
Plant Cell Rep (2006) 25: 1355–1361
DOI 10.1007/s00299-006-0210-x

GENETIC TRANSFORMATION AND HYBRIDIZATION

Keito Nishizawa · Yoichi Kita · Masahiko Kitayama ·
Masao Ishimoto

A red fluorescent protein, DsRed2, as a visual reporter for transient
expression and stable transformation in soybean

Received: 3 May 2006 / Revised: 21 June 2006 / Accepted: 26 June 2006 / Published online: 14 July 2006
C© Springer-Verlag 2006

Abstract Fluorescent proteins such as green fluorescent
protein (GFP) from Aequorea victoria are often used as
markers for transient expression and stable transforma-
tion in plants, given that their detection does not require
a substrate and they can be monitored in a nondestructive
manner. We have now evaluated the red fluorescent protein
DsRed2 (a mutant form of DsRed from Discosoma sp.)
for its suitability as a visual marker in combination with
antibiotic selection for genetic transformation of soybean
[Glycine max (L.) Merrill]. Transient and stable expression
of DsRed2 in somatic embryos was readily detected by flu-
orescence microscopy, allowing easy confirmation of gene
introduction. We obtained several fertile transgenic lines,
including homozygous lines, that grew and produced seeds
in an apparently normal manner. The red fluorescence of
DsRed2 was detected by fluorescence microscopy without
background fluorescence in both leaves and seeds of the
transgenic plants. Furthermore, in contrast to seeds express-
ing GFP, those expressing DsRed2 were readily identifiable
even under white light by the color conferred by the trans-
gene product. The protein composition of seeds was not
affected by the introduction of DsRed2, with the exception
of the accumulation of DsRed2 itself, which was detectable
as an additional band on electrophoresis. These results indi-
cate that DsRed2 is a suitable reporter (even more suitable
than GFP) for genetic transformation of soybean.
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Introduction

Fluorescent proteins, such as green fluorescent protein
(GFP) from the jellyfish Aequorea victoria, are widely used
as tools in biological studies. Unlike other reporter proteins,
they can be monitored in living cells and tissues in a nonde-
structive manner, given that their detection requires neither
extraction nor special assay procedures. GFP is frequently
used as a visible reporter in genetic transformation of both
monocot and dicot plants (Haseloff et al. 1997; Reichel
et al. 1996; Stewart Jr 2001). Fluorescent proteins includ-
ing AmCyan, ZsGreen, AsRed, DsRed, HcRed, and ZsYel-
low have been also recently found from nonbioluminescent
species of coral reef organisms and several variants of GFP
with distinct light absorbance and emission characteristics
have been developed. Transient expression of the genes
for these proteins, or genetic transformation with ones, has
been achieved in model plants and cultured cells (Dietrich
and Maiss 2002; Gilson et al. 2004; Goodin et al. 2002; Jach
et al. 2001; Matzke et al. 2005). In addition, Wenck et al.
(2003) have produced transgenic crops (including maize,
rice, wheat, soybean, and tomato) that express such fluores-
cent proteins in order to evaluate them as visible reporters.
Although these researchers generated transgenic soybean
expressing ZsGreen, they did not evaluate transgenic soy-
bean expressing red fluorescent proteins.

In genetic transformation of soybean by Agrobacterium-
or particle bombardment-based systems, GFP has been
used as a visual marker in combination with antibiotic
selection to confirm gene introduction (Finer and Finer
2000; Furutani and Hidaka 2004; Khalafalla et al. 2005;
Ponappa et al. 1999). We also previously achieved the
efficient isolation of stable transgenic soybean plants ex-
pressing genes of interest by particle bombardment with
these genes together with those for GFP and an an-
tibiotic selection marker (El-Shemy et al. 2004). In the
present study, we have used DsRed2 – a modified form of
DsRed from Discosoma sp. (Clontech 2001; Matz et al.
1999) whose maximum excitation and emission wave-
lengths are 563 and 582 nm, respectively—as a visual
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marker in combination with antibiotic selection for the pro-
duction of transgenic soybean by particle bombardment-
mediated transformation. No detrimental effects of DsRed2
on growth or fertility of transformed plants were appar-
ent, and the red fluorescence of DsRed2 was readily de-
tected in transformed organs by fluorescence microscopy.
Furthermore, transgenic seeds from several lines man-
ifested red fluorescence even under white light, allow-
ing transgenic and nontransgenic soybean to be readily
distinguished.

