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Abstract Like many widely cultivated crops, soybean

[Glycine max (L.) Merr.] has a relatively narrow genetic

base, while its perennial distant relatives in the subgenus

Glycine Willd. are more genetically diverse and display

desirable traits not present in cultivated soybean. To

identify single-nucleotide polymorphisms (SNPs) between

a pair of G. latifolia accessions that were resistant or sus-

ceptible to Sclerotinia sclerotiorum (Lib.) de Bary,

reduced-representations of DNAs from each accession

were sequenced. Approximately 30 % of the 36 million

100-nt reads produced from each of the two G. latifolia

accessions aligned primarily to gene-rich euchromatic

regions on the distal arms of G. max chromosomes.

Because a genome sequence was not available for G. lat-

ifolia, the G. max genome sequence was used as a reference

to identify 9,303 G. latifolia SNPs that aligned to unique

positions in the G. max genome with at least 98 % identity

and no insertions and deletions. To validate a subset of the

SNPs, nine TaqMan and 384 GoldenGate allele-specific

G. latifolia SNP assays were designed and analyzed in F2

G. latifolia populations derived from G. latifolia plant

introductions (PI) 559298 and 559300. All nine TaqMan

markers and 91 % of the 291 polymorphic GoldenGate

markers segregated in a 1:2:1 ratio. Genetic linkage maps

were assembled for G. latifolia, nine of which were unin-

terrupted and nearly collinear with the homoeologous

G. max chromosomes. These results made use of a heter-

ologous reference genome sequence to identify more than

9,000 informative high-quality SNPs for G. latifolia, a

subset of which was used to generate the first genetic maps

for any perennial Glycine species.

Abbreviations

ITS Internal transcribed spacer

PCR Polymerase chain reaction

PI Plant introduction

QTL Quantitative trait loci

SNP Single-nucleotide polymorphism

Introduction

Soybean [Glycine max (L.) Merr.; 2n = 40] is the sole

domesticated member of 28 known species of the genus

Glycine Willd. (Ratnaparkhe et al. 2011). The genus Gly-

cine has been divided into two subgenera, Glycine Willd.

and Soja (Moench) F. J. Hermann. The subgenus Soja

contains the annuals G. max (cultigen) and its wild pro-

genitor G. soja Sieb. et Zucc; both native to Northeast

Asia. The subgenus Glycine contains 26 perennial species,

including G. canescens Herm., G. clandestina Wendl.,

G. latifolia (Benth.) Newell & Hymowitz, and G. tabacina

(Labill.) Benth. that are native to Australia and grow in a

wide range of climatic conditions (Chung and Singh 2008).

The genetically diverse perennial Glycine species possess

potentially useful genes that so far have not been charac-

terized or used to improve soybean. Useful traits that have
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been identified in the perennial species include genes for

resistance to pathogens that cause brown spot (Lim and

Hymowitz 1987), cyst nematode (Riggs et al. 1998),

Sclerotinia stem rot (Hartman et al. 2000), and soybean rust

(Burdon and Marshall 1981; Hartman et al. 1992). Fertile

plants have been recovered from crosses between G. max

and G. tomentella (2n = 78) Hayata by embryo rescue of

F1 immature seeds, colchicine-induced chromosome dou-

bling, and repeated backcrossing (Singh 2010; Singh et al.

1998). Others have attempted to produce crosses between

G. max and other perennial Glycine species using similar

techniques, but failed to produce fertile lines (Grant 1990;

Hammatt et al. 1992; Newell et al. 1987). As an alternative

to wide crosses, it may be possible with appropriate genetic

and genomic resources, to identify the desirable genes in

the wild relatives by positional cloning and move them into

highly adapted varieties through DNA-mediated transfor-

mation (Dinkins and Collins 2008; Rech et al. 2008).

Recent developments in techniques for high-throughput

genomics have provided tools to characterize genetic

diversity in perennial Glycine species that could be bene-

ficial to soybean production especially when resistance is

generally lacking, as in the case of soybean resistance to

Sclerotinia stem rot. While the genome of G. soja has been

sequenced (Kim et al. 2010), few molecular genetic tools

are available for the perennial Glycine species, and no

molecular markers have been described for G. latifolia to

date. Only a few attempts to use markers developed for

G. max with perennial Glycine species have been successful.

For example, on average about one-third of the primers for

G. max microsatellite markers amplified fragments from

G. clandestina, G. cyrtoloba Tind. or G. tomentella DNAs

(Hempel and Peakall 2003; Zou et al. 2004). To begin to

address the lack of molecular markers for perennial Gly-

cine species, Bronski et al. (2009) identified 13 microsat-

ellite markers that were polymorphic among the A-genome

perennials (G. argyrea Tind., G. canescens, G. clandestina,

G. latrobeana (Meissner) Benth., G. rubiginosa Tind. &

Pfeil, and G. syndetika Pfeil & Craven). However, these

microsatellite markers have not been tested in G. latifolia.

