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Abstract

By fusing the genes encoding green fluorescent protein (GFP) and�-glucuronidase (GUS) we have created a set
of bifunctional reporter constructs which are optimized for use in transient and stable expression studies in plants.
This approach makes it possible to combine the advantage of GUS, its high sensitivity in histochemical staining,
with the advantages of GFP as a vital marker. The fusion proteins were functional in transient expression studies
in tobacco using either DNA bombardment or potato virus X as a vector, and in stably transformedArabidopsis
thalianaandLotus japonicusplants. The results show that high level of expression does not interfere with efficient
stable transformation inA. thalianaandL. japonicus. Using confocal laser scanning microscopy we show that the
fusion constructs are very suitable for promoter expression studies in all organs of living plants, including root
nodules. The use of these reporter constructs in the model legumeL. japonicusoffers exciting new possibilities for
the study of the root nodulation process.

Introduction

Analysis of promoter activity in plants has been done
almost exclusively using theEscherichia coligene
gusA encoding�-glucuronidase (GUS) as a report-
er in gene fusions constructs. This is because there
is almost no background GUS activity in most plant
species and the levels of GUS can be easily quan-
tified by using fluorescent substrates. Furthermore,
GUS expression patterns can be analyzed histochem-
ically [25]. However, GUS assays are destructive to
the plant material which is inconvenient for follow-
ing the expression of a given gene in time. For the
latter strategy, the firefly reporter gene encoding luci-
ferase has been used successfully, since its activity
can be measuredin vivo after addition of the sub-
strate luciferine, using a sensitive video-imaging sys-
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tem [31, 32]. Disadvantages of this method are that
these measurements have to be performed in darkness
which interferes with the plants physiology, and the
substrate for luciferase has to be introduced inside the
plant. In contrast, the green fluorescent protein (GFP)
of the jellyfishAequorea victoriacan be visualized dir-
ectly without the addition of exogenous substrates or
cofactors, and it is not toxic. GFP is a small protein of
238 amino acids which requires molecular oxygen for
fluorophore formation [19]. Wild-type GFP absorbs
blue light (major�ex = 395 nm and a minor peak at
470 nm) and emits green light (507 nm). The GFP
complementary DNA was recently cloned and used as
a vital marker gene in various heterologous organisms
[4, 36, 53].

The wild-type GFP has been used for expression
studies in plants in various transformation systems [22,
33] or virus-based delivery systems [1]. However, for
efficient expression of GFP in plants a cryptic intron
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sequence had to be removed from the coding sequence
[17, 37]. Mutants of GFP with altered spectral prop-
erties or enhanced fluorescence have been isolated
[7, 18, 19]. A red-shifted variant of GFP (replace-
ment of Ser65!Thr, S65T) has only one excitation
peak (�ex = 485 nm), gives 6- to 7-fold increase in
fluorescent intensity, and has reduced photobleach-
ing [18]. Synthetic GFPs with optimized codon usage
for humans and plants have been used successfully in
maize, wheat, corn, tobacco andA. thaliana[6, 35,
39].

Modern new techniques which are suitable for the
analysis of GFP include the use of single photon
counting techniques, fluorescence correlation spectro-
scopy, fluorescence lifetime imaging microscopy and
two-photon fluorescence spectroscopy [12, 38, 46].
However, for screening purposes in plants the useful-
ness of GFP is greatly limited due to the high levels of
autofluorescence in various plant organs and calli. For
this purpose, the reporter gene GUS remains unsur-
passed in its sensitivity. A recently described fusion
between GFP and�-galactosidase [44, 47] is not
useful in plants because of the high endogenous�-
galactosidase activity in plants. Therefore, we have
combined the advantages of GFP and GUS by con-
structing bifunctional reporter genes making use of
the fact that both GFP and GUS can tolerate N- or
C-protein fusions [8, 13, 20].

Materials and methods

Plasmids and Agrobacterium strains