Materials and methods

Plasmid construction

We constructed a plasmid for soybean transformation
according to the following procedures. The DsRed2 gene
was amplified by the polymerase chain reaction (PCR)
with pDsRed2 (Takara, Shiga, Japan) as the template
and both primer 1 (5′-ATGGCCTCCTCCGAGAA-3′,
forward; bold indicates an initiation codon) and primer 2
(5′-TAGAGTCGCGGCCGCTACAGGAACAGGTGGT-
3′, reverse; underline indicates a NotI site, and bold
indicates a stop codon). The 35S promoter of cauliflower
mosaic virus (CaMV) and the terminator of the nopaline
synthase gene (nos) were used to control the expression
of DsRed2. These were amplified by PCR with the
plasmid vector pUHG (Fig. 1) as the template. pUHG
has been used for soybean transformation and harbors
the hygromycin phosphotransferase gene (hpt) and the
gene for a GFP derivatives under the control of the
CaMV 35S promoter and the nos terminator (Khalafalla
et al. 2005). To amplify the 35S promoter, primer 3 (5′-
GCTCTAGAAGTCTCAGAAGACC-3′, forward; under-
line indicates an introduced XbaI site) and primer 4 (5′-
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P35S TnoshptP35S Tnos

pUC19 (2.7 kbp)
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Fig. 1 Structure of plasmid vectors, pUHR and pUHG, used for
soybean transformation. P35S, 35S promoter of cauliflower mosaic
virus; hpt, hygromycin phosphotransferase gene; Tnos, terminator of
the nopaline synthase gene; DsRed2, red fluorescent protein gene;
sGFP(S65T), modified green fluorescent protein gene. Arrows with
numbers indicate the positions of primers. The positions of a HindIII
restriction site and a probe for Southern blot analysis are indicated
for pUHR. The vectors are not shown to scale

GTCGATCGACTGTAATTG-3′, reverse) were used. To
amplify the nos terminator, primer 5 (5′-GCAGAGA
AGCGGCCGCCGCCCGGCGATCG-3′, forward; under-
line indicates an introduced NotI site) and primer 6 (5′-A
GAGGGTACCTTAATTAATTCTCATGTTTGAC-3′, rev-
erse; underline indicates an introduced KpnI site) were
used. The amplified DNA fragments were then digested
with restriction enzymes. The generated components
of DsRed2 expression cassette [(XbaI)-35S promoter-
(blunt end), (blunt end)-DsRed2-(NotI) and (NotI)-nos
terminator-(KpnI)] were together inserted into the XbaI-
KpnI sites of pUC18 to generate pUR. The assembled
DsRed2 expression cassette was retrieved from the pUR
by XbaI and KpnI digestion and then rendered blunt-ended
with T4 DNA polymerase. The expression cassette was
inserted into pUH, which had been digested at a single
(PacI) site and rendered blunt-ended. pUH is a derivative
of pUC19 that contains the same hpt expression cassette
as that of pUHG (Kuroda et al. in preparation). The new
plasmid vector containing the DsRed2 and hpt expression
cassettes was designated pUHR (Fig. 1). The sequence
of DsRed2 expression cassette was confirmed by DNA
sequencing. The positions of primers are indicated in
Fig. 1. For details see Supplementary material (S1).

