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Abstract Introns often have a high probability of muta-
tion as a result of DNA insertions and deletions (indels). In
this study, 503 introns with exon-derived insertions were
identiWed using a comprehensive search of the soybean
genome. Of the 375 pairs of PCR primer sets designed for
the loci in question, 161 primer sets ampliWed length poly-
morphism among nine soybean varieties and were identi-
Wed as soybean gene-intron-driven functional sequence
characterized ampliWed region (SCAR) markers. These
SCAR markers are distributed among all 20 of the soybean
chromosomes, and they developed from numerous genes
involved in various physiological and biochemical pro-
cesses that inXuence important agronomic traits of the soy-
bean. The development of these novel gene-driven
functional SCAR markers was fast and cost eVective, and
their use will facilitate molecular-assisted breeding of the
soybean.

Introduction

Various types of molecular markers have been developed to
construct genetic maps in the soybean, including RFLPs
(Keim et al. 1997) and PCR-based markers such as RAPDs
(Ferreira et al. 2000), SSRs (Cregan et al. 1999; Hisano
et al. 2007; Shultz et al. 2007; Song et al. 2004), AFLP
(Matthews et al. 2001; Meksem et al. 2001), CAPS,
SCARs, and SNPs (Choi et al. 2007; Hyten et al. 2006;
Saini et al., 2008; Zhu et al. 2003). Generally, RFLPs
require large amount of pure DNA, and the procedure is
time consuming and technique dependent. PCR-based
markers are commonly used for QTL detection, mapping,
and gene cloning because they are either simple or inexpen-
sive. However, each marker may have its own disadvan-
tage; for example, the amplicons of RAPD markers are
poorly reproducible, SNP assays are technically compli-
cated, and the SSR frequency in certain regions of the soy-
bean genome is low. Compared with CAPS markers,
genotyping with SCAR markers is relatively inexpensive
and simple because additional treatment after PCR is
unnecessary. SCAR markers can be used to detect variants
between mutation sites by designing speciWc primer to
amplify site-speciWc sequences using PCR and then using
agarose gel electrophoresis for detection. SCARs are domi-
nant or co-dominant markers with advantages such as being
site-speciWc, reproducible, low cost, simple, easy, and fast.
For these reasons, the use of SCARS has become common
for genetic mapping, map-based cloning, and molecular-
assisted breeding (Shimada et al. 2009). Traditional proce-
dures for the development of SCAR markers are based on
RAPD or AFLP markers (Noguera et al. 2005), and the
SCAR is costly and ineYcient to use.

Introns are non-coding region of genes (Berget et al.
1977). Although they can be transcribed into mRNA, they
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are excised during pre-mRNA processing. Because intron
sequences do not encode functional proteins, they are less
conservative and contain signiWcantly more mutations than
exon regions. Thus, variants (such as an insertion) in intron
sequences can be exploited as genetic markers (Presgraves
2006). The presence of such inserted fragments in exons of
other genes indicates that exons can move into introns by
some unknown mechanisms (unpublished data). Introns
containing insertions of exon-driven fragments are easily
identiWable by homologue search and can be developed
easily as SCAR markers.

In this study, introns with exon-derived insertions were
comprehensively identiWed in the soybean genome. The
primers were designed to amplify the insertion loci, and the
SCAR markers were screened in nine soybean varieties.
The SCAR markers from the introns with exon-derived
insertions were developed and mapped in silico. The func-
tion of marker-targeted genes also was analyzed.

