, and
Brachypodium (Anderson et al. 2006; Dvorak et al. 2004;
Tian et al. 2009; Huo et al. 2011), our genomic composi-
tion study indicated that the recombination rate correlated
positively with gene density and negatively correlated with
TE density in soybean. The adjusted recombination rate
value of soybean calculated by dividing the map length by
the sequenced genome size excluding TE was similar to
those of the highly studied rice and maize, suggesting that
the overall recombination rate of soybean is not unusually
high. Collectively, the overall pictures of recombination
rate along chromosomes were not different from those of
other organisms.

Previous genomewide genetic mapping efforts of soy-
bean have frequently ended up with 20 plus linkage groups,

which is more than the soybean haploid chromosome
number, with many intervals longer than 20 cM. The
marker-rich regions were interpreted to be closely associ-
ated with gene-rich regions in terms of a relationship of
marker and gene distributions (Choi et al. 2007; Cregan
et al. 1999; Marek et al. 2001; Mudge et al. 2004; Ott et al.
2011), as attempted in a number of higher plants (Sandhu
and Gill 2002; Erayman et al. 2004; Carels et al. 1995;
Barakat et al. 1997; Anderson et al. 2006). Genotyping of
candidate indel markers in soybean accessions revealed
that the four chromosomal regions that are gene-rich and
marker-poor are the PIRs in Hwangkeum from G. soja. The
mapping of the resequencing data of Hwangkeum and
IT182932 against the draft genome sequence supported the
four regions as PIRs, and far more such regions like these
were identified. Given that Lam et al. (2010) predicted a
total of 431 potential regions of introgression from the
resequencing analysis of 31 wild and cultivated soybean
genomes, approximately 50 PIRs predicted in this study
may not be surprising. As to which portions of the PIRs
identified by the simple comparison method of two G. max
and G. soja data are true introgression regions needs to be
rigorously tested by analyzing the resequencing data of
multiple soybean accessions. Nevertheless, our results
suggested that marker-poor chromosomal regions may not
always correspond to gene-poor and low polymorphic
regions, but some of those regions may represent intro-
gression regions in G. max from G. soja, which are pre-
valent in soybean (Lam et al. 2010). Several important crop
species, including tomato, barley, and wheat, have been
improved by use of their wild relatives. However, wild
soybean has been poorly used for soybean improvement
with limited success (Stupar 2010). Consistent with a
recent report that introgressions are prevalent in soybeans
(Lam et al. 2010), our results suggest that the influence of
wild introgressions on the soybean germplasm has been
underestimated. Further studies of the predicted introgres-
sion regions should provide insight into the ancient
breeding history as well as the utility of wild soybeans in
improving cultivated soybeans.
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