Generation of transgenic soybean plants

Transformation of soybean by particle bombardment and
subsequent plant regeneration were performed as described
previously (Khalafalla et al. 2005). In brief, ∼ 0.8 g of em-
bryogenic suspension tissue induced from the cultivar Jack
of soybean [Glycine max (L.) Merrill] was collected in the
center of a 9-cm plastic plate containing MSD20 medium,
and then bombarded twice at an acceleration pressure of
7.6 MPa (1100 psi) and a distance of 6 cm with gold
particles (0.6 µm in diameter and coated with 0.8 µg of
plasmid DNA) with the use of a Biolistic PDS-1000/He
Particle Delivery System (Bio-Rad, Richmond, CA). So-
matic embryos tolerant of hygromycin B (Roche Diagnos-
tics, Mannheim, Germany) were selected and suspended in
FNL0S3S3 liquid medium. After 4–5 weeks, excess liquid
was removed from the fully developed somatic embryos
and they were desiccated in dry petri dishes for 3–5 days
before transfer to MS0 medium. The germinating plantlets
were grown on 0.5 × B5 medium. After root and shoot
elongation, plantlets were transferred to pots containing
soil and were maintained under high humidity. Plantlets
were gradually adapted to ambient humidity and placed
in a glasshouse for flowering and seed set. T2 seeds were
harvested from individual T1 plants that had been derived
from self-pollinated T0 plants (original transgenic plants)
and maintained under natural light conditions and at a con-
trolled temperature of 28◦C in a glasshouse. The presence
or absence of DsRed2 in seeds of the T1 or T2 generation
was determined by observation of DsRed2 fluorescence
and immunoblot analysis. Transgenic T3 seeds were ob-
tained from a plant (no. 66-1) transformed with pUHG as
described (Khalafalla et al. 2005).
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Southern blot analysis

Southern blot analysis was performed to confirm the sta-
ble integration of DsRed2. Total DNA (5 µg) was digested
overnight at 37◦C with HindIII, and the resulting fragments
were fractionated by electrophoresis on a 1% agarose gel
and then transferred to a Hybond N + membrane (Amer-
sham Biosciences, Little Chalfont, UK). A 690-bp fragment
of DsRed2 amplified from pUHR by PCR with primers 1
and 2 (Fig. 1) was used as the hybridization probe. Labeling
and detection of the probe were performed with an ECL kit
(Amersham Biosciences).

Visualization of fluorescent proteins

DsRed2 fluorescence was monitored with a fluorescence
stereomicroscope (Leica, Wetzlar, Germany) equipped
with a filter set for excitation at 530–560 nm and emis-
sion at 590–650 nm. The fluorescence of sGFP(S65T) was
excited at 455–490 nm and detected through a filter for
emission at >515 nm with the same stereomicroscope.

Detection of fluorescent proteins by SDS-PAGE and
immunoblot analysis

A total soluble protein fraction was extracted from seed
flour by homogenization at 4◦C in 50 mM Tris–HCl (pH
8.0) containing 2% (v/v) β-mercaptoethanol and 2% (v/v)
plant protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO). The homogenate was centrifuged at 13,000 × g for
10 min at 4◦C, and the resulting supernatant was mixed with
SDS sample buffer [50 mM Tris–HCl (pH 8.0), 0.2% (w/v)
SDS, 2% (v/v) β-mercaptoethanol] containing 5 M urea and

boiled. Samples were fractionated by SDS-polyacrylamide
gel electrophoresis (PAGE) on a 10.5% gel, which was
then either stained with Coomassie brilliant blue or sub-
jected to immunoblot analysis. For immunoblot analysis,
the separated proteins were transferred to a polyvinylidene
difluoride membrane (Millipore, Bedford, MA) and probed
with rabbit polyclonal antibodies to DsRed (Takara) or to
GFP (Invitrogen, Carlsbad, CA). Immune complexes were
detected with horseradish peroxidase-conjugated goat anti-
bodies to rabbit immunoglobulin G (Cappel, West Chester,
PA).

Results and discussion

Introduction of DsRed2 by particle bombardment

Transient expression of DsRed2 in proliferating somatic
embryos was readily observed 24 h after bombardment
with pUHR (Fig. 2a) and the fluorescence was still ap-
parent after 4 days. Although the transient expression of
DsRed2 gradually disappeared, some green clumps of tis-
sue that exhibited red fluorescence were obtained by se-
lection with hygromycin B (data not shown). Transformed
somatic embryos were allowed to proliferate and mature,
and the rates of growth and maturation were virtually iden-
tical to those of nontransformed somatic embryos. Red
fluorescence was detected throughout the matured somatic
embryos (Fig. 2b). During desiccation, the mature embryos
blanched, but some of the transformed embryos exhibited
a light red color even under white light (Fig. 3). Mature
somatic embryos that manifested red fluorescence were re-
generated into plants. The regenerated plants appeared to
grow normally and did not seem phenotypically altered.
Southern blot analysis of genomic DNA from leaves of

