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Abstract A binary vector containing two reporter

gene cassettes has been developed. This vector is

ideal for optimising new plant transformation sys-

tems. Following optimisation, one of the reporter

genes can be replaced with a gene of interest; the

second can be used as a marker to confirm transgenic

lines, and to estimate locus number and determine

zygosity. This allows simple, efficient and econom-

ical screening for homozygous single-insert lines and

azygous controls.
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Introduction

Development of efficient transformation systems is

a rate-limiting step in genetic engineering of plant

species for applied biotechnology, genetic comple-

mentation and gene expression studies. Agrobacte-

rium is the method of choice for transformation

where possible, and has been reviewed in detail

(e.g., Gelvin 2003). Agrobacterium-mediated trans-

formation is limited by host range, which originally

restricted transformable species to those in the

dicot group. However, it is now possible to

transform many previously recalcitrant species, in

particular important monocot crop species (e.g.,

rice, corn, wheat, barley, sugarcane, banana).

Projects are now underway to develop and optimise

Agrobacterium-mediated transformation systems for

a large variety of species. In order to do this,

universal promoter: reporter gene constructs are

used. These consist of a constitutive promoter

driving expression of a reporter gene with an

easily-assayable phenotype. Once a transformation

system has been developed, it is possible to initiate

studies on specific genes of interest. However,

confirmation of transgenic lines and segregation

analysis to determine zygosity can be complex if

the phenotype of the gene of interest is unknown

or the gene is difficult or costly to assay for. It is

therefore of use to have a secondary reporter gene

included on the transformation vector for use as a

co-segregating marker.
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Materials and methods

Generation of expression cassette

To generate a 35S promoter:GFP expression cassette,

an EcoRI-cut and blunt-ended fragment containing

the synthetic sGFP(S65T) gene (Chiu et al. 1996)

from pUBIGFP (Christensen and Quail 1996) was

inserted into the plasmid pBI221 (Mitsuhara et al.

1996) replacing the GUS gene to create p35SsGFP.

pGFP:GUSPlus (GenBank EF546437) was made by

cloning the 35S:GFP:NOS expression cassette from

p35SsGFP into pCAMBIA1305.1 (CAMBIA,

Canberra, Australia) upstream and in the opposite

orientation to the 35S:GUSPlus:NOS cassette, by

ligation through the HindIII and EcoRI sites in the

multiple cloning sites. In this way, expression of both

reporter genes benefits from the enhancer elements

(Odell et al. 1988; Omirulleh et al. 1993) found in the

two 35S promoters.

Transformation and selection

Tobacco (Nicotiana tabacum cv. Samsun NN) trans-

formation was performed essentially according to

Guerineau et al. (1990) with the following changes:

MES was omitted from all media; leaf sections were

cut while suspended in the Agrobacterium culture;

co-cultivation was carried out on solidified medium

(0.8% agar); following co-cultivation leaf sections

were washed in liquid selection medium; augmentin

(200 mg/ml) was used to remove agrobacteria and

hygromycin (20 mg/ml) was used as a selective agent

in the selective medium; and rooting was performed

on a medium identical to selection medium but

omitting plant hormones. Primary transgenic (T0)

plants were analysed for GUS activity using the

histochemical assay as described previously

(Jefferson 1987).

Results and discussion

To facilitate development and optimisation of trans-

formation systems, we have constructed a transforma-

tion vector, pGFPGUSPlus, which bears expression

cassettes for both green fluorescent protein (GFP)

(Chalfie et al. 1994) and an improved b-glucuronidase

(GUSPlus) (Broothaerts et al. 2005) (Fig. 1). Each

reporter gene is controlled by the constitutive cauli-

flower mosaic virus (CaMV) 35S promoter, which is

active in dicot species and many monocot species.

Reporter gene cassettes and a hygromycin resistance

gene cassette are located between T-DNA borders,

allowing Agrobacterium-mediated transformation;

this plasmid should also be effective for direct gene

transfer. All three expression cassettes can be easily

removed and replaced with a gene of interest or a

different selectable resistance gene (Fig. 1).

Use of pGFPGUSPlus allows choice of either

GUSPlus or GFP, depending on the availability of

assay systems in the laboratory. In addition, one of

the reporter genes can be replaced by a gene of

interest after optimisation has been achieved, allow-

ing use of essentially the same plasmid backbone in

subsequent expression analyses. Furthermore, the

remaining reporter gene cassette allows secondary

selection of transgenic tissues (in addition to antibi-

otic selection) and facilitates simple locus number

and segregation analyses of transgenic lines. This is

particularly useful when the function of the gene of

interest is unknown, or the assay is costly or complex.

Segregation analysis can also be used to identify

homozygous and heterozygous parents from T1

generation single-locus lines using the T2 progeny.

