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Abstract The success of plant genetic transformation

relies greatly on the strength and specificity of the pro-

moters used to drive genes of interest. In this study, we

analyzed gfp gene expression mediated by a polyubiquitin

promoter (Gmubi) from soybean (Glycine max) in stably

transformed soybean tissues. Strong GFP expression was

observed in stably transformed proliferative embryogenic

tissues. In whole transgenic plants, GFP expression was

observed in root tips, main and lateral roots, cotyledons and

plumules in young plants as well as in leaf veins, petioles,

flower petals, pollen, pods and developing seeds in mature

plants. GFP expression was localized mainly in epidermal

cells, leaf mesophyll, procambium and vascular tissues.

Introduction of an intron-less version of the Gmubi pro-

moter (Gmupri) displayed almost the same GFP expression

pattern albeit at lower intensities. The Gmubi promoter

showed high levels of constitutive expression and repre-

sents an alternative to viral promoters for driving gene

expression in soybean.
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Introduction

With the release of genome sequences for different plants,

plant promoters are receiving increased attention as one of

the primary regulators of gene expression (Potenza et al.

2004). More plant-derived promoters are therefore

becoming available for both basic studies on gene

expression and use in transgenic plants. Although several

constitutive and tissue-specific promoters have been iso-

lated and characterized (Potenza et al. 2004), the highly

expressed ‘‘constitutive’’ Cauliflower Mosaic Virus 35S

(CaMV35S) promoter remains a commonly utilized pro-

moter for regulation of transgene of interest in many plants.

However, native promoters offer a multitude of different

regulatory options and possess a wide collection of

undiscovered cis-regulatory elements which can be isolated

and studied to enhance our understanding of gene expres-

sion (Rushton et al. 2002).

As an alternative to the CaMV35S promoter, a soybean

(Glycine max) polyubiquitin (Gmubi) promoter was iso-

lated and partially characterized using transient expression

in lima bean cotyledonary tissues (Chiera et al. 2007).

Since preliminary characterization of this promoter gave

such high levels of transient GFP expression, further

characterization of this soybean promoter in soybean could

be useful to more fully understand its expression and to

evaluate its utility for regulation of genes of interest in its

native genome.

Although heterologous promoters are often used to

regulate transgene expression, factors which regulate
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promoters may not be present in heterologous systems and

gene expression may not be predictable. A study of trans-

gene expression in Gladiolus showed that the rice ActI

promoter and maize UbiI promoter exhibited surprisingly

low expression levels in that species (Kamo et al. 1995).

More recently, a polyubiquitin promoter from Gladiolus

was shown to give low levels of transgene expression in

freesia, Easter lily, tobacco, rice and rose (Joung and Kamo

2006) but high levels when reintroduced in Gladiolus.

Likewise, characterization of the storage protein seed-

specific promoters from barley (B-Hor, D-Hor) and wheat

(HMW-Glu) revealed failure of these promoters to direct

seed-specific gfp expression in transgenic rice, as GFP

expression was also observed in leaf and root tissues

(Furtado et al. 2008).

Ubiquitin is a highly conserved eukaryotic protein

consisting of 76 amino acids. The ubiquitin gene family

contains two types of transcription units: polyubiquitin and

ubiquitin extension protein genes. Polyubiquitin genes

encode a polyprotein comprising several tandem repeats of

the ubiquitin-coding unit (Sullivan et al. 2003). The ubiq-

uitin monomers derived from this polyprotein are

associated with proteolytic tasks, through tagging proteins

for degradation by the proteasome (Sullivan et al. 2003;

Dennis and O’Malley 2005). The ubiquitin proteasome

system also plays an important role in controlling tran-

scription through the ubiquitylation of histones (Muratani

and Tansey 2003). Other functions of ubiquitin include

control of translation, DNA repair, regulation of endocy-

tosis and protein trafficking.

The study of plant ubiquitin genes has revealed a large

group of constitutive and strongly expressed promoters of

plant origin. Polyubiquitin promoters have been isolated

and characterized from maize (Christensen and Quail

1996), tobacco (Plesse et al. 2001), Arabidopsis (Callis et al.

1990), sunflower (Binet et al. 1990), potato (Garbarino et al.