Materials and methods

Plant materials

DNA from the ‘Acher’, ‘Evans’, ‘Peking’, ‘PI209332’,
‘Hefeng No. 25’, ‘Suinong No. 14’, ‘Guxin wild soybean’
(G. soja), ‘Kefeng No. 1’, and ‘Nannong 1138-2’ soybean
varieties was used for the PCR ampliWcation. The Acher,
Evans, Peking, and PI209332 varieties were described by
Zhu et al. (2003). The Hefeng No. 25 and Suinong No. 14
varieties are two commercial varieties commonly grown in
Northeast China, and the Suinong No. 14 variety was
derived from the progenies of the cross between Hefeng
No. 25 and Suinong No. 8. Guxin is a semi-wild geno-
type soybean. Kefeng No. 1 and Nannong 1138-2 were
described in Zhang et al. (2004), and the seeds were pro-
vided by Nanjing Agricultural University. The other varie-
ties were obtained by request from the Chinese Crop
Germplasm Information System. DNA from the nine geno-
types was extracted from fresh leaf tissue using the cetyl
trimethyl ammonium bromide procedure (Murray and
Thompson 1980) and was dissolved with 50 �L distilled
water. Quality of the DNA was examined using 0.8% aga-
rose gels, and the DNA concentration was determined with
a spectrophotometer (SHIMADZU, UV-2550).

IdentiWcation of soybean gene introns with exon-derived 
insertions

Genome sequences and gene information were downloaded
from the DOE JGI of USA (Website: http://www.phyto-
zome.net/soybean, version: Glyma0.1c). Perl script was
written to retrieve soybean genomic, intron, and exon

sequences. Then soybean intron sequences were blasted
against exon sequences using BLASTN (Altschul et al.
1997) with an E-value of 1E-20. The introns that aligned
with more than one homologous exon sequences were kept.
Gene sequences containing the sequences of such introns
and theirs best aligning exon were aligned to the genes per
se by BL2SEQ, and the size of the overlapping sequences
was identiWed. Only introns with an exon-derived insertion
size of 50–500 bp were used for primer design.

Primers designed for SCAR markers

The insertion and Xanking sequences were blasted against
the whole genome sequences. Next, the insertion and Xanking
sequences were excluded if they aligned with the repeated
and homologue regions of the genome sequences. Primers
were designed to these unique sequences, remain sequences
after excluded using Primer3 software (Rozen and Skalet-
sky 2000) and the primer names were preWxed with SCAR.
The parameters used for primer design were: (1) primer
length 20–26 bp with an optimum of 22 bp; (2) annealing
temperature of 50–60°C, with an optimum of 58°C; (3) per-
centage GC in the range of 40–55%; and (4) product size in
the range of 400–800 bp. All of the oligonucleotides
(Supplementary Table 1) were synthesized by GeneScript
Inc. (Nanjing, China).

AmpliWcation and detection of insertion mutations

All primer sets were used to amplify the genomic DNA of
the Suinong No. 14 soybean variety. AmpliWcation reac-
tions were performed in a 25 �l reaction mixture containing
30 ng template DNA, 0.2 �mol L¡1 of each primer, 800
�mol L¡1 dNTP, 1.5 mM MgCl2, 1 U rTaq polymerase,
and 2.5 �l of 10£ PCR buVer. A touchdown PCR
(TD-PCR) program was used and the cycling conditions were
as follows: 10 min at 94°C; 30 cycles of 30 s at 94°C, 30 s
at 60 ¡ 0.5°C per cycle, 40 s at 72°C; and 10 min at 72°C
for Wnal extension. PCR products were resolved on a 2%
agarose gel stained with ethidium bromide. Primer pairs
that successfully ampliWed discrete product on a 2% aga-
rose gel were selected and to amplify DNA from the eight
other varieties in order to identify polymorphism among the
nine soybean varieties. All soybean varieties were scored in
binary digits based on the fragment size variation of the
PCR, and the UPGMA-based dendrogram was constructed
using NTSYS-pc (v2.02a).