Generation of single-copy homozygous lines is

important in transgenic plant analysis in order to

achieve genetic stability in subsequent generations.

This method can also be used to identify azygous

plants in the T1 generation; azygous plants are ideal

controls as they are near-isogenic with transgenic

plants.

To test pGFPGUSPlus, we used it for transforma-

tion of tobacco. GUSPlus activity was used to

identify primary transgenic (T0) plants (Fig. 2A).

The locus number of T0 plants was estimated, and

azygous T1 plants were identified by segregation

analysis in the T1 generation (Fig. 2B). The zygosity

of single-locus plants from the T1 generation was

determined by segregation of GUSPlus activity in the

T2 generation (Fig. 2C–E). In this way, identification

of homozygous and azygous plants (for use as near-

isogenic controls) is easily facilitated. We are

currently using pGFPGUSPlus to optimise a trans-

formation system for soybean (Glycine max cv.

Bragg) (Fig. 2F–G), and have also used pGFP-

GUSPlus for hairy root transformation of G. max

(cv. Williams) (data not shown) using Agrobacterium
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Fig. 1 Schematic diagram of pGFPGUSPlus (Full sequence

and annotation details for pGFPGUSPlus can be found under

Genbank accession number EF546437). LB, left border for T-

DNA integration; RB, right border for T-DNA integration;

HPTII, hygromycin resistance gene; GFP, green fluorescent

protein gene; GUSPlus, b-glucuronidase gene (includes

catalase intron); 35S, cauliflower mosaic virus 35S promoter;

2 · 35S, 35S promoter containing a double enhancer region

(Omirulleh et al. 1993); N, nopaline synthase (nos) terminator

region; C, cauliflower mosaic virus 35S terminator region.

Restriction enzyme sites are shown (e.g., EcoRI) which are not

found in the plasmid backbone outside the border sequences. A

kanamycin resistance gene is present on the plasmid backbone

for selective amplification in bacteria. The hygromycin gene

cassette for selection of transgenic plant tissues can be easily

replaced with a selectable resistance gene of choice. Use of

GUSPlus as a selectable marker precludes false positives from

surviving endogenous agrobacteria because of the presence of

an intron in the coding region (Broothaerts et al. 2005;

Vancanneyt et al. 1990)

Fig. 2 Reporter gene activity in transgenic plant tissues

transformed with pGFPGUSPlus. (A)–(D) show leaf discs

(diam. = 6 mm) from transgenic tobacco plants assayed for

GUSPlus activity. Primary transgenic (T0) plants can be

identified by GUSPlus activity; four discs from an individual

T0 plant are shown in (A). When leaf discs from individual T1

progeny plants exhibit a segregation ratio of *1:3 (B), it

suggests that the T0 parent plant is a single-locus (SL) insertion

line. Azygous (Az) plants can also be identified in the T1

generation. To identify homozygous T1 plants, segregation

analysis is performed in the T2 plants. T2 progeny of

GUSPlus-positive T1 plants show either no segregation,

demonstrating a homozygous (Ho) parent (C), or *1:3

segregation, demonstrating a heterozygous (He) parent (E).

T2 progeny of Az plants identified in the T1 generation are of

course also Az and show no GUSPlus activity (D). Reporter

gene activity can also be used to facilitate optimisation of the

transformation process; (F) shows GFP in soybean cotyledons

2 d after co-cultivation with Agrobacterium tumefaciens
bearing pGFPGUSPlus, and (G) shows GFP in the shoot apex

of a transgenic soybean plantlet. GFP was visualised using a

Leica MZ6 dissecting microscope fitted with the GFP Plus

fluorescence module (Diagnostic Instruments, Sterling Heights,

MI, USA)
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strain K599 (Kereszt et al. 2007). We have success-

fully used pGFPGUSPlus for functional analysis in

transgenic tobacco by replacing the GFP reporter

gene with a gene of interest and using GUSPlus as a

marker for transgene locus segregation (Vickers

et al., manuscript in preparation). In this case,

single-locus insertion lines identified by segregation

analysis of GUSPlus activity in the T1 generation

were confirmed by Southern blot analysis; subsequent

to this, the zygosity of T1 plants was determined by

segregation analysis of GUSPlus activity in the T2

generation. The assay for the reporter gene (GUS-

Plus) was much faster and simpler than assaying for

the gene of interest. We were also able to generate

azygous controls for each homozygous single-locus

transgenic line.

pGFPGUSPlus is an efficient transformation vec-

tor with a number of useful features, which are

applicable for facilitating both gene expression

studies and the development of plant transformation

systems. In combination with transient transformation

and gene expression analyses methods (Schenk et al.

1998; Vickers et al. 2003), this vector could also be

used for gene promoter analyses, e.g., (Schünmann

et al. 2004; Vickers et al. 2006).
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