1995), tomato (Rollfinke et al. 1998), rice (Wang and Oard

2003; Sivamani and Qu 2006), sugarcane (Wei et al. 2003)

and soybean (Chiera et al. 2007). Most of these promoters

direct higher levels of gene expression than the CaMV35S

promoter in transgenic plants. Since the ubiquitin genes are

expressed in almost all plant tissues in their native context,

their promoters should drive constitutive gene expression in

transgenic plants especially of the same species. Charac-

terization of transgenic plants containing different ubiquitin

promoters to date have revealed that these promoters drive

gene expression preferentially in young tissues, vascular

tissues and pollen grains (Plesse et al. 2001; Rooke et al.

2000). This gene expression pattern is in accordance with

the broad range of activities that ubiquitin proteins carry

out, especially in metabolically active tissues.

The high gene expression mediated by polyubiquitin

promoters is influenced quantitatively by the presence of

introns, which are commonly located within the 50

untranslated region (UTR) of the polyubiquitin genes

(Sivamani and Qu 2006; Lu et al. 2008). Introns near the

translation initiation codon are important cis-elements

responsible for intron-mediated enhancement (IME) of

gene expression in plants (Callis et al. 1987; Le Hir et al.

2003). In mammals and plants, it has been observed that

IME influences gene expression at transcriptional levels

through increased mRNA accumulation, probably by

increasing gene transcription (Rose 2004; Lu et al. 2008),

at post-transcriptional levels playing an important role in

RNA processing and/or export (Samadder et al. 2008), and

at translational levels due to an increased association of the

mRNA with ribosomes via interactions with the proteins of

the exon junction complex (EJC) (Le Hir et al. 2000; Nott

et al. 2004). IME is more remarkably observed in monocots

than dicots (Vain et al. 1996; Rose and Beliakoff 2000).

Although many promoters have been identified in other

crops, only a few highly expressing promoters have been

cloned from and characterized in soybean. In our labo-

ratory, a soybean polyubiquitin promoter (Gmubi) was

recently isolated and evaluated using transient expression

(Chiera et al. 2007). Tissues, containing the introduced

Gmubi::gfp construct and its intron-less version Gmu-

pri::gfp, showed 2–5-fold higher transient GFP expression

than those containing a CaMV35S promoter construct

(Chiera et al. 2007). Since characterization of novel

promoters in stable transgenic plants also requires docu-

mentation of spatial and temporal expression, the aim of

this study was to characterize stably transformed soybean

plants containing the Gmubi promoter and a truncated,

intron-less Gmupri version, both fused to the gfp coding

region.

Materials and methods

Genetic transformation

Embryogenic tissues of soybean (Glycine max Merr.) cv.

Jack were initiated, maintained and transformed according

to Finer and McMullen (1991) with some modifications.

One week before bombardment, proliferative embryogenic

target tissues were subcultured on D20 medium containing

20 mg l-1 2,4-D (Santarém and Finer 1999). Directly prior

to bombardment, embryogenic tissues on D20 medium in

Petri dishes were uncovered and placed in a hood for

15 min to facilitate partial drying (Vain et al. 1993).

Plasmids were delivered using a Particle Inflow Gun (Finer

et al. 1992). For gene introductions, the plasmid pHytru

containing the selectable hygromycin resistance gene dri-

ven by the CaMV35S promoter (Chiera et al. 2004) was co-

precipitated onto tungsten particles with a plasmid
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containing a gfp gene (Chiu et al. 1996) under regulatory

control of either the 917 bp Gmubi promoter (Genbank

submission U310508), the intron-less 328 bp Gmupri ver-

sion (Chiera et al. 2007; Wu et al. 2008), or the CaMV35S

promoter (Ponappa et al. 1999). After bombardment, tis-

sues were grown in D20 medium for 1 week and then

placed on D20 medium containing 30 mg l-1 hygromycin

(Calbiochem, La Jolla, CA, USA) to select for transgenic

proliferative tissues. Selected tissues were maintained on

medium containing 15 mg l-1 hygromycin for a minimum

of 3 months and were transferred to embryo development

medium lacking the selective agent for plant recovery.

Transgenic regenerants were grown in a greenhouse with

supplemental lighting for GFP analysis and seed

production.

