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Abstract Soybean is a major crop species providing valu-
able feedstock for food, feed and biofuel. In recent years,
considerable progress has been made in developing geno-
mic resources for soybean, including on-going eVorts to
sequence the genome. These eVorts have identiWed a large
number of soybean genes, most with unknown function.
Therefore, a major research priority is determining the
function of these genes, especially those involved in agro-
nomic performance and seed traits. One means to study

gene function is through mutagenesis and the study of the
resulting phenotypes. Transposon-tagging has been used
successfully in both model and crop plants to support stud-
ies of gene function. In this report, we describe eVorts to
generate a transposon-based mutant collection of soybean.
The Ds transposon system was used to create activation-
tagging, gene and enhancer trap elements. Currently, the
repository houses approximately 900 soybean events, with
Xanking sequence data derived from 200 of these events.
Analysis of the insertions revealed approximately 70% dis-
rupted known genes, with the majority matching sequences
derived from either Glycine max or Medicago truncatula
sequences. Among the mutants generated, one resulted in
male-sterility and was shown to disrupt the strictosidine
synthase gene. This example clearly demonstrates that it is
possible to disrupt soybean gene function by insertional
mutagenesis and to derive useful mutants by this approach
in spite of the tetraploid nature of the soybean genome.

Keywords Activation tagging · Functional genomics · 
Activator/Dissociation · Gene trap · Enhancer trap · 
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Introduction

The soybean [Glycine max (L.) Merr.] is one the world’s
major commodity crops, with over 28 million hectares
planted on an annual basis in the US alone. Seeds of the
major commodities primarily store carbon reserves as
starch, protein or oil. Soybean is uniquely able to partition
carbon Xow during embryogenesis towards both protein
and oil, with Wnal accumulations of approximately 40 and
20%, respectively. For this reason, soybean serves as a
valuable feedstock for a number of food, feed and industrial
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applications. A number of soybean genomics studies are
being targeted to address this unique feature of soybean,
along with avenues to improve agronomics of the crop,
including yield and protection of yield by modulating toler-
ance to stress (Shoemaker et al. 2003; Stacey et al. 2004).
Detailed genetic and physical maps of the soybean genome
have been generated (Shoemaker et al. 2008). Recently, a
7£ draft sequence of the soybean gene space was released
leading to estimate that the genome encodes 45-60,000
genes. Statistics provided by the Phytozome website (http://
www.phytozome.net/soybean.php#B) predict 58,556 loci
containing protein-coding transcripts and 62,199 total tran-
scripts. It will be imperative to develop a diverse set of
tools to assign function to the predicted gene sequences in
order to translate this genomic information to applied tech-
nologies (Jackson et al. 2006).

The ability to speciWcally modulate gene expression rep-
resents an extremely powerful approach to directly charac-
terize gene function. Down-regulation of genes through
either transcriptional or post-transcriptional gene silencing
is a useful tool for functional genomics (Cigan et al. 2005)
and has been used to study soybean gene function (Buhr
et al. 2002; Kinney et al. 2001; Nunes et al. 2005; Shi et al.
2007; Subramanian et al. 2005). However, there are a num-
ber of drawbacks with down-regulation via a stable gene
silencing approach. For example, multiple transformants
are generally required to identify a down-regulated event,
essential genes are diYcult to characterize because the
dominant lethal phenotype cannot be maintained in the het-
erozygous state, and, if the silencing element is not
designed properly, modulation of a entire gene family may
occur or “oV-target” genes may be aVected, thereby compli-
cating hypothesis testing.

Insertional mutagenesis is another means by which gene
expression can be modulated in plants. T-DNA tagged pop-
ulations in Arabidopsis have proven to be a very useful
functional genomics resource and a signiWcant eVort has
been made to establish a similar repository in rice (An et al.
2003) and maize (Cowperthwaite et al. 2002). However,
although development of a T-DNA insertional mutant
repository in soybean is technically possible, it would
require a tremendous amount of labor to acquire a suYcient
number of insertions to be of value. This is largely due to
the fact that, while soybean transformation is now routine
(Parrott and Clemente 2004), the process is slow (»5–
7 months) and laborious. Each T-DNA event would require
an independent transformation and this alone makes the
approach impractical. A useful route to circumvent the need
for a large population of primary soybean transformants is
to couple T-DNA regions with transposon-based elements.
Since T-DNA insertions tend to reside in transcriptional
active regions of a chromosome, a distribution of such ele-
ments throughout the genome would provide launching

sites for further mutagenesis upon activation of transposi-
tion.