Recently, Hyten et al. (2010a) and Wu et al. (2010)

reported the identification of single-nucleotide polymor-

phism (SNP) markers using high-throughput Illumina

sequencing of reduced representation libraries of genomic

DNA of G. max parental lines and used them to analyze

corresponding mapping populations. In both studies,

greater than 90 % of the SNPs predicted from multiple

sequences and selected for analysis were verified, which

demonstrated the quality of the Illumina sequencing data.

If SNP frequencies are comparable in the perennial Glycine

species with those in G. max, high-throughput next-gen-

eration DNA sequencing could be a powerful tool to

rapidly develop molecular genetic tools for the character-

ization of those materials.

Sclerotinia stem rot (white mold), an important yield-

reducing disease of soybean in the United States (Hartman

et al. 1998), is caused by Sclerotinia sclerotiorum (Lib.) de

Bary, a necrotrophic fungus that produces oxalic acid,

which induces the death of plant tissues before colonization

(Purdy 1979). Inheritance of low levels of resistance to

S. sclerotiorum has been reported in G. max as being multi-

genic with relatively low heritability. Quantitative trait loci

(QTLs) for resistance to Sclerotinia stem rot have been

identified on 17 of the 20 G. max chromosomes (Arahana

et al. 2001; Guo et al. 2008; Huynh et al. 2010; Kim et al.

2000; Li et al. 2010; Vuong et al. 2008). However, the

associated QTLs have explained relatively low levels of the

observed phenotypic variation, making marker-assisted

selection for resistance challenging. In contrast, selected

G. latifolia accessions showed higher levels of resistance to

Sclerotinia stem rot (Hartman et al. 2000). In addition to

enhanced resistance to Sclerotinia stem rot, G. latifolia

accessions have been identified that are significantly more

tolerant to the herbicide 2,4-D (2-4-dichlorophenoxyacetic

acid) than G. max (Hart et al. 1991). Additionally, G. lat-

ifolia accessions have been shown to be tolerant to grazing,

drought, and frost, as well as resistant to infection by

Alfalfa mosaic virus, a common pathogen of soybean in the

Midwestern United States (Giesler and Ziems 2006; Hor-

lock et al. 1997; Jones et al. 1996; Mueller and Grau 2007).

Hence, G. latifolia is a potential source of several agro-

nomically relevant genes for G. max.

As a consequence of whole genome duplications, plant

genomes contain large numbers of genes with very similar

sequences in addition to interspersed highly repetitive

transposable elements (Soltis et al. 2009). These repeated

sequences pose a challenge for the use of high-throughput

sequence data for SNP identification in plant species for

which reference genome sequences are not available.

Recent duplications, like that in the genus Glycine, are

evidenced by the presence of duplicate copies of most

genes, which are often maintained in blocks with similar

gene organizations (Schmutz et al. 2010). In addition other

genes, notably genes for resistance to plant pathogens, are

members of highly conserved gene families (Innes et al.

2008). While methods for SNP identification without a

reference genome sequence have been reported (Ratan

et al. 2010), it can still be difficult to differentiate between

nucleotide sequence variation among duplicated genes and

allelic variation. In this study, we identified SNPs between

G. latifolia accessions that were resistant or susceptible to

S. sclerotiorum using the G. max genome sequence as a

reference to help differentiate between highly conserved

duplicated loci.
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Materials and methods

Plant materials and population development

Glycine latifolia (2n = 40) accessions PI 559298 and PI

559300 were obtained from the USDA Soybean Germ-

plasm Collection in Urbana, Illinois (http://www.ars-grin.

gov/npgs/urbana.html). The responses of the two G. lati-

folia accessions to inoculation with S. sclerotiorum were

confirmed using three to four plants for each accession

grown in five 10-cm pots. Plants were inoculated with

mycelial-agar plugs as described by Hartman et al. (2000)

and evaluated for viability at 1-week intervals and rein-

oculated after 2 and 3 weeks. The experiment was termi-

nated after 4 weeks and repeated once. The numbers of

surviving plants were counted at the end of the experiment

for each accession.

Reciprocal crosses were performed between the two

G. latifolia accessions. Because G. latifolia accessions lacked

obvious phenotypic markers that could be used to confirm

that putative F1 plants were true hybrids, DNA was

extracted from each parent using a DNeasy Plant Mini Kit

(Qiagen, Valencia, CA) and portions of their DCL3 genes

(Glyma04g06060) were amplified by polymerase chain

reaction (PCR) using primers 50-ccgagaaattcaagccctctgcca-

30 and 50-aggggtcaccgctggatgtgt-30. The products were

treated with ExoSAP-IT (Affymetrix, Cleveland, OH) and

directly sequenced with Big Dye fluorescent terminator

sequencing reagents (Applied Biosystems, San Diego,

CA) as recommended by the manufacturers and analyzed

at the University of Illinois, W.M. Keck Center for

Comparative and Functional Genomics. DNA from puta-

tive F1 plants was similarly extracted, amplified and

sequenced to confirm that the plants were true hybrids.