GFP expression analysis

GFP expression was analyzed in transformed embryogenic

callus and in organs and tissues from both seedlings and

developing plants. Based on consistency and strength of

GFP expression, Gmubi events 59, 72 and 135 and Gmupri

events 7 and 20 were selected for detailed analysis. For

GFP expression analysis with the CaMV35S promoter

(Ponappa et al. 1999), event 11 was selected and only

seedling tissues were analyzed. For GFP analysis in seed-

lings, seeds were first germinated in moistened rolls of

paper towels. GFP-positive seedlings were selected,

transplanted to soil and subsequently grown in a green-

house. Entire organs and hand-cut sections from roots,

hypocotyls, leaves, petioles, flowers, pods and seeds were

observed under a MZFLIII stereomicroscope (Leica, He-

erbrugg, Switzerland) equipped with a 100 W mercury

lamp, a ‘‘GFP-2’’ filter set (Excitation 480 ± 40 nm;

Emission 510 nm) and a Nikon Coolpix 990 digital cam-

era. In some cases, images of larger pieces of tissues which

could not be viewed in a single field using a dissecting

microscope (e.g., germinating seedlings and pods), were

assembled using Adobe�Photoshop� from multiple, indi-

vidual images to form large composite images. Leaf, young

stem and flower petal samples were observed using con-

focal laser scanning microscopy (Leica TCS-SP). Pollen

was observed using an inverted epifluorescence Leica DM

IRB microscope equipped with a Q Imaging Q19838 dig-

ital camera.

Southern blot analysis

Genomic DNA from transgenic plants was extracted

according to Murray and Thompson (1980) as modified by

Fulton et al. (1995). Southern analysis was performed as

described previously (Chiera et al. 2006). Ten micrograms

of the extracted DNA from each sample were digested

overnight with BsrGI, which cuts pGmubi and pGmupri

plasmids at a single site. The positive control was 20 pg of

either the pGmubi or the pGmupri plasmid mixed with

10 lg of DNA from a non-transgenic plant, digested with

the same enzyme. Restricted DNAs were electrophoreti-

cally separated on 0.8% (w/v) agarose gels and then

transferred to nylon membranes (Roche Diagnostics

GmbH, Indianapolis, IN, USA) as described by Sambrook

et al. (1989). The probe was a 717 bp amplicon of the gfp

coding sequence generated via PCR from pGmubi using

the primers 50ATGGTGAGCAAGGGCGAGGAGCTG30

and 50TTACTTGTACAGCTCGTCCATG30. The purified

probe was labeled with [a-32P]-dCTP (Perkin-Elmer,

Boston, MA, USA) using the Prime-It� II Random

Labeling Kit (Stratagene, La Jolla, CA, USA) according to

the manufacturer’s instructions and two PCR cycles, 95�C

for 5 min and 37�C for 10 min. For hybridization, the

labeled probe was hybridized to the membranes and incu-

bated overnight at 60�C using a hybridization incubator

(FisherBiotech, Pittsburgh, PA, USA). The hybridized

membranes were exposed to a phosphor screen holder for

24 h. Autoradiographs were visualized with a Storm 860

PhosphorImagerTM System (Molecular Dynamics, Sunny-

vale, CA, USA).

Results

Transgenic event recovery

The Gmubi promoter gave rise to high levels of GFP

expression in embryogenic transgenic tissues in nine of

eleven events (Fig. 1a). However, the pre-intronic Gmupri

promoter showed only low to moderate GFP expression in

embryogenic callus (Fig. 1b). All T0 Gmubi and Gmupri

plants produced seeds and had a phenotype similar to the

soybean cv. Jack, which was the cultivar used for

transformation.

GFP expression in seeds and seedlings

A detailed analysis of GFP expression was conducted

primarily in imbibed seeds and various tissues from

transgenic seedlings carrying either the CaMV35S, Gmubi

or Gmupri promoter, focusing on the highly expressing

Gmubi events 59, 72 and 135 and on the Gmupri events 7

and 20, and CaMV35S event 11, which expressed GFP at

more moderate levels.

GFP expression was evident in newly emerged root tips

and cotyledons of germinating transgenic seeds, 2 days

after seed imbibition. Five-day-old progeny seedlings from

transgenic events containing the Gmubi promoter exhibited

strong GFP expression in root tips, main and lateral roots,
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hypocotyls, cotyledons and plumules (Fig. 2a). Tissues of

seedlings containing the Gmupri promoter showed GFP

expression in root tips, main and lateral roots and cotyle-

dons, but at somewhat lower levels (Fig. 2b).