Functional analysis of SCAR targeted genes and mapping 
of the SCAR markers in silico

The soybean whole genome sequences (version: Glyma1),
the Arabidopsis genome sequences, and protein annotation
123

http://www.phytozome.net/soybean
http://www.phytozome.net/soybean


Theor Appl Genet (2010) 121:1–8 3
information were downloaded from Phytozome of the DOE
JGI, TAIR (Website: http://www.arabidopsis.org/, version:
TAIR8) (Swarbreck et al., 2008) and from MIPS (Website:
http://www.helmholtz-muenchen.de/en/mips/, version 2.0)
(Mewes et al. 2006). Flanking sequences of the SCAR
markers were BLASTN-searched against the soybean
genome sequences to locate the physical position of SCAR
target genes on the chromosomes. Protein sequences of
the SCAR targets then were BLASTP-searched against
Arabidopsis proteins for SCAR marker annotation. The
SCAR markers were classiWed into diVerent groups accord-
ing to the function map of the MIPS. The positions of soy-
bean gene-driven SCAR markers were mapped to the
soybean chromosomes of cultivar ‘Williams 82’ in silico,
and the map was drawn with MapChart 2.0 (Voorrips
2002). For the SCAR markers positioned on the physical
map of cultivar ‘Forrest’, the sequences of the SCAR
marker-targeted genes were blasted against the BAC-end
sequences (BES) in SoyGD (Website: http://www.soybe-
angenome.siu.edu/) (Shultz et al. 2006). Minor errors likely

were made due to the method of chromosome measurement in
an interspeciWc cross and to the arbitrary nature of assignment.

Results

Development of the soybean SCAR markers

A total of 454,545 soybean sequences containing 202,624
introns and 251,921 exons were retrieved from the soybean
genome sequences. Among these, 503 introns with an
exon-derived insertion of 50–500 bp as were identiWed via
BLASTN and BL2SEQ and were selected for primer
design. More than 400 pairs of primers were designed, and
375 remained after elimination of the introns that contained
alternative splicing sequences. Of the 331 pairs of primers
(88.2%) that successfully ampliWed stable products from
soybean variety Suinong 14, a total of 161 pair primers
ampliWed polymorphic products among all nine soybean
varieties (Fig. 1). Of these, 128 (79.5%) primer pairs ampli-

Fig. 1 Agarose gel electropho-
resis of sequence characterized 
ampliWed region (SCAR) markers. 
a SCAR44, b SCAR56, 
c SCAR195, d SCAR183, 
e SCAR72, f SCAR88, 
g SCAR188, and h SCAR181. 
Lane order is (left to right) DNA 
marker DL2000, Suinong 14, 
Kefeng 1, Nannong 1138-2, 
Guxin wild soybean, Acher, 
Evans, Peking, PI209332, 
and Hefeng 25
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Wed a single unique fragment; this is in contrast to the
RFLP and RAPD markers, which frequently ampliWed mul-
tiple bands.

Phylogenetic analysis based on soybean SCAR markers

The allelic data obtained from the 161 soybean SCAR mark-
ers were computed to construct a dendrogram of the nine
soybean varieties using UPGMA in the NTSYS-pc. As
shown in Fig. 2, the nine species were divided into three
groups. The Wrst group consists of Wve soybean varieties,
including Hefeng No. 25 and Suinong No. 14; these two had
the smallest distance among the nine varieties in the phylo-
genetic tree. This was consistent with the pedigree showing
that Suinong No. 14 was the oVspring of the Hefeng No. 25.
Three land races, which were the ancestors of cultivated
soybean varieties (Zhu et al. 2003) constituted the second
group. The genetic distance of the Guxin variety to the other
G. max was the greatest observed in this study. In conclu-
sion, the UPGMA dendrogram of the nine soybean varieties

based on SCAR allelic data was consistent with the genetic
relationship of these soybean types, and thus it can be used
for the study of soybean genetic evolution.

The Kefeng No. 1, Peking, PI209332, and Guxin wild
soybean varieties all have a black seed coat and are resis-
tant to abiotic or biotic stress, whereas the other Wve varie-
ties do not have these phenotypes. Because SCAR markers
can distinguish between these diVerent phenotypes, we
believe that SCAR markers may have potential application
in soybean phenotypic identiWcation and classiWcation.