The DCL3 gene was selected because it is relatively large

([10 kb) and single copy in the G. max genome (Schmutz

et al. 2010).

Library construction and sequencing

DNA was extracted from leaf tissue of PI 559298 and PI

559300 as described above. For each accession, 50 lg of

DNA was digested with four methylation-insensitive

restriction enzymes, HaeIII, MslI, PstI, and SspI, and one

enzyme, RsaI, cleavage by which is blocked by some

combinations of overlapping CpG methylation, as descri-

bed by Hyten et al. (2010a). DNA fragments of 300 to

500 bp were excised from agarose gels and purified using

a QIAquick Gel Extraction Kit (Qiagen). To control for

bias in the distribution of G. latifolia sequence reads

aligned to G. max chromosomes that may have been

introduced by restriction enzyme digestion, DNA from PI

559298 was randomly fragmented by nebulization at

220 kPa for 1 min to produce fragments with an average

size of 500 bp. Approximately 4 lg of each DNA sample

was ligated to sequencing adapters and sequenced on

Illumina sequencers (Illumina Inc., San Diego, CA) at the

W. M. Keck Center. Single-end reads of restriction

enzyme digested DNAs of PI 559298 and PI 559300 were

sequenced in a single lane using Illumina Multiplexing

Sample Preparation and Sequencing Primer kits. Sequence

reads from the multiplexed data were assigned to each

accession using Illumina Pipeline Analysis software.

Paired-end reads of the randomly sheared DNA of PI

559298 were sequenced in a separate lane. Low-quality

G. latifolia sequence reads and sequence reads that

aligned to the G. max chloroplast genome sequence (Saski

et al. 2005) were removed from the data sets using the

programs fastq_quality_filter (http://hannonlab.cshl.edu/

fastx_toolkit/) and Bowtie2 (Langmead and Salzberg

2012), respectively. To estimate the error rate in the

sequencing reactions, filtered reads were aligned to four

contig sequences (24–32 kb each) representing approxi-

mately 110 kb of the G. latifolia genome sequence that

were assembled from the paired-end reads from randomly

sheared DNA of PI 559298 using ABySS (Simpson et al.

2009). The filtered reads also were aligned to the G. max

genome (Schmutz et al. 2010) and sequences of large-

insert bacterial artificial chromosome (BAC) clones from

a diploid G. tomentella accession (Wawrzynski et al.

2008) using Bowtie2 and the ‘‘-very-sensitive’’ preset,

which allowed for insertions and deletions and up to 12

mismatches in comparisons of the G. latifolia sequence

reads to G. max and G. tomentella sequences. Glycine

tomentella is another perennial relative of G. max, and is

more closely related to G. latifolia than to G. max (Rat-

naparkhe et al. 2011). Consequently, a larger proportion of

G. latifolia sequence reads were expected to align to G.

tomentella than to G. max sequences. The filtered reads

depleted of chloroplast sequences were also aligned to the

predicted amino acid sequences of G. max and G. tom-

entella transposable elements (Wawrzynski et al. 2008)

using USEARCH (Edgar 2010) and an E-value threshold

of 1.0 9 10-3. Sequence reads were deposited in the

Sequence Read Archive (SRA052163.2, http://www.

ncbi.nlm.nih.gov/Traces/sra) at the National Center for

Biotechnology Information.

SNP discovery

Because a reference genome sequence was not available

for G. latifolia, the G. max genome sequence was used to

differentiate between informative SNPs and sequence

variation in members of multigene families and between

homoeologous genes that resulted from the whole-gen-

ome duplication that occurred in the genus Glycine
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between 5 9 106 and 1 9 107 years ago (Gill et al.

2009). Sequences from the two G. latifolia accessions

that were polymorphic at a single position and were

detected from 3 to 20 times from each accession were

aligned to the G. max genome using Bowtie2. Potential

SNP markers were selected from G. latifolia sequences

that were at least 98 % identical to G. max sequences

with no insertions or deletions, and that aligned at a

single location in the G. max genome. The alignment

parameters were selected to differentiate between ho-

moeologous loci because in G. max homoeologs share

from 54 to 97 % nucleotide sequence identity (Schlueter

et al. 2007). Initially, four and five loci allele-specific

real-time PCR assays were designed using the Custom

TaqMan Assay Design Tool (Applied Biosystems, Foster

City, CA) to SNPs that mapped to G. max chromosome

4 and satellite chromosome 13, respectively, and

obtained from Applied Biosystems (Supplemental

Table 1). Subsequently, 384 GoldenGate SNP assays

were designed using Illumina DesignStudio for SNPs that

mapped to all 20 G. max chromosomes at an average

spacing between SNPs of 2.4 9 106 bp. SNPs were

selected with an average design score of 0.94 (Supple-

mental Table 2). Markers were named for the G. max

chromosome and the nucleotide position on the chro-

mosome (910-6) to which the SNP-containing sequences

aligned.