In root tissues of seedlings containing either the Gmubi,

Gmupri or CaMV35S construct, GFP expression was

highest in the young root, primarily in the elongation zone

behind the root tip (Fig. 3). Once again, expression driven

by the Gmupri promoter followed a pattern similar to

Gmubi but at lower levels. To further characterize tissue-

specific expression in roots and other seedling tissues,

hypocotyls and root sections from 4-day-old seedlings were

hand-cut for observation of GFP expression using a dis-

secting microscope (Fig. 3). Cross-sections of roots with

lateral root primordia showed high GFP expression in

epidermal cells and procambial tissues. The lateral root

primordia were evident in both Gmubi- and Gmupri-con-

taining events because of their striking GFP expression.

Cross-sections of seedling hypocotyl tissues containing

Gmubi also showed GFP in the epidermis and parenchyma

cells of the cortex and procambium. GFP expression in

hypocotyl tissues of seedlings containing Gmupri was quite

low. Plumules of 4-day old seedlings revealed high levels

of GFP expression with the Gmubi promoter, while

expression was also present, albeit at reduced levels, in

plumules of seedlings containing the Gmupri construct.

Transgenic tissues from CaMV35-containing seedlings

showed lower GFP expression than those containing either

the Gmubi or Gmupri promoters (Fig. 3).

GFP analysis in plants

The expression of GFP directed by the Gmubi or Gmupri

promoter was primarily studied using a dissecting micro-

scope in entire leaf blades and in tissues from transverse

sections of median veins of leaves and cross-sections of

petioles and stems. In young leaves of plants containing the

Gmubi promoter, GFP expression was observed in the

median and lateral veins on both adaxial and abaxial leaf

surfaces (Fig. 4a). GFP expression was not detected in

Gmupri-containing leaves and in non-transgenic control

leaves. Hand-cut transverse sections of leaf tissues

Fig. 1 GFP expression in

different events of transgenic

embryogenic soybean tissues

growing on D20 medium.

a Embryogenic tissues

transformed with the soybean

polyubiquitin promoter Gmubi

or b the intron-less Gmupri

promoter. NT is non-

transformed embryogenic tissue

from soybean cv. Jack. The

numbers represent individual

transgenic events for each

construct
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containing the median leaf vein (Fig. 4a) from plants

transformed with Gmubi confirmed GFP expression in

veinal tissues such as pith, parenchyma and phloem. In

Gmubi-containing plants, GFP was also detected at high

levels in petiole cross-sections, with GFP expression in the

epidermis, pith, phloem and xylem (Fig. 4a). No GFP

expression was observed in petiole tissues from plants

containing the Gmupri promoter (Fig. 4a). In cross sections

of stems with little secondary growth from plants con-

taining the Gmubi promoter, GFP was strongly expressed

in epidermal cells, secondary phloem and pith cells

(Fig. 4b). No GFP expression was seen in cross-sections of

stems containing the Gmupri promoter, which were similar

to cross sections from non-transformed control plants

(Fig. 4b).

For more detailed analysis of GFP expression in trans-

genic soybean tissues, confocal microscopy was employed.

Stem longitudinal-sections from young plants containing

the Gmubi promoter showed high GFP expression local-

ized in the epidermis and cells forming the vascular tissues

(Fig. 5a). Although stem sections of plants transformed

with the Gmupri promoter showed the same expression

pattern, GFP expression was at more moderate levels. In

leaf blades from plants carrying the Gmubi promoter, GFP

was detected in the epidermis including stomata, specifi-

cally in the nucleus of epidermal and guard cells (Fig. 5b,

top panel). The Gmupri promoter showed the same GFP

expression pattern as Gmubi in the leaf blade although at

lower levels. In leaf hand-cut cross-sections of leaves

containing Gmubi, GFP was strong in epidermal cells

located on both leaf surfaces. The cells forming the spongy

and palisade mesophylls from the same leaf sections also

showed high GFP expression (Fig. 5b, bottom panel).

Cross-sections of leaves carrying Gmupri also displayed

GFP expression in epidermal and mesophyll cells but at

low intensity (Fig. 5b, bottom panel).