Functional analysis of the soybean SCAR targeted genes

The SCAR targeted genes were identiWed by BLASTN
against the soybean genome sequences, and functional anno-
tations were assigned by BLASTP against the Arabidopsis
genome proteins (Fig. 3). Although SCAR targeted genes
mostly are involved in the process of subcellular localization
(80/360, 22.2%), protein binding and catalytic activities
(59/360, 16.4%), and metabolism (41/360, 11.4%), some of
the genes also are involved in other cellular processes, such
as protein synthesis, protein folding modiWcation, response
to outside stimuli, signal transduction, cell repair, and
defense against viruses. For example, the marker SCAR10
targets on the third intron (from 2,372 to 2,559 bp) of the
gene Glyma05g28350, which encodes a protein with 99%
identity to the Rhg4 protein (Lightfoot et al. 2001) (Fig. 3).
Rhg4 contributes to improved resistance to sudden death
syndrome and to the cyst nematode of soybeans. This Wnd-
ing indicates that this SCAR marker (SCAR10) could be
used to distinguish cyst nematode-resistant varieties of
Peking and PI209332 from the nine soybean varieties. This
maker may have potential application in molecular breeding
of soybean variety resistance to sudden death syndrome and
the soybean cyst nematode. Marker SCAR73 targeted gene
Glyma18g52560 encodes phospholipase D, which plays a

Fig. 2 UPGMA dendrogram of the nine soybean varieties based on
SCAR markers

Fig. 3 Molecular functional 
analysis of genes containing 
SCAR markers
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key role in the regulation and signal transduction pathway of
plant response to abiotic and biotic stress (Wang 2002).
Moreover, association analysis of the frogeye leaf spot resis-
tance locus with the SCAR73 marker in the soybean showed
that the rate of the classiWcation consistency based on the
variants of SCAR73 and the resistance or susceptibility of
the genotypes was as high as 80% (unpublished data). This
results suggests that this marker is related to pathogen resis-
tance and could be used in marker-assisted selection for
breeding lines resistant to pathogens.

In silico mapping of the soybean SCAR markers

The positions of the identiWed SCAR targeted genes on the
chromosomes were drawn using MapChart (Fig. 4). All 161
SCAR markers are distributed among the 20 soybean chro-
mosomes. The number of markers on chromosomes ranged
from 2 (chromosome 20) to 15 (chromosome 9). The
SCAR markers were mainly distributed on the two arms of
each chromosome, but a few occurred in the centromere
regions, which was consistent with the distribution of genes
in the genome. Fourteen SCAR marker targeted genes were
identiWed to have homologous sequences in the cultivar
Forrest when blasted against the BES sequences in SoyGD
(Supplementary Table 2) (Fig. 5).

Compared with traditional SSR markers, whose mutations
are neutral and are distributed lowly in the gene-rich region
of genome, soybean gene-driven SCAR markers have sig-
niWcant advantages. They can be used for linkage analysis
and QTL mapping. Moreover, because they are designed
based on the functional genes, which may have experienced
selection pressure during evolution, SCAR markers may be
feasible for use in candidate-gene association mapping
(Gupta et al. 2005; Wilson et al. 2004), whose polymor-
phisms may result in the phenotypic variation of the traits.

Discussion

In the past few decades tremendous progress has been made
in soybean genetic mapping, from the Wrst RFLP-based

map of the soybean genome (Keim et al. 1990) to the inte-
grated maps generated with RAPD (Ferreira et al. 2000),
AFLP (Keim et al. 1997), SSR (Cregan et al. 1999; Hisano
et al. 2007; Shultz et al. 2007; Song et al. 2004), and SNP
(Choi et al. 2007; Saini et al. 2008) markers. However, due
to non-speciWcity problems, the application of RFLP and
RAPD markers was limited. The PCR-based SSR marker
was broadly used for its simplicity, but the development
eYciency of SSR markers in gene-rich regions was low
(Choi et al. 2007). SNPs were introduced for the develop-
ment of gene-targeted markers, but due to the duplication
of the soybean genome, SNP discovery and SNP detection
were diYcult.