SNP confirmation and segregation

Two populations of 91 and 92 F2 plants were derived

from reciprocal crosses between PI 559298 and PI

559300. DNA was extracted from each plant as described

previously, assayed for TaqMan assays using an Applied

Biosystems PRISM 7000 Sequence Detection System and

PRISM software and for GoldenGate assays using an

Illumina iScan and genotype calls were made with Illu-

mina BeadStudio. The markers were separated into link-

age groups at a log of the likelihood ratio (LOD) 6.0 and

maximum recombination level of 0.35, and the most

probable marker order was selected after boot strap

analysis using AntMap (Iwata and Ninomiya 2006). The

positions on the G. max genetic map of the G. latifolia

sequences were extrapolated by comparing the nucleotide

sequence positions on G. max chromosomes of the

aligned G. latifolia sequences to nucleotide sequence

positions of mapped G. max SNPs (Hyten et al. 2010b).

Centimorgan (cM) map distances were estimated in

G. latifolia using the Kosambi mapping function (Kosambi

1944). Goodness of fit of the observed segregation ratios to

the expected 1:2:1 ratio was evaluated with v2 tests in

AntMap. Linkage maps were generated using MapDraw

(Liu and Meng 2003).

Results

Phenotypic and sequence analysis

Four weeks after initial inoculations with S. sclerotiorum,

all plants of PI 559298 (resistant) survived while all plants

of PI 559300 (susceptible) died, confirming that the two

accessions differed significantly in their response to the

pathogen. Reduced representation libraries were prepared

from genomic DNAs of PI 559298 and PI 559300, and

sequenced on an Illumina sequencer, which produced

3.7 9 107 100-nt reads each. Sequencing of randomly

sheared DNA from PI 559298 produced 1.54 9 108 100-nt

reads, for which 3.6 9 107 reads were used in comparison

with sequences from the restriction enzyme-digested

DNAs. A total of 1,214 filtered reads from the genome

representations of PI 559298 and PI 559300 that aligned to

approximately 110 kb of G. latifolia sequence assembled

from all of the sequencing reads showed an error rate of

0.14 %. This was very similar to the 0.16 % global error

rate for Illumina data reported by Minoche et al. (2011) in

their analysis of the genome sequences of Arabidopsis

thaliana (L.) Heynh. and Beta vulgaris (L.). Allowing no

mismatches between reads, approximately 26 % of the

reads from each accession were singletons (9.0 9 106 from

PI 559298 and 1.0 9 107 from PI 559300), and 50 % of the

reads were represented from 2 to 50 times from each par-

ent, suggesting the restriction enzyme digestions had

resulted in representations of sufficient depth to detect

SNPs between the two G. latifolia accessions (Table 1).

Alignment to G. max genome and G. tomentella

sequences

An average of 30 % of the sequence reads from each

G. latifolia accession aligned to the G. max genome

sequence with at least 88 % sequence identity allowing

insertions and deletions for an overall alignment rate of

1.2 9 104 G. latifolia reads aligned per 106 bp of G. max

genomic DNA. Of the aligning reads, 48 % aligned at

unique locations and 52 % aligned at more than one

location. The G. latifolia sequence reads were also aligned

to 4.5 9 106 bp of G. tomentella genomic sequence from

30 BACs (Wawrzynski et al. 2008). About 5.6 % of the

G. latifolia sequence reads aligned to sequences from

G. tomentella for an alignment rate of 4.6 9 105 G. latifolia

reads aligned per 106 bp of G. tomentella sequence data, which

was much higher than the rate at which G. latifolia reads

aligned to the G. max genome. As with G. max, about 50 % of

the G. latifolia reads aligned to unique locations in the com-

bined G. tomentella BAC sequences.

The distribution of the aligned G. latifolia sequences on

G. max chromosomes closely paralleled the densities of
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gene sequences on G. max chromosomes (Schmutz et al.

2010); few sequences aligned in heterochromatic pericen-

tromeric regions (Singh et al. 1988), while many sequences

aligned in distal portions of chromosomes (Fig. 1a). To test

the preferential association of G. latifolia sequences with

G. max coding regions, the positions in the G. max genome

to which G. latifolia sequences aligned and a set of ran-

domly generated chromosomal positions were compared

with the positions of G. max gene models. Glycine latifolia

sequences aligned on average within 3.1 kb of predicted

genes in the G. max genome compared with [61.5 kb for

randomly selected positions. The possibility that few

G. latifolia sequence reads aligned in pericentromeric

regions of G. max chromosomes because of differential

sensitivities of euchromatic and heterochromatic DNAs to

restriction enzyme digestion was evaluated by comparing

the distribution of sequence reads from randomly sheared

and enzyme-digested DNAs. The distribution of the

sequence reads from restriction enzyme-digested and ran-

domly sheared DNA of PI 559300 was very similar (Fig. 1a),

indicating that the distribution of sequences did not result from

bias introduced by restriction enzyme digestion, but rather

from divergence of nucleotide sequences of centromere-

associated elements. When G. latifolia chloroplast-derived

sequences were included in the analysis, large numbers of

chloroplast reads aligned to G. max chromosomes, including

regions on chromosomes 4, 9,12, and 14 (Fig. 1b), and likely

represented integration of chloroplast sequences into G. max

chromosomes.