The expression of GFP was also studied in floral

structures from transgenic plants. GFP was localized in

pollen grains from flowers transformed with the Gmubi

promoter and analyzed with an epifluorescence microscope

(Fig. 5c). In flowers from Gmubi-containing T1 heterozy-

gous plants, the GFP-positive pollen grains were seen

along with non-fluorescent pollen grains, similar to those

from non-transformed control plants (Fig. 5c). Confocal

microscopy of high GFP-expressing flower petals from

plants transformed with the Gmubi promoter showed that

GFP was expressed at high levels in cells of flower petals,

especially in the nucleus and the non-vacuole portion of the

cytoplasm (Fig. 5d). On the other hand, no fluorescence

was observed in flower petals from non-transformed plants

(Fig. 5d). High GFP expression was also detected in flower

organs from plants carrying the Gmubi promoter using a

dissecting fluorescence microscope (Fig. 6a). Flowers from

plants containing the Gmupri promoter showed only low

GFP expression, which seemed to be restricted to the

pollen grains (Fig. 6a).

GFP expression under regulatory control of the Gmubi

or Gmupri promoter was also analyzed in pods and

immature seeds at two different developmental stages

(Fig. 6b, c). Pods with seeds at late cotyledonary stage

from plants containing either the Gmubi or the Gmupri

promoter showed GFP expression in the endosperm and the

region surrounding the hilum (Fig. 6b, first panel), while

seeds at later developmental stages showed GFP expression

in cotyledons and along the embryo axis (Fig. 6b, second

panel). Developing seeds containing the Gmupri promoter

showed moderate GFP only in the embryo axis but not in

cotyledons (Fig. 6b, second panel). High levels of GFP

expression was also observed in the inner layer of the ovary

wall of pods from the Gmubi event 59 (Fig. 6c, left). In

pods from T1 heterozygous Gmubi-containing plants, both

GFP-positive and GFP-negative developing seeds were

seen in the same pod (Fig. 6c).

Fig. 2 Composite image collected from 5-day-old transgenic soy-

bean seedlings showing GFP expression driven by two promoters. a
Seedling containing the Gmubi promoter event 72, b the intron-less

Gmupri promoter event 20, c non-transformed seedling from soybean

cv. Jack. Images were collected using a dissecting microscope,

equipped for GFP detection
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Southern blot analysis

Southern blot hybridizations were performed to observe

hybridization patterns and to determine the copy number of

the transgene in soybean T1 plants and progeny. Southern

hybridization analysis showed a range in copy number for

the introduced transgene and different hybridization pat-

terns for each event. High copy number events for Gmupri

were events 5, 24 and 42 (Fig. 7a). For Gmubi, high copy

number transgenic events included 46, 68 and 69 (Fig. 7b).

The remaining events, which made up the majority of the

transgenic events, contained from 1 to 4 hybridization

bands. A hybridization band, which was a little less than

4 kb, was observed in almost all lanes (Fig. 7a, b).

The presence of the gfp gene was evaluated and detected

in two or three generations of plants from Gmubi events

135 and 72, respectively. The same hybridization pattern

was observed in all three generations of event 72 and two

generations of events 135 (Fig. 7c). These same two dis-

tinct hybridization patterns were also observed with DNA

from proliferating embryogenic D20 tissues (data not

shown).

Discussion

The most widely used promoter for directing constitutive

high levels of expression in plants is the CaMV35S pro-

moter (Odell et al. 1985). In grasses, the maize

polyubiquitin promoter (Christensen et al. 1992) appears to

be the most commonly used promoter when constitutive

expression is desired. To expand the availability of pro-

moters for driving constitutive gene expression, we initially

isolated and performed preliminary characterization of a

Glycine max polyubiquitin promoter (Gmubi; Chiera et al.

2007) using transient expression. In this present study, a

more extensive characterization of the Gmubi promoter

was performed using a gfp reporter gene in soybean, the

source of the promoter. Knowledge of expected expression

patterns of a promoter is critical, when a promoter is being

Fig. 3 GFP expression in soybean transgenic seedlings carrying the

Gmubi (event 72), Gmupri (event 20) and CaMV35S (event 11)

promoters. Root tip images were collected from 3-day-old seedlings.