Fig. 2 Expression of DsRed2
in immature and mature somatic
embryos of soybean. a
Transient expression of DsRed2
in immature somatic embryos
incubated for 24 h after biolistic
introduction of pUHR. The
embryos are shown under white
light (left panel) or during
excitation of DsRed2
fluorescence (right panel). Bars,
1 mm. b Expression of DsRed2
in somatic embryos transformed
with pUHR, selected with
hygromycin B, and then
incubated in maturation
medium (FNL0S3 S3) for 25
days. Both transformed (right)
and nontransformed (left)
somatic embryos are shown
under white light (left panel) or
during excitation of DsRed2
fluorescence (right panel). Bars,
5 mm
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Fig. 3 Expression of DsRed2
in desiccated matured somatic
embryos. Blanched transgenic
(a) or nontransformed (b)
somatic embryos after
desiccation are shown under
white light (left panels) or
during excitation of DsRed2
fluorescence (right panels).
Bars, 3 mm

T0 plants with a probe specific for the coding region of
DsRed2 (Fig. 1) verified the presence and integration of
the transgene (Fig. 4). We obtained at least seven indepen-
dent transgenic lines from 12 plates subjected to particle
bombardment. Although we did not repeat sufficient exper-
iments to analyze statistically the transformation efficiency

Fig. 4 Southern blot analysis of genomic DNA of T0 plants trans-
formed with pUHR. Total DNA (5 µg) of transgenic and nontrans-
formed (lane C) plants was digested with HindIII and subjected to
Southern blot hybridization with a probe specific for DsRed2 (Fig.
1). Identification numbers of the regenerated plants are shown above
each lane. Arrows indicate the positions of the DNA size markers
(DNA of phage λ digested with HindIII) in lane M

in this study, the use of DsRed2 does not seem to cause
striking reduction of transformation efficiency, given that
the number of DsRed2-transgenic lines from 12 plates were
comparable to the numbers of transgenic lines obtained
with the combination with GFP as a visual marker in our
routine experiments of soybean transformation.

Detection of DsRed2 in regenerated plants

Red fluorescence of DsRed2, with no background fluo-
rescence, was readily detected in leaves of the regener-
ated plants (Fig. 5a). In addition, the red fluorescence of
DsRed2 was easily distinguished from the green fluores-
cence of sGFP(S65T) (Fig. 5a), a modified form of GFP,
indicating that the two fluorescent proteins are suitable for
multilabeling experiments with soybean similar to those
that have been performed with model plants or cultured
cells (Gilson et al. 2004; Goodin et al. 2002; Jach et al.
2001; Matzke et al. 2005). The combination of GFP and
DsRed2 should also prove appropriate for retransformation
experiments or transgene stacking by crossing.

The transgenic plants expressing DsRed2 were fertile,
and some seeds from self-pollinated T0 plants showed
bright red fluorescence under fluorescence microscopy
(data not shown). Indeed, it was possible to segregate T1
seeds visually on the basis of the absence or presence of
DsRed2 fluorescence. Some of these T1 seeds even mani-
fested a red color attributable to DsRed2 under white light.
Figure 5b shows one of the T2 seeds obtained from a self-
pollinated homozygous T1 plant (progeny of T0 plant no.
11-6), which appeared to grow in a manner similar to that
of nontransgenic soybean and produced seeds containing
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Fig. 5 Expression of DsRed2
in stable transgenic plants.
Leaves (a) and the external (b)
and inner (c) surfaces of seeds
of a transgenic plant
transformed with pUHR (upper
right of each grouping of three),
a transgenic plant transformed
with pUHG (upper left), and a
nontransformed plant (bottom)
are shown under white light (left
panels) or during excitation of
the fluorescence of DsRed2
(middle panels) or of
sGFP(S65T) (right panels)

DsRed2 without segregation. In contrast to seeds of trans-
genic soybean expressing sGFP(S65T), the color conferred
by the ectopic fluorescent protein (DsRed2) was detectable
even under white light. This latter attribute was more promi-
nent when the interior of the transgenic seeds was observed
(Fig. 5c). The red fluorescence of DsRed2 detected by flu-
orescence microscopy was also more intense at the interior
surface than at the exterior surface of the transgenic seeds
(Fig. 5c), indicating that the fluorescence of DsRed2 ac-
cumulated in the seeds was detected externally after its
passage through the semitranslucent seed coat. The dis-
crimination of transgenic seeds from nontransgenic seeds
on the basis of seed color was also shown to be possible
in maize and rice harboring AsRed, which is derived from
the coral organism Anemonia sulcata (Wenck et al. 2003).
Such a phenomenon is likely observed in noncolored tis-
sues, such as seeds and desiccated mature embryos, because
the red fluorescence of DsRed2 or AsRed in such tissues is
not masked by endogenous pigments such as chlorophyll
or carotenoids.