The pericentromeric regions of G. max chromosomes

contain high densities of centromeric repeats and trans-

posable elements (Du et al. 2010b; Schmutz et al. 2010).

Even though Class I and Class II transposable elements

constitute about 58 % of the G. max genome (Schmutz

et al. 2010), just 1.7 % of the G. latifolia sequence reads

aligned with the nucleotide sequences of 32,370 G. max

transposable elements (Du et al. 2010a), and 0.8 % of the

G. latifolia sequence reads aligned to the nucleotide

sequences of 20 G. tomentella transposable elements (Innes

et al. 2008). Because nucleotide sequences of transposable

elements are poorly conserved in the genus Glycine (Lin

et al. 2005), the predicted amino acid sequences of

G. latifolia sequence reads and G. max and G. tomentella

transposable elements were also compared to increase the

sensitivity of the analysis. The analysis showed that 6.6 and

13.0 % of the predicted amino acid sequences of G. lati-

folia sequence reads aligned to predicted amino acid

sequences of G. max and G. tomentella transposable ele-

ments, respectively. The higher proportion of reads align-

ing to G. tomentella than to G. max is not surprising given

the closer relationship of G. latifolia to G. tomentella than

to G. max (Ratnaparkhe et al. 2011) and the observations of

Chesnay et al. (2007) that SIRE-1 retroelements in peren-

nial Glycine species were more diverse and were distinct

from those of G. max and G. soja.

Identification and verification of SNPs in G. latifolia

accessions

Of the 100-nt sequences that were represented 3 to 50 times

in each G. latifolia accession, over 350,000 were poly-

morphic at one or more positions between PI 559298 and

PI 559300. To differentiate between nucleotide sequence

variation in homoeologous genes and alleles of the same

gene, the sequence reads containing polymorphisms were

aligned to the G. max genome allowing at most two mis-

matches (C98 % identity) and no insertions and deletions.

With those parameters, 2.6 % of the variant G. latifolia

sequences aligned to unique positions in the G. max gen-

ome (Table 2), which corresponded to 9,303 SNPs (an

average of 456 SNPs per G. max chromosome) that might

serve to anchor a G. latifolia genetic map to the G. max

genetic map.

To test the quality of the SNPs and their usefulness in

comparing the synteny between the G. latifolia and G. max

genomes, a subset of the unique 9,303 SNP-containing

sequences were selected for production of allele-specific

markers. Initially, nine markers, four on chromosome 4 and

five on chromosome 13 were selected for the production of

TaqMan PCR markers. All nine of the G. latifolia SNPs for

which assays were designed segregated in the expected

1:2:1 manner in 92 lines of a G. latifolia F2 population

(Table 3), formed two distinct linkage groups, and mapped

in similar orders in G. latifolia and G. max except

that markers C13_33.2, C13_34.0, and C13_35.3 on

Table 1 Frequency distribution of occurrences of 100-nt reads from

restriction enzyme digested DNA of Glycine latifolia accessions PI

559298 and PI 559300

No. of occurrences of a 100-nt

read

No. of 100-nt

reads

PI 559298 (%)

No. of 100-nt

reads

PI 559300 (%)

1 9,954,094 (24.1) 9,026,205 (27.0)

2–10 5,779,470 (18.0) 6,726,420 (15.7)

11–20 4,013,250 (13.4) 5,014,059 (10.9)

21–50 7,179,659 (23.2) 8,706,321 (19.4)

51–100 4,260,433 (9.9) 3,713,213 (11.5)

101–200 1,783,968 (2.8) 1,039,182 (4.8)

201–500 1,065,651 (2.6) 962,012 (2.9)

501–1,000 677,178 (1.6) 596,512 (1.8)

1,001–5,001 994,544 (2.4) 881,218 (2.7)

5,001–10,000 407,785 (1.1) 413,519 (1.1)

[10,001 802,052 (1.0) 371,172 (2.2)

Total 36918084 (100) 37449833 (100)

The percentages of the total reads represented by each class are shown

in parentheses
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chromosome 13 were inverted in G. latifolia relative to