Hypocotyl and root images are from hand-cut cross-sections of 4-day-

old seedlings. Plumules were observed from 4-day-old seedlings.

Non-transformed tissues and organs are from non-transformed

seedlings of soybean cv. Jack. Images were collected using a

dissecting microscope, equipped for GFP detection
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Fig. 4 GFP expression in leaves and stems of T1 soybean plants

containing the Gmubi (event 72) or Gmupri promoter (event 20). a
Images of different leaf structures and b stem cross-sections showing

GFP expression. Images were collected from both adaxial and abaxial

surface of young leaves from 1-month-old developing plants. The

median vein images were taken from transverse sections of leaves,

while petiole and stem images were taken from hand-cut cross-

sections. Non-transformed control corresponds to soybean cv. Jack.

Images were collected using a dissecting microscope, equipped for

GFP detection. Pi pith, Ep epidermis, Sp secondary phloem

Plant Cell Rep (2009) 28:837–849 843

123



considered for regulation of genes of interest, for both basic

research and crop improvement (Rooke et al. 2000).

GFP expression overview

In this work, the use of the Gmubi promoter led to con-

stitutive, high levels of GFP expression in many of the

tissues analyzed. High expression levels were initially

observed in proliferative transgenic tissues (Fig. 1), and

later in regenerated whole plants and progeny (Figs. 2, 3, 4,

5, 6). A comparison of GFP expression driven by the

CaMV35S, Gmubi and Gmupri promoters in seedling tis-

sues (Fig. 3) showed that the Gmubi promoter was much

stronger than the CaMV35S promoter while Gmupri-driven

GFP expression was only moderately higher. Using a

quantitative lima bean cotyledon transient expression assay

(Chiera et al. 2007), the Gmubi and Gmupri promoters

were shown to be 5- and 2-times stronger than the

CaMV35S promoter, respectively. The quantitative

expression data from bombardment of lima bean cotyle-

dons with the Gmubi, Gmupri and CaMV35S promoters

(Chiera et al. 2007) appear to correlate well with the

intensity of GFP expression observed with seedling tissues

in this study (Fig. 3). These findings suggest that our

transient expression analysis might be useful as a general

and early indicator of promoter strength in stably trans-

formed tissues. GFP expression in transgenic plants

containing the CaMV35S promoter was not easily observed

(Ponappa et al. 1999), and these events were therefore not

further evaluated at the whole plant level in this study.

However, the Gmubi promoter was clearly of sufficient

strength to allow easy GFP visualization (Fig. 4) using the

same version of the gfp gene and the same detection

system.

For analysis of GFP evaluation in the present study, it

should be stressed that three different GFP detection

microscopies were utilized. GFP expression profiles were

generally consistent regardless of the detection method but

the images that were collected allowed resolution at dif-

ferent levels. When using the dissecting fluorescent

microscope (Figs. 1, 2, 3, 4, 6), resolution (both optical and

GFP detection) was the lowest, but observations at low

Fig. 5 GFP expression in different tissues from T1 transgenic

soybean plants containing the gfp gene under regulatory control of

either the Gmubi (event 72) or Gmupri promoter (event 20). a, b and

d Confocal microscopy analysis of young stems, leaves and flower

petals, respectively. a Longitudinal-sections of young stems showing

GFP in epidermis and vascular tissues. b Top panel leaf epidermis

with high GFP expression in epidermal cells, guard cells, nucleus and

cytoplasm. b Bottom panel leaf cross-sections showing GFP in both

palisade and spongy mesophylls. c Epifluorescence microscopy of

pollen grains with and without (arrow) GFP expression. d Flower

petal tissues (top panel brightfield; bottom panel fluorescence)

showing green fluorescence from GFP expression located in nucleus

and cytoplasm. Non-transformed controls were soybean cv. Jack. The

bars are equivalent to 50 lm
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magnification were necessary for the most rapid and thor-

ough analysis of expression in many different tissues and

events. Due to the optics and mechanics of the fluorescent

dissecting microscope, GFP detection was enhanced at

higher magnifications. At high magnification, the excita-

tion light became more focused and the area under direct

observation was smaller, allowing higher resolution for

GFP detection. Therefore, high magnification image col-

lection yields brighter green fluorescence when viewed by

eye and when using standard camera exposures. When

performing direct comparisons between the Gmubi and

Gmupri promoters in the same tissues, images were always

Fig. 6 GFP expression in flowers and pods from T1 transgenic

soybean plants containing the gfp gene under regulatory control of the

Gmubi or Gmupri promoter. a Mature flowers. b Longitudinal-

sections of immature T2 seeds (top panel) and a later developmental

stage (bottom panel). c GFP expression in pods from two different

events containing the Gmubi promoter, event 59 (left panel) and event

72 (right panel). Non-transformed controls were soybean cv. Jack.