Because many more mutations accumulate in introns
during evolution, introns are considered less conservative
than exons. Intron mutations include nucleotide type muta-
tion and length polymorphism (indel mutations). Length
polymorphism is the most easily recognizable, especially
when the indel size is large. Exon-primed intron-crossing
PCR (EPIC-PCR) (Bierne et al. 2000) has been used to
develop a large number of EPIC-PCR markers in many spe-
cies (Berrebi et al. 2005; Tay et al. 2008). In EPIC-PCR,
primers are designed based on the Xanking sequence in
exons to amplify introns, and intron length mutations are
detected by electrophoresis. Although many intron length
mutations can be detected by this method, most of the
mutations contain only a few nucleotides. A diVerence of
less than 3 bp is diYcult to visualize on an agarose gel, and
a PAGE has to be used to separate and visualize DNA
bands (Wang et al. 2005).

Intron insertion mutations, or exogenous sequences of
introns, can result from insertion of an exon sequence.
Exons are the coding regions, and their structural character-
istics diVer from those of the non-coding regions; therefore,
they can be easily distinguished from introns. In this study,
our strategy was to scan the soybean genome to identify
exogenous fragments in introns derived from exons, design
primers to amplify the insertion mutation sites, and then
detect polymorphism among the nine soybean varieties.
Using this approach, 161 soybean gene-driven functional
SCAR markers were developed. All of the SCAR markers

Fig. 4 Information about molecular marker SCAR10. a The gene structure of gene Glyma05g28350 and b agarose gel electrophoresis of SCAR10
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were DNA fragment length polymorphic and co-dominant.
Moreover, because the mutations of the SCAR markers
resulted from a long fragment insertion, they could be eas-
ily detected by PCR and agarose gel. Unlike traditional
markers, mutations detected in this experiment were within
genes. In addition to the genetic linkage analysis and QTL
mapping, soybean gene-driven SCAR markers may be used
for candidate-gene association mapping.

Re-sequencing of three mutation sites revealed that the
mutations have obvious characteristics of retrotranspo-
sons: (1) there are two terminal inverted repeat (TIR)
sequences with a length of 18–20 bp at both ends of the
insertion sequences. The same sequence also appears in
soybean species but with the absence of the insertion
sequence. (2) Length of insertion sequences ranges from
161 to 191 bp, which is consistent with the characteristics
of the retrotransposon SINE. Thus, we conclude that the
soybean SCAR markers are the result of retrotransposon
movement (unpublished data). Transposons and retro-
transposons, especially the short mobile sequence types
such as SINE (Mochizuki et al. 1992; Xu et al. 2005) and
MITE (Casa et al. 2000, 2002; Monden et al. 2009) trans-
posons, are widely used as molecular markers for plant
and animal breeding. Moreover, transposon insertion

mutagenesis is evidence of species evolution. Molecular
markers targeting transposon insertion sites therefore can
reveal eVectively the genetic relationship of species.
Compared with other molecular markers, the soybean
SCAR markers are more suitable for study of the origin,
evolution, and genetic diversity of the soybean. In this
research, the SCAR markers could distinguish the genetic
relationship of the Hefeng No. 25 and Suinong No. 14
varieties. The cultivated soybean and wild soybean also
were distinguished by SCAR markers, but not with other
molecular markers (e.g., CAPS markers; Shu et al. 2009).
These results demonstrate the potential of SCAR markers
in soybean germplasm classiWcation and evolutionary
research.

In summary, intron insertion mutations were identiWed
and 161 soybean gene-driven functional SCAR markers
were developed by genome sequence analysis. The SCAR
markers are widely distributed in the soybean genome and
target numerous genes involved in various physiological
and biochemical processes that inXuence important agro-
nomic traits of the soybean. The novel gene-driven func-
tional SCAR marker system developed in this study is fast
and cost eVective and oVers great potential for molecular-
assisted breeding of the soybean.

Fig. 5 Distribution of the 161 SCAR marker on soybean chromosomes
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