G. max (Fig. 2). The SNP-containing G. latifolia sequences

also aligned with homoeologous genes on G. max chro-

mosomes 6, 7, and 15 (Table 3). However, the clustering of

the markers into two linkage groups indicated that the

markers differentiated the homoeologous loci. To further

confirm the usefulness of identified SNPs, an additional

384 Illumina GoldenGate SNP assays were evaluated in a

second 91-line F2 population. Of the 384 SNP assays tes-

ted, 28 failed, 62 were monomorphic, and three were het-

erozygous in all lines. A higher percentage of GoldenGate

markers were monomorphic than TaqMan markers because

the automated selection methods used for GoldenGate

assays did not take into account sequence variation within

each parent. Most of the monomorphic markers were

members of highly repeated, likely multilocus sequences

that were disregarded in the manual selection of TaqMan

markers. Of the remaining 291 markers, all but 26 segre-

gated in 1:2:1 manner. For 16 of the 26 markers that

deviated from 1:2:1, one of the parental lines was hetero-

zygous for the markers. At LOD threshold of 6.0, 16

markers were unlinked, four of which were predicted to be

located near the ends of linkage groups where recombi-

nation distances may have been too large to be incorpo-

rated into one of the linkage groups. Uninterrupted

G. latifolia linkage maps were assembled that were nearly

collinear with G. max chromosomes 1, 3, 4, 10, 11, 12, 15,

17, and 18 (Fig. 3a, b). The orders of some closely spaced
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Fig. 1 Densities of alignments to the sequences of the 20 Glycine
max chromosomes of 100-nt reads from restriction enzyme-digested

DNA from G. latifolia accessions PI 559298 (black bars) and PI

559300 (white bars) and randomly sheared DNA of PI 559298

(hatched bars) a without chloroplast sequences and b including

chloroplast sequences. Most of the G. latifolia sequences aligned to

gene-rich regions on the distal ends of G. max chromosomes. Few

reads aligned within pericentromeric regions. Sequence reads nearly

identical to G. max chloroplast genome sequence (GenBank accession

DQ317523) aligned in large numbers to multiple G. max chromo-

somes, including chromosomes 4, 9, 12, and 14. The width of each

bar represents 2 9 106 bp
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markers that mapped to regions that corresponded to

pericentromeric regions in the homoeologous G. max

chromosomes were not resolved correctly (e.g., markers

C04_27.9 and C18_33.8 on chromosomes 4 and 18,

respectively). Similarly, the orders of G. max SNP markers

derived from sequences within centromeric regions were

difficult to resolve and the genetic maps were not always

collinear with the genomic sequence in these regions

(Hyten et al. 2010b). Glycine latifolia linkage maps that

were syntenic with the remaining G. max chromosomes

were represented by two or more groups of linked markers.

The numbers of markers assigned to the G. latifolia linkage

groups ranged from 8 to 19 for G. latifolia linkage groups

syntenic with G. max chromosomes 19 and 18, respec-

tively, depending on the success rate of marker design.

Markers were selected at an average spacing of

2.4 9 106 bp, but as would be expected, map distances in

G. latifolia linkage groups were much lower for markers

that aligned to pericentromeric regions than to the distal

arms of G. max chromosomes. Total map distance for the

combined G. latifolia linkage groups was 2,166 cM which

is similar to estimates for G. max of 2296 to 2,550 cM

(Choi et al. 2007; Cregan et al. 1999; Hyten et al. 2010b;

Song et al. 2004). The total map distance did not include

unmapped terminal markers or gaps between markers,

which likely would increase the total size of the linkage

map. The results from both TaqMan and GoldenGate

markers illustrated the usefulness of a heterologous refer-

ence genome sequence to identify unique and informative

SNPs.

Discussion

In this study, SNP-containing G. latifolia sequences that

aligned to unique locations in the G. max genome with at

least 98 % identity were shown to differentiate homoeol-

ogous loci and map in the expected linkage groups. Even

though the use of a heterologous reference genome

sequence greatly reduced the number of potential SNPs, it

permitted the identification of sufficient variant single-copy

sequences to allow construction of uninterrupted genetic

linkage maps for nine of the 20 G. latifolia chromosomes.

Although the genetics of resistance to soybean rust has

been investigated in segregating populations of G. argyrea,

G. canescens and G. tomentella (Burdon 1988; Jarosz and

Burdon 1990; Schoen et al. 1992), the genetic linkage maps

presented in this report are the first for a perennial Glycine

species. As in soybean where low levels of genetic

recombination are observed in the repeat-rich heterochro-

matic regions surrounding the centromeres (Schmutz et al.

2010), low levels of recombination were detected in the

corresponding regions of G. latifolia chromosomes. The

conserved marker orders and centromeric positions suggest

that at least the nine G. latifolia chromosomes for which

uninterrupted linkage maps were constructed share high

levels of synteny with their G. max homoeologs that could

be useful for gene identification and assembling complete

genome sequences of perennial Glycine species. These

observations are consistent with previous cytological

comparisons of G. latifolia and G. max chromosomes

(Singh et al. 1992).