Two maize transposon families have been eVectively uti-
lized in heterologous plant systems for gene tagging, Acti-
vator/Dissociation (Ac/Ds) (Gidoni et al. 2003; Izawa et al.
1997; Jones et al. 1994; Kolesnik et al. 2004) and
Enhancer/Suppressor-mutator (En/Spm) (Marsch-Martinez
et al. 2002; Speulman et al. 1999). A two component trans-
poson system as a tool to probe a plant genome, when com-
bined with T-DNA as a means to introduce the mobile
elements, facilitates a regional mutagenesis design, given
the tendency of maize elements to transpose locally (Jones
et al. 1990; Knapp et al. 1994; Long et al. 1997).

A drawback associated with random mutagens with
either T-DNA alone or T-DNA coupled with transposable
elements, is that many intriguing gene disruptions may be
missed due to lack of an obvious phenotype. This limita-
tion can be addressed by employing gene and enhancer
trap elements with a transposon-based strategy (Sundaresan
et al. 1995). A gene trap element lacks a promoter, but car-
ries just upstream of a visual marker gene, a triple splice
acceptor and a short intron (Martienssen 1998) allowing
activation of visual marker gene expression when the ele-
ment is integrated into either an exon or intron of a genic
region. The enhancer trap element harbors a visual marker
gene coupled with a minimal 35S CaMV promoter that is
not functional unless it is placed in the proximity of an
endogenous enhancer element (Martienssen 1998). A posi-
tive attribute of employing gene and enhancer trap ele-
ments is that expression of the marker gene triggered by
the integration of the respective trap into a gene region
tends to mirror that of the tagged gene (Sundaresan et al.
1995).

In addition to the limitations associated with interrupting
gene expression as a means to elucidate function, the ability
to gather data from either insertional or down-regulation
approaches may be complicated due to gene redundancy
masking the phenotype. This could be of greater impor-
tance in a paleopolyploid such as soybean. Implementing a
gain of function approach tool can circumvent these pit-
falls. Misexpression mutants can be generated by trans-
forming plants with multiple enhancer sequences
(Imaizumi et al. 2005; Jeong et al. 2006; Nakazawa et al.
2003). With respect to a high oil/protein-producing seed
such as soybean, implementing seed-speciWc promoters in
activation tagged elements would provide an additional aid
for elucidating gene function.

Therefore, our current work is intended to evaluate the
feasibility of using the Ds transposon as an eVective tool for
mutagenesis of soybean. The long-term goal of this pro-
gram is to establish a functional genomics resource that will
complement the wealth of “-omics” tools currently avail-
able for soybean including a plethora of SSR (Cregan et al.
123

http://www.phytozome.net/soybean.php#B
http://www.phytozome.net/soybean.php#B


Planta (2009) 229:279–289 281
1999; Song et al. 2004) and SNP (Zhu et al. 2003) markers,
physical, genetic and transcript maps (Choi et al. 2007;
Kassem et al. 2006; Shultz et al. 2007), and reliable trans-
formation systems (Parrott and Clemente 2004).

Materials and methods

Vectors used for soybean transformation

The set of activation tagging constructs consists of two
opposing, outward directed regulatory elements, subcloned
in between Ds termini within the plasmid pBBDs/Xho (gift
from CliV Weil, Purdue University) was assembled. The
plasmid pBBDs/Xho carries a mini-Ds element, consisting
of Ac residues 1–245 and 4194–4565 with an Xho I linker
between the termini. The respective Ds-delineated activation
tagging elements were cloned into the binary vector
pPTN200, a derivative of pPZP200, that carries a bar gene
cassette under the control of the Agrobacterium tumefaciens
nopaline synthase promoter, Pnos, or into a pPZP200 deriva-
tive harboring a hpt gene (Gritz and Davies 1983) cassette
under the control of the Pnos promoter (Fig. 1a).