Emb embryo, En endosperm, Hi hilum, Co cotyledon, Hy hypocotyl

of developing embryo, Ra radicle, Ow ovary wall
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collected using the same magnification. To generate Fig. 2,

composite images were assembled from multiple images,

collected at low magnification from each germinating

seedling. Each of the individual images in the composite

was collected under the same conditions, validating the

comparison between promoters. Using confocal (Fig. 5a, b,

d) and epifluorescence (Fig. 5c) microscopies, resolution of

GFP expression was additionally enhanced while the

viewing field was reduced.

In soybean embryogenic cultures and whole plants, GFP

detection is often impaired by red autofluorescence in

chlorophyll-containing tissues. In achlorophyllous tissues

of soybean (roots, pollen, leaf epidermal cells, flower

petals), visualization of GFP was more straightforward as

interference from chlorophyll was not an issue (Figs. 3, 5c,

d, 6a). Chlorophyll may interfere with GFP fluorescence by

either competing with GFP for excitation light or masking

GFP fluorescence from an overabundance of red fluores-

cence (Zhou et al. 2005). To eliminate chlorophyll and

allow more efficient detection of GFP in embryogenic

soybean cultures, we have previously included the herbi-

cide isoxaflutole in the D20 culture medium (Wu et al.

2008). Isoxaflutole caused tissue bleaching while not

affecting growth of in vitro cultures, permitting detection

of even low levels of GFP (Wu et al. 2008). GFP expres-

sion was low in tissues containing GFP under regulatory

control of Gmupri promoter in this study (Fig. 1b) and

inclusion of isoxaflutole in the culture medium in a pre-

vious study led to reduced chlorophyll levels and easier

observations of GFP in Gmupri-containing transgenic

events (Wu et al. 2008). Although the beneficial effects of

isoxaflutole on GFP visualization was not further explored

in this study, partial bleaching and some improvement of

GFP detection in leaf tissues could be obtained with sub-

lethal applications of this herbicide to leaves of whole

plants (Finer unpublished data).

GFP expression patterns

The expression patterns observed in soybean tissues con-

taining either Gmubi or Gmupri were similar but the

intensity of GFP expression was always much lower with

the intron-less Gmupri promoter. In general, introns appear

to affect the quantitative level of expression rather than

qualitative aspects of gene expression such as tissue

specificity or induction (Le Hir et al. 2003). Intron effects

on the level of transgene expression have been well-doc-

umented using both transient expression (Callis et al. 1987;

Vain et al. 1996) and stable transformation (Callis et al.

1987; Wang and Oard 2003; Genschik et al. 1994). With

other polyubiquitin promoters from both monocots and

dicots (Garbarino et al. 1995; Joung and Kamo 2006;

Sivamani and Qu 2006), inclusion of the intron in the 50

UTR of the promoter region led to enhancements of

Fig. 7 Southern blot analysis of different soybean transgenic events

containing the Gmubi or Gmupri promoter. Genomic DNA was

digested with BsrGI and hybridized with a 717 bp probe, which was

PCR-amplified from the gfp ORF. DNA hybridization patterns from

seedlings containing the intron-less Gmupri promoter (a) or the

Gmubi promoter (b). c DNA hybridization analysis of plants from

two transgenic events containing the Gmubi promoter through two or

three generations. Jack - is non-transformed soybean cv. Jack DNA

used as a negative control, Jack ? lane contains DNA from non-

transformed cv. Jack plus 20 pg pGmubi or pGmupri, representing a

single transgene copy in the soybean genome. Numbers represent the

different transgenic events. Asterisks show the events selected for

detailed GFP analysis
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reporter gene expression of up to 10-fold. Deletion of

introns from polyubiquitin promoters of rice (Wang and

Oard 2003) and tobacco (Genschik et al. 1994) also led to a

considerable reduction in gene expression levels. Using

transient expression to evaluate Gmubi and Gmupri, Chiera

et al. (2007) reported a 2-fold increase in GFP expression

levels with the intron-containing Gmubi promoter, com-

pared to the intron-less Gmupri. Although a quantitative

evaluation of GFP expression levels was not undertaken in

the present study, the Gmubi promoter clearly gave higher

levels of gene expression compared to Gmupri (Figs. 1, 2,

3, 4, 5, 6).