The observation that few G. latifolia sequence reads

aligned to pericentromeric regions of G. max chromosomes

is consistent with prior observations that large-insert clones

from pericentromeric regions of G. max failed to hybridize

with genomic DNA from Glycine species other than

G. soja (Lin et al. 2005). Gill et al. (2009) found that probes to

high-copy centromeric satellite repeats, CentGm-1 and

CentGm-2, hybridized to chromosomes of G. soja, the wild

annual progenitor of soybean, but to none of the perennial

Glycine species analyzed, and concluded that there has

been rapid divergence of the centromere-associated DNA

sequences within the genus Glycine. The lack of sequence

Table 2 Numbers of 100-nt reads form Glycine latifolia that aligned

to a single position on one of the sequences of G. max chromosomes

Chromosome C88 % identity/Indels/

C1 hit

C98 % identify/

No indels/Unique

PI 559298 PI 559300 Total No. SNPs

1 599,037 602,791 147,240 336

2 555,736 596,865 199,843 530

3 405,784 443,000 163,916 336

4 522,333 538,581 164,113 470

5 480,397 505,656 175,942 314

6 518,784 566,169 200,982 482

7 477,489 498,240 167,620 344

8 638,819 672,305 254,067 464

9 652,933 578,126 176,930 752

10 557,401 592,765 205,402 474

11 478,169 509,346 186,168 336

12 437,672 453,342 153,035 532

13 1,038,953 1,008,404 242,433 672

14 597,554 527,685 129,076 616

15 472,328 505,951 166,248 317

16 343,559 371,813 116,176 264

17 479,794 512,677 194,599 404

18 593,607 587,480 164,670 406

19 490,419 508,367 164,079 392

20 483,587 500,333 153,572 694

Scaffolds 119,415 114,924 96,051 168

Total 10,943,770 11,194,820 3,622,162 9,303

Single-nucleotide polymorphisms (SNPs) were called when at least

three 100-nt reads each from plant introductions 559298 (resistant)

and 559300 (susceptible) co-varied at the polymorphic positions
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conservation in regions proximal to centromeres is com-

mon in legume genomes (Cannon et al. 2009) and may at

least partially explain the difficulties of producing fertile

hybrid plants between G. max and perennial Glycine spe-

cies by traditional breeding methods, and the frequent

cytogenetic observation of pericentromeric inversions in

crosses among A and B genome species of the subgenus

Glycine (Singh and Hymowitz 1985; Singh et al. 1988). In

addition, activation of retrotransposons that occurs when

plants harboring different populations of transposable ele-

ments are hybridized has also been associated with genome

instability that leads to sterility in hybrids of interspecific

crosses (Ma et al. 2007; Maheshwari and Barbash 2011).

In contrast to divergent intergenic regions and retro-

transposons, gene coding sequences were more highly

conserved among Glycine species. Ilut et al. (2012) in

RNA-Seq analysis of transcripts from G. dolichocarpa

Tateishi & Ohashi, G. syndetika, and G. tomentella found

that just 10 % of transcript-derived sequences failed to

align to G. max gene models. In contrast, 70 % of G. lat-

ifolia genomic DNA sequences failed to align to the

G. max genome. When G. latifolia genomic sequences

aligned to the soybean genome, they were positioned closer

to highly conserved gene coding regions than would have

been expected for randomly selected sequences. Glycine

latifolia sequences that aligned to the soybean genome

were nearly twice as likely to align at more than one

location (54 %) than were RNA-Seq sequence reads from

the three perennial Glycine species (38 %) (Ilut et al.

2012).

Glycine latifolia sequences that were nearly identical to

chloroplast genomes of G. max and other plants were

the most highly represented sequences that aligned to the

G. max genome. While the G. latifolia nuclear genome

may also contain integrations of chloroplast sequences, the

G. latifolia sequences were probably derived from plastid

DNA, given the higher depth of coverage in regions con-

taining sequences similar to chloroplasts sequences. While

plastid-like sequences detected in the soybean genome

could be assembly artifacts, integration of chloroplast

sequences into nuclear genomes is common in both

monocotyledonous and dicotyledonous plants and has been

Table 3 Differentiation of target and homoeologous loci with selected Glycine latifolia single-nucleotide polymorphisms (SNPs) in an F2

population

SNP marker Observed ratioa Chromosome Position Targeted locus Percent identityb Homoeologous locus Percent identity

C04_0.04 21:48:21 04 389,640 Glyma04g00680c 98 Glyma06g00720 94

C04_02.3 21:49:20 04 2,314,484 Glyma04g03170 98 Glyma06g03220 92

C04_04.7 22:55:14 04 4,677,344 Glyma04g06110 98 Glyma06g06110 94

C04_06.7 22:45:24 04 6,793,290 Glyma04g08670 99 Glyma06g08780 94

C13_28.3 26:47:16 13 28,205,002 Glyma13g24920 99 Glyma07g31520 95

C13_32.0 20:52:19 13 32,070,242 Glyma13g29140 97 Glyma15g09920 95

C13_33.2 22:40:27 13 33,414,540 Glyma13g30920 99 None found N/A

C13_34.0 24:41:27 13 34,096,111 Glyma13g31700 98 Glyma15g07590 95

C13_35.3 22:46:23 13 35,453,033 Glyma13g33710 98 Glyma15g39070 89

a Observed ratios represent the numbers of plants that were homozygous resistant: heterozygous: homozygous susceptible
b Percent nucleotide sequence identity between G. latifolia accession PI 559298 and the G. max genome
c Abbreviation indicates plant species (Glycine max [Glyma]), two-digit chromosome number, and ordinal gene (g) number (five digits) for each