Accumulation of DsRed2 in transgenic seeds

It was possible that the high level of DsRed2 expression
in transgenic seeds affected seed protein composition. To
investigate this possibility, we fractionated seed proteins
from the two homozygous transgenic lines (nos. 9-18 and
11-6) with the highest level of DsRed2 fluorescence by
SDS-PAGE. With the exception of the presence of an ad-
ditional band corresponding to a protein with a molecular

size of around 25 kDa in these two lines, no marked differ-
ences in protein composition were apparent in comparison
with either sGFP(S65T) transgenic lines or nontransgenic
plants (Fig. 6a). Densitometric analysis also showed the
presence of an additional peak in this region of the gel
(Fig. 6b). Immunoblot analysis revealed a protein of around
25 kDa in the seeds of lines 9-18 and 11-6 that was reactive
with antibodies specific for DsRed (Fig. 6c). Given that
the calculated molecular mass of the translation product
of DsRed2 is 25.8 kDa, the additional band apparent with
the seeds of lines 9-18 and 11-6 was likely attributable to
DsRed2. The sGFP(S65T) polypeptide was not detected
in the corresponding transgenic seeds by SDS-PAGE, al-
though an immunoreactive protein of the expected size
(about 25 kDa) was detected by immunoblot analysis with
antibodies to GFP (Fig. 6a, c).

We have previously used sGFP(S65T) as a visual marker
together with an antibiotic-selectable marker gene in
soybean transformation. Insertion of genes of interest
between these two marker genes and their co-introduction
into somatic embryogenic tissue allow expression of
the genes of interest to be monitored indirectly but
efficiently (El-Shemy et al. 2004; Kita et al. unpublished
results). Although we have developed several transgenic
lines harboring various genes of interest in addition to
sGFP(S65T) with this approach, the transgenic seeds have
not manifested a green color attributable to GFP under
white light. In this regard, DsRed2 appears more suitable as
a visual marker for soybean transformation, given that the
transgenic seeds frequently exhibit a red color even under
white light, thus readily allowing their discrimination from
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Fig. 6 SDS-PAGE and immunoblot analysis of seed proteins in
transgenic plants. a Detection of DsRed2 by SDS-PAGE. A soluble
protein fraction (25 µg) extracted from seed flour was subjected to
SDS-PAGE and staining with Coomassie brilliant blue. The posi-
tions of molecular mass markers are indicated on the left. Asterisks
indicate bands associated with expression of DsRed2. Lane 1, a T2
seed from DsRed2 transgenic line no. 9-18; lane 2, a T2 seed from

DsRed2 transgenic line no. 11-6; lane 3, a T3 seed from sGFP(S65T)
transgenic line no. 13-5; lane 4, a T3 seed from sGFP(S65T) trans-
genic line no. 66-1; lane 5, a seed of nontransformed soybean. b
Densitometry of lanes 2 and 5 in (a). An extra peak in the DsRed2
transgenic seed (lane 2) is highlighted. c Immunoblot analysis of the
seed extracts shown in (a) with antibodies specific for DsRed or for
GFP

nontransgenic seeds. We have successfully introduced
target genes together with DsRed2 into soybean and
recovered transgenic plants (Nishizawa et al. unpublished
results). In addition to its use as a visual marker in the
development of transgenic plants, DsRed2 is also useful
for monitoring transgene movement in agronomic and
ecological studies (Stewart Jr 2005). Outcrossing of trans-
genic plants with wild relatives might thus be discovered
by surveying harvested seeds for a red color attributable
to DsRed2. DsRed2 is therefore likely to prove useful for
various aspects of the study of transgenic soybean.
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