Gene and enhancer trap elements, delineated by Ds ter-
mini, were subcloned from pWS42 and pWS41 (gift from
Rob Martienssen, Cold Spring Harbor Laboratory, New
York) as Sst I fragments and subcloned to the binary plas-
mid pPTN130 (not shown). The binary vector pPTN130 is
a derivative of pPZP200 (Hajdukiewicz et al. 1994), har-
boring the cauliXower mosaic virus 35S CaMV bar gene
(Thompson et al. 1987) cassette. The resultant plasmids
carry the enhancer and gene trap elements are referred to
pPTN335 and pPTN336 (Fig. 1b), respectively.

An Ac-transposase cassette was assembled from an Ac
cDNA harbored in the vector pSJ176D8 (gift from CliV
Weil, Purdue University), the cDNA was re-cloned down-
stream of the 35S CaMV promoter and 35S CaMV termina-
tor region derived from plasmid pRTL2 (Carrington and
Freed 1990), with the TEV leader sequence deleted. The
resultant 35S CaMV Ac-transposase cassette was sub-
cloned to the binary vector pPTN200 and the Wnal binary
plasmid designated pPTN398 (Fig. 1c).

Soybean transformation

Soybean (Glycine max Merr.) transformations were con-
ducted via Agrobacterium-mediated gene transfer using the
cotyledonary-node explant employing either glufosinate
(Xing et al. 2000; Zhang et al. 1999) or hygromycin (Olhoft
et al. 2003) as selection agents. The respective binary plas-
mids were mobilized into A. tumefaciens strain EHA101
(Hood et al. 1986) via conjugal transfer using the helper
plasmid pRK2013. The resultant transconjugants were used

for soybean transformations with genotypes ‘Bert’ (Univer-
sity of Minnesota) or ‘Thorne’ (The Ohio State University).

Characterization of soybean transformants

Primary transformants were established and grown to matu-
rity under greenhouse conditions. Inheritance of the foreign
alleles was monitored either by a herbicide leaf painting
assay (Zhang et al. 1999) for the transgenic events derived
from vectors carrying the bar gene cassette or via PCR for
the events derived from constructs harboring hpt gene
selection cassette. Southern blot analysis was carried out to
estimate the number of integration loci per event. Total
genomic DNA, between 10 and 20 �g, was digested with a
restriction enzyme for which only one recognition sequence
is present within the respective T-DNA element. The
digested DNA was separated by agarose gel electrophoresis
prior to transfer to a nylon matrix. Membranes were hybrid-
ized with ether 32P-labled GUS ORF (pPTN335 and

Fig. 1 Vectors used for soybean transformation. a Diagrammatic rep-
resentation of the Ds delineated regions of the respective activation tag
elements (pGly: Glycinin 1 promoter, 0.7 kb; pLect: Lectin promoter,
1.85 kb; p35S: 4 £ 35S enhancer, 1.36 kb; pPhas: Phaseolin promoter,
0.32 kb). Note: Ds elements indicated by shaded box. b Diagrammatic
representation of the Ds delineated regions of enhancer trap,
pPPTN335, and gene trap, pPTN336 vectors. ‘P’ and ‘A’ refer to min-
imal 35S CaMV promoter and splice acceptor, respectively. Direction
of the visual marker gene GUS and secondary screenable marker gene
cassette npt II. c Diagram of T-DNA region of binary vector pPTN398.
‘R’ and ‘L’ refer to right and left border region, respectively. P35 refers
to 35S CaMV promoter, Ac indicates cDNA of maize Ac transposase.
T35 indicates 3� poly AAA signal of 35S CaMV terminator. Pn indi-
cates A. tumefaciens nopaline synthase promoter. Tn refers to A. tum-
efaciens nopaline synthase poly AAA signal
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pPTN336 derived events), Ds-wings or the respective
marker gene ORFs.

Transgenic soybean events carrying the gene and enhancer
trap elements were monitored for activation of the visual
marker GUS, via the histochemical assay for the enzyme
(JeVerson 1987), in root, pod, seed, Xower and leaf tissues.

Junction fragments about the left and right border ele-
ments of the transgenic alleles were cloned using either a
PCR walking protocol outlined by (Devic et al. (1997)) or
by the TAIL PCR strategy previously described (Liu et al.
1995; Ratet et al. 2006). The PCR products were cloned
into pPCR2.1-TOPO (TOPO TA cloning kit, Invitrogen).
The cloned Xanking fragments were sequenced and blast
searched against the databases housed at NCBI GenBank.