locus
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Fig. 2 Relative positions of nine Glycine latifolia TaqMan SNP

markers that aligned to G. max chromosomes 4 or 13 were compared

between G. latifolia and G. max. The positions of the markers in

G. max were extrapolated from the genomic and genetic positions of

previously mapped SNP markers. The genetic distances between

markers for G. latifolia, indicated in Kosambi cM to the right of the

G. latifolia maps, were estimated using a population of 92 F2 lines
from a cross between PI 559298 and PI 559300. As in G. max, the

markers formed to distinct linkage groups. While the map distances

between markers were larger in G. latifolia than in G. max, the

relative orders of markers were similar, except that the order of

markers C13_33.2, C13_34.0, and C13_35.3 on chromosome 13 were

inverted in G. latifolia relative to the positions of the markers in

G. max. Markers were named for the G. max chromosomes (C) and

nucleotide positions on the chromosomes (910-6) to which the SNP-

containing sequences aligned
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reported in A. thaliana, maize (Zea mays L.), rice (Oryza

sativa L.), and tobacco (Nicotiana tabacum L.) (Kleine

et al. 2009; Matsuo et al. 2005; Roark et al. 2010; Sheppard

and Timmis 2009). For Arabidopsis, Huang (2003) esti-

mated that 1 in 16,000 pollen grains contains a chloroplast-

to-nuclear-genome transposition. After integration, most

plastid sequences are rearranged or lost, but a few genes

are stably integrated (Kleine et al. 2009).

Because only low levels of resistance to S. sclerotiorum

are found in many domesticated crop species, efforts have

been made to introgress resistance from secondary and ter-

tiary gene pools. In addition to the wild relatives of soybean,
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Fig. 3 Glycine latifolia linkage groups constructed from GoldenGate

SNP markers that aligned to G. max chromosomes. The G. max
chromosome (chr) to which the SNP marker sequences aligned is

indicated above each linkage map. The genetic distances between

markers for G. latifolia, indicated in Kosambi cM to the left of the

maps, were estimated using a population of 91 F2 lines from a cross

between PI 559298 and PI 559300. Markers in parentheses were

assigned to the termini of linkage groups, but map distances were not

calculated. a Uninterrupted G. latifolia linkage maps were assembled

that were nearly collinear with G. max chromosomes 1, 3, 4, 10, 11,

12, 15, 17, and 18. b The relative order of markers on three of the nine

uninterrupted genetic linkage maps of G. latifolia were compared

with those of previously mapped G. max SNPs at the closest

corresponding nucleotide position in the G. max genome sequence.

Markers were named for the G. max chromosome (C) and the

nucleotide position (910-6) on the chromosome to which the SNP-

containing sequences aligned
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significant levels of resistance to S. sclerotiorum have been

reported in wild relatives of bean (Phaseolus vulgaris L.)

(Abawi et al. 1978; Schwartz et al. 2006), canola (Brassica

napus L.) (Li et al. 2007; Mei et al. 2011), pea (Pisum sativum

L.) (Porter 2012; Porter et al. 2009), and sunflower (He-

lianthus annuus L.) (Cerboncini et al. 2002; Seiler 1992),

which in some cases have been partially transferred to fertile

hybrids (Garg et al. 2010; Ronicke et al. 2004). Even so,

recovering full levels of resistance is impeded by the often

polygenic nature of the phenotype, inefficient integration of

alien DNA segments into adapted genomes, and difficulties

in phenotypically identifying introgressed genes with small

effects (Singh 2001). For example, when crosses were per-

formed between G. max and a G. tomentella accession

resistant to soybean cyst nematode and soybean rust, the

resistance was retained in the ampidiploid progeny, but was

lost during backcrossing (Bauer et al. 2007; Patzoldt et al.

2007; Riggs et al. 1998). By identifying chromosomal

regions associated with resistance to S. sclerotiorum in wild

relatives before hybridization, it may be possible to more

precisely follow and combine alien DNA associated with

resistance in progeny from wide crosses than could be

accomplished by phenotypic selection alone. With suffi-

ciently high density of molecular markers it may be possible

to use map-based cloning to identify genes underlying

agronomically important traits and move them by transfor-

mation to adapted plant materials without bringing in linked

undesirable genes from the wild donor. However, resources

for gene mapping are generally lacking in wild relatives of

cultivated plants, as is the case with the perennial Glycine

species. In this study, we identified SNPs in G. latifolia, a

perennial relative of cultivated soybean by high-throughput

sequencing of reduced representations of the genomic DNAs

of two G. latifolia accessions. These results showed that the

SNPs identified from the genome sequences of PI 559298

and PI 555300 will be useful for comparative gene mapping

in G. latifolia and G. max and for moving agronomically

valuable genes from a perennial Glycine species to cultivated

soybean.
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