Gmubi-driven GFP expression was observed in many

different tissues of the transgenic soybean, with very high

levels of expression in vascular tissues, epidermal cells,

stomata and young roots (Figs. 3, 4, 5). This expression

pattern has also been observed with polyubiquitin pro-

moters from other plants (Cornejo et al. 1993; Rooke et al.

2000; Plesse et al. 2001). Ubiquitin promoters typically

show high activity in young, actively growing tissues and

organs such as vascular tissue, epidermis and root tip.

Interestingly, the CaMV35S promoter also drives high

levels of gene expression in these same tissues (Battraw

and Hall 1990), suggesting that ‘‘constitutive’’ promoters

show heightened activity in young, actively growing tis-

sues. Induction of the Gmubi promoter in transgenic

soybean, in response to various stress phenomena, was not

observed in this study (data not shown). Ubiquitin pro-

moters from other plant species, regulating various

transgene, were inducible by heat stress as well as

wounding (Takimoto et al. 1994; Garbarino et al. 1995;

Nagatani et al. 1997). Either the GFP detection method

utilized in this research was not sufficiently sensitive to

discriminate increases in expression levels or the specific

ubiquitin promoter that was used in this work (Chiera et al.

2007) is not wound- or heat-inducible. Considering the

relatively small size of the Gmubi promoter (917 bp;

including 591 bp intron), additional upstream sequences

may contain additional regulatory elements which would

confer induction to various factors. Promoters from other

soybean polyubiquitin genes (Xia et al. 1994) may show

other patterns of gene expression.

Most of the detailed analysis of promoter activity

reported here utilized three Gmubi events and two Gmupri

events. Additional events were generated but not charac-

terized (Fig. 1). These other transgenic events did not

display GFP that could be accurately assessed. The varia-

tion in transgene expression among events is not unusual

even when transgenic plants are generated using the same

conditions and DNA constructs (Butaye et al. 2005). The

DNA regions flanking the transgene can influence gene

expression (De Bolle et al. 2003). Southern hybridization

analysis revealed that the five events, which were studied

in detail in this work, contained 1–3 copies of the intro-

duced constructs (Fig. 7). Other events, which were not

selected for more extensive analysis, contained from 1 to

approximately 20 copies of the introduced DNA. Copy

number may also influence expression of the transgene.

Among those events studied in detail, the GFP expres-

sion pattern driven by the Gmubi and Gmupri promoters

was fairly consistent among all soybean events and organs/

tissues analyzed. The use of transgenic soybean for eval-

uation of soybean promoters (Buenrostro-Nava et al. 2006)

is noteworthy as many studies of soybean promoters do not

utilize soybean to evaluate promoter activity (Li et al.

1994; Strömvik et al. 2004; Waclawovsky et al. 2006). The

high levels of promoter activity observed in the young

endosperm of the immature seed (Fig. 6b) and the ovary

wall (Fig. 6c) of the pod, using soybean, may not be as

apparent or possibly not even be visible if tobacco or

Arabidopsis were utilized because of the small size or

absence of the corresponding structures.

We report here a detailed characterization of expression

patterns using a soybean polyubiquitin promoter in trans-

genic soybean. This is the first report of an extensive

characterization of a soybean polyubiquitin promoter in

transgenic plants. The Gmubi promoter directed high levels

of gene expression in young rapidly growing tissues, while

lower levels of expression could be observed in most parts

of the transgenic soybean plants. When promoters are

evaluated for regulation of transgene, it would be best if the

evaluation were performed in the eventual target plant

species. For this work, soybean was targeted, making these

results more meaningful and relevant for both under-

standing native promoter regulation and use for production

of commercial transgenics in soybean.
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