Characterization of the Ds male sterile mutant

Genetic analysis

Genomic DNA was isolated from plants according to
Dellaporta et al. (1983). The GmSTR1 mutant was con-
Wrmed by PCR using the following gene-speciWc forward
and reverse primers on genomic DNA: 5�-GTGTTCGC
CATCAGTGGCTATACT-3� (STRf1) and 5�-CATCCTT
GAAACGGTAGTTAGCAC-3� (STRb1), in combination
with the T-DNA left border primer: 5�-CCGATGCTATT
CGGAAGAACGGCA-3� (LB4). PCR reactions were
conducted using Takara Ex Taq Polymerase (Takara, Madi-
son, Wisconsin) under the following conditions : 94°C for
5 min, 94°C for 30 s, 60°C for 30 s, 72°C for 2 min, 35
cycles, and 72°C for 5 min.

RNA isolation and reverse transcriptase-polymerase chain 
reaction (RT-PCR)

Total RNA from diVerent tissues (leaves, roots, stems,
Xowers) was isolated from plants using TriZol® Reagent
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, California). The isolated RNA was further puri-
Wed and treated with TURBO™ DNase DNA-free accord-
ing to the manufacturer’s instructions (Ambion Inc, Austin,
Texas). The 1st strand cDNA was synthesized using
Promega AMV reverse transcriptase and used as input in
PCR reactions using Promega Taq polymerase according to
the manufacturer’s instructions (Promega, Madison Wis-
consin) with the following PCR conditions: 94°C for 5 min,
94°C for 30 s, 57°C for 1 min, 72°C for 2 min, 35 cycles,
and 72°C for 5 min. The gene-speciWc forward and reverse
primers used were as follows: 5�-GTGTTCGCCAT
CAGTGGCTATACT-3� (forward primer) and 5�-CATCC
TTGAAACGGTAGTTAGCAC-3� (reverse primer). The
primers for the ubiquitin-2 gene (SUBI-2) used as an inter-
nal control were as follows: 5�-AGCTATTCGCAGTTCC

CAAAT-3� (forward primer) and 5�-CAGAGACGAACCT
TGAGGAGA-3� (reverse primer).

Tissue sectioning and microscopic observation

Whole Xowers with anthers at diVerent stages of develop-
ment (microsporogenesis and microgametogenesis) were
removed from fertile and sterile plants and placed immedi-
ately in a mixture containing 1% glutaraldehyde, 4% para-
formaldehyde in 50 mM phosphate buVer at pH = 7.2. The
Xowers were kept in the refrigerator (4°C) overnight in
buVered Wxative. The JB-4 embedding kit® (Electron
Microscopy Science, HatWeld, PA) was used to embed the
tissue for microscopic analysis. Embedding was performed
as described in the kit manual.

Results

Genetic elements used for establishment of a transposon 
tagged soybean population

Fifteen vectors were assembled for gene tagging, including
enhancer and gene traps, along with a set of activation ele-
ments (Fig. 1a). The enhancer (pPTN335) and gene
(pPTN336) traps vectors are derivatives of pWS41 and
pWS42, respectively. With these vectors Ds termini delin-
eate the respective ‘traps’ (Fig. 1b). The latter two con-
structs (Fig. 1b) serve as an avenue to deliver insertional
mutants, in which integration proximal to a promoter or
interruption of a genic region will activate expression of the
visual marker gene GUS while the set of activation ele-
ments (Fig. 1a) provides a route to induce gain of function
mutants in the soybean genome.

Given the broad interest in soybean seed traits, the set of
activation tagging elements, coupled with Ds termini, carry
strong outward oriented promoters capable of driving
expression during embryogenesis (Fig. 1a). The promoters
incorporated include �-phaseolin promoter from common
bean (Frisch et al. 1995), soybean �-conglycinin promoter
(Allen et al. 1989), soybean lectin promoter (Philip et al.
2001), and the constitutive 35S CaMV promoter (Benfey
and Chua 1990). The various Ds delineated elements were
subcloned into binary vectors that harbored either the bar
gene (Thompson et al. 1987) or hpt gene (Gritz and Davies
1983) marker cassettes to permit selection with glufosinate
or hygromycin, respectively.

Characterization of soybean transformants harboring 
Ds-delineated elements

To date, our soybean transformation eVorts utilized a subset
of the above Ds delineated elements, namely 35S/Gly,
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Lectin/Gly and Phas/Gly plasmids (Fig. 1a). The repository
currently houses over 900 events, including approximately
150 events derived from the enhancer and gene trap vectors,
pPTN335 and pPTN336. To date 200 events in the repository
have been analyzed at the molecular level. The data revealed
that the transformants carry between 1 and 5 loci of the for-
eign alleles, with approximately 50% single locus events and
20% harboring two loci. These numbers are in general agree-
ment with previous reports on soybean transformation with
Agrobacterium tumefaciens (Clemente et al. 2000). Junction
fragments were captured from 125 of the 200 events charac-
terized. Junctions were captured following either walking-
(Devic et al. 1997) or TAIL- (Ratet et al. 2006) PCR. From
54 of the events a single junction/sequence data was
obtained, while 43 events provided 2 junction/sequences and
the remaining 28 events produced 3 or 4 junction/sequences.
These numbers reXect the frequency of foreign loci observed
by Southern blotting using a Ds probe and demonstrate that
sequence information can be reliably gathered on junction
fragments from a multi-loci event.

Sequence data obtained from the cloned junction frag-
ments were queried against NCBI public database using
BLASTN (Altschul et al. 1997). A signiWcant hit was
observed from approximately 70% of the sequences ana-
lyzed, with the majority matching sequences from either
Glycine max or Medicago truncatula (Table 1).

Among the gene and enhancer trap transgenic soybean
events, 48 were monitored for GUS activation, representing
29 pPTN335 events and 19 pPTN336 events, which would
imply the T-DNA element landed proximal to an endoge-
nous promoter (enhancer trap) or within a genic region
(gene trap). Tissue samples were assayed from roots,
leaves, Xowers, pods and seeds using the histochemical
assay for the enzyme (JeVerson et al. 1987). Among the 29
pPTN335 events screened 11 displayed GUS expression in
at least one of the tissues sampled. One of the events, desig-
nated 456-1 is shown in Fig. 2. GUS expression was
observed in both Xower and pod endocarp (Fig. 2a, b).
While among the 19 pPTN336 events monitored eight dis-
played GUS expression in at least one of the tissues sam-
pled.

Event 456-1 carries the enhancer trap element of
pPTN335. Flanking sequences obtained about the left
and right border elements from insert carried in event
456-1 indicated the T-DNA integrated within the
upstream region of a locus (GenBank Acc. DQ208939)
that encodes for a soybean hydrophobic seed protein pre-
cursor designated HPS1.5 (Gijzen et al. 2006, 1999). The
enhancer trap T-DNA element resides 4.1 kb upstream
from the HPS1.5 ORF (Fig. 2). Although the HPS1.5
locus is tagged, expression is not interrupted (data not
shown).

Table 1 Database matches ob-
served from 22 cloned junctions

Event Vector Jun Hit E-value

442-1 pPTN335 RB M. truncatula clone MTH2-49119 9.0e¡12

444-1 pPTN335 LB A.thaliana hydrolase (NM127180) 8.0e¡26

448-8 pPTN335 LB G. max (AC166091) 1.0e¡79

452-17 pPTN336 LB G. max auxin up RNA gene cluster 2.0e¡46

452-26 pPTN335 RB A. thaliana AtGRF6 mRNA 7.0e¡28

452-27 pPTN335 RB G. max (AC160454) 8.0e¡93

452-28 pPTN336 LB G. max auxin up gene (S44177) 9.0e¡48

453-31 pPTN336 RB G. max EST EV278484 5.0e¡77

453-56 pPTN336 LB G. max EST (AW508443) 9.0e¡17

454-4 pPTN335 LB L. japonicus trans. factor nsp2 2.0e¡42

456-1 pPTN335 RB G. max HPS1.5 gene 8.0e¡128

444-21 pPTN335 RB G. max (F021101) 5.0e¡78

ST37-32 Phas/Gly LB P. vulgaris storage protein (J0126.1) 4.0e¡141

ST36-53 p35S-Gly LB M. truncatula (CT009545) 9.0e¡52

Ds1 p35S-hpt LB G. max EST Gm-c1039-1810(BE21088) 4.0e¡55

Ds22 p35S-hpt LB G. max EST (AW100029) 1.0e¡54

DS82-1 p35S-hpt LB G. max TRS3 (AF297985) 9.0e¡155

Ds82-2 p35S-hpt LB Ribosomal protein (AF19171) 1.0e¡77

Ds82-3 p35S-hpt LB G. max strictosidine synthase 1.0e¡144

DS94-1 p35S-hpt LB G. max EST Gm-c1068-3456 (B1893344) 0.003

Ds94-2 p35S-hpt LB G. max EST Gm-c1084 (BQ080444) 0.003

Ds94-3 p35S-hpt LB G. max EST Gm-c1051-8286 (BI320753) 0.007
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Tagging of the soybean strictosidine synthase gene results 
in a male-sterile phenotype

A soybean event designated Ds82 derived from the activa-
tion tagged vector pHpt/35S displays a male-sterile pheno-
type (Fig. 3). Progeny derived from Ds82 carrying the
pHpt/35S T-DNA were indistinguishable from fertile null
segregants during vegetative growth. However, at the R1
stage of development, those harboring the foreign allele
displayed increased Xowering and Xower abortion, and sub-
sequently set abnormal pods.

Flowers of the mutant siblings produced abnormal pol-
len grains that were non-viable based on Alexander staining
(Fig. 4) suggesting that the sterile phenotype was due to
pollen developmental aberration. Monitoring anther devel-
opment microscopically at various stages of development
deWned by Palmer and Horner (2000) revealed that a defect
in microspore development occurred at stage 6 (Fig. 5),
after which the mutant microspores rapidly collapsed.

Molecular characterization showed three inserts of the
T-DNA carrying the activation tagged element in event
Ds82 (Fig. 6). Sequence data was obtained from each of the
respective insertions (Table 1). Interestingly, one insertion
was found within a gene predicted to encode a strictosidine
synthase (STR) (Table 1). This enzyme catalyzes the con-
densation of tryptamin with secologanin to form strictosi-
dine (Kutchan, 1995), a key intermediate in indol-type
alkaloid production. A previous report in maize showed
that an Ac insertion, MS45 allele (Genbank AF360356), in
a STR gene (Cigan et al. 2001; Cigan et al. 2005) also
resulted in male sterility. Therefore, we speculated that it
was the soybean T-DNA allele in this gene that conferred
the male sterile phenotype. To further conWrm this, we
monitored segregation of the respective T-DNA alleles.
Twenty-one T3 progeny were genotyped for each foreign
locus. Among these progeny the male sterile phenotype was
observed only in individuals homozygous for the T-DNA
that interrupted the STR gene.

To determine the expression pattern of the GmSTR1
gene, we used semi-quantitative RT-PCR to examine its
expression in diVerent tissues. The data demonstrated that
the GmSTR1 was expressed in various vegetative parts
(such as leaf and stem) and Xower (Fig. 7a).

In Xowers, the gene was expressed in anther, pollen and
carpel, with the strongest expression in anthers (Fig. 7b).
Interestingly, the expression was barely detectable in roots
and petals (Fig. 7).

Transposition of Ds elements in the soybean genome 
by stacking with the Ac transposase

Our current strategy to induce transposition of a Ds delin-
eated element to a new location in the soybean genome is to
pyramid Ac with a Ds delineated element through crossing.
To this end, an Ac cassette, using an Ac cDNA, under the
control of the 35S CaMV promoter was assembled. The
derived binary vector carries a bar gene cassette as a select-
able marker during transformation, and is designated
pPTN398 (Fig. 1c). A total of 25 transgenic soybean events
were generated that carry the T-DNA of pPTN398. Among
the 25 events, 17 expressed Ac based on northern blot anal-
ysis (data not shown). To date, seven crosses have been
made using two of the Ac events to a subset of the gene and
enhancer trap events. F2 progeny derived from the crosses
were characterized at the molecular level to monitor Ds
transposition. DNA was extracted from lower and upper
vegetative tissues from F2 individuals ascertained to harbor
both Ac and Ds elements. Southern analysis was conducted
to monitor the appearance of new hybridizing GUS bands,
suggestive of Ds transposition. Germinal transposition in F3

plants was monitored in those individuals where a new
hybridization signal was observed. Putative somatic trans-

Fig. 2 Integration site of T-DNA in event 456-1. a The enhancer trap
T-DNA resides approximately 3.0 kb upstream of the soybean hydro-
phobic seed protein, HPS1.5, ORF. b GUS expression observed in
Xowers of event 456-1. c GUS expression observed in endocarp of
event 456-1

Fig. 3 Phenotypic comparison of Ds82 male sterile and wild type
pods. a Mutants were sterile and produced only parthenocarpic dwarf
pods without seeds. b Wild type (genotype ‘Bert’) plants of the same
age developed pods containing seeds. Scale bars 1 cm
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position in F2 individuals was observed from two crosses,
based on appearance of new hybridizing GUS signals in
individuals over development (Fig. 8) and germinal trans-
position (i.e. inheritance of the new band) in F3 individuals
from one cross (data not shown).

Discussion

To complement the wealth of genomics resources currently
available for soybean, including the recently released 7£
draft sequence of the gene space, a number of programs are
actively pursuing various mutagenesis approaches to
address the functional characterization of genes. For exam-
ple, both TILLING (Cooper et al. 2008) and fast neutron
irradiation (Specht et al. 2007) approaches are being
applied to soybean. These and other down-stream func-
tional genomics tools hold great promise to the soybean
community for aiding in translation of genomics data into
information that will ultimately beneWt crop performance.

These approaches also support eVorts to gain a better, basic
understanding of soybean; such as the basic biology of the
seed (Le et al. 2007) and whole plant development and
stress response (VandenBosch and Stacey 2003). The goal
of our work was to gauge the feasibility of using the Ds
transposon as an eVective tool for insertional mutagenesis
of soybean.

The frequency of GUS activation observed in the soy-
bean events carrying gene trap and enhancer trap elements
was approximately 40%. This reXects the tendency of T-
DNA to integrate within transcriptionally active areas,
which is likely enriched for due to the selection regime
imposed during transformation (Kim et al. 2007). The
enriching for T-DNA integration in transcriptionally active
regions is an ideal mechanism to establish strategic Ds
launch sites within the genome for targeted regional muta-
genesis. Importantly, mapping of the Ds launch sites will be
greatly facilitated with the availability of the sequenced
gene space. As the soybean genome sequence is Wnalized
and integrated with the genetic map (Jackson et al. 2006), it

Fig. 4 Microscopic analysis of 
pollen grains of event Ds82 and 
control soybean. Comparison of 
mutant panels (a), (c) and (e) and 
control panels (b), (d) and (f). 
Anthers of open Xowers. The an-
thers (size and shape) in the (a) 
mutant are identical to the con-
trol (b). While anthers of mutant 
plants displayed no pollen, an-
thers of the wild-type were fully 
dehisced and released pollen 
grains. Scale bars 250 �m. Alex-
ander’s stained anthers. The 
Alexander’s stain can distin-
guish between pollen grains that 
aborted in development (colored 
in blue) from viable mature grain 
pollen (colored in purple). The 
Alexander’s stain of anthers re-
vealed that the pollen from the 
mutant was aborted (c) (color 
blue) and the pollen from the 
wild-type (d) was alive (color 
purple). Alexander’s stain of 
pollen grains, mutant (e) dis-
played a light blue color while 
the pollen from the wild type (f) 
was purple. Note: Scale 
bars 500 �m a through d, and 
50 �m e and f
123



286 Planta (2009) 229:279–289
will be possible to position the Ds elements rapidly by com-
parison of Xanking sequences with the genome sequence.
Assuming the soybean genome is approximately 2,500 cM,
a repository consisting of over 2,500 mapped Ds soybean
events theoretically will situate one launch site every cM.

We describe here the building of a transposon-based
mutagenesis collection of soybean events. Coupling T-

Fig. 5 Light micrographs of anther transverse sections at anther stages
2–9. Controls panels (a), (c), (e), (g) (i), (k), (m), (o) and Ds82 mutant
panels: (b), (d), (f), (h), (j), (l), (n), (p). All bars 50 �m. Each light
micrograph shows the four locules of one anther in cross-section. Each
locule displays four wall layers (from outside in: epidermis, endothe-
cium, middle layer, a secretory tapetum and the central male cells

Fig. 6 Determination of the number of T-DNA insertion in event 
Ds82. Total genomic DNA (20 �g) from three homozygote male sterile 
Ds82 plants was digested with ClaI, separated in a 0.8% agarose gel, 
blotted onto membrane, and hybridized with the Ds element as probe. 
The hybridization pattern shows clearly three insertions for the three 
plants. No hybridization was seen for wild-type DNA

Fig. 7 Expression pattern of the GmSTR1 gene. RT-PCR analysis of
the GmSTR1 gene in soybean relative to the soybean gene SUBI-2
(ubiquitin) as an internal control (a). Expression of the gene in diVerent
tissues of wild-type stem, root, leaf, and Xowers. (b). Expression of the
gene in Xower parts, anther, pollen, carpel, and petal (c)

Pollen

(a)

(b)

(c)

FlowerStem Root Leaf

Ubiquitin

PetalAnther Carpel

Ubiquitin
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DNA with transposon-based systems as the delivery vehi-
cle for activation tag elements allows for the launch sites
to be strategically situated within transcriptionally active
regions of the genome. Moreover, multicopy integrations
often occur with T-DNA and some chromosomal pertur-
bation may be induced proximal to the site of integration
(Kim et al. 2003; Ohba et al. 1995; Olhoft et al. 2004),
which may impact the activation of a nearby gene.
Coupling T-DNA with transposon-based systems circum-
vents this potential problem given the movement of the
transposon from the original site to the new location will
result in a single copy intact integration with fewer proxi-
mal rearrangements in the genome (Marsch-Martinez
et al. 2002).

Limited information is available on the activity of the
maize Activator in the soybean genome (Aljanabi et al.
1999; Zhou and Atherly 1990). We demonstrated here puta-
tive somatic and germinal transposition of Ds is induced in
the soybean genome upon stacking a constitutive Ac-cDNA
expression cassette, with a non-autonomous Ds allele.
However, one of the drawbacks of inducing Ds transposi-
tion with a constitutive Ac cassette is that somatic transpo-
sitions tend to be more frequent than germinal. In addition,
transposition can occur throughout plant development,
which may complicate cloning of the desired tagged gene.
To circumvent these potential pitfalls associated with the
use of a constitutive Ac transposase, we assembled an Ac
cassette under the control of the Arabidopsis meiosis-spe-
ciWc DMC1 promoter (Klimyuk and Jones 1997). Trans-
genic soybean events carrying this latter Ac cassette will
permit comparative studies designed to monitor germinal
Ds transposition frequencies induced upon stacking of the
constitutive verses meiosis-speciWc transposase expression.
Clearly data gathered from such a study, monitoring the
aVect of Ac expression over development and level on the
frequency of Ds transposition in the soybean genome, will
be a key factor that determines the ultimate power of this

maize two component transposon system as a tool for func-
tional genomics in the crop.

The limited screening of the events currently housed in
the transposon-based soybean collection has revealed that
launch sites established by T-DNA integration tend to
reside in gene rich regions (Table 1). Analysis of gene
sequences across taxa provided insight into what transgenic
locus may be linked with the male sterile phenotype
observed in event Ds82, highlighting the power of compar-
ative genomics brought about by the previous investments
made in plant genomics.

Arguably one of the most critical components that will
enable a transposon-tagged repository to be of value to the
soybean community is the establishment of a reliable iden-
tity-preserved storage and distribution system. Importantly,
the collection must be linked to a user-friendly searchable
database. To this end we developed GmGenesDB (http://
digbio.missouri.edu/gmgenedb/index.php). This database
has a set of tools to Wnd insertions in gene(s) of interest, and
to retrieve all annotations related to a tagged gene. Addi-
tional information of the respective soybean events housed
in the repository includes foreign locus number, genotype
of the event, and phenotype observed. The ultimate goal of
this program is to provide a resource to the soybean com-
munity to facilitate the translation of the basic tools to
applied technologies that can be exploited for downstream
improvements in soybean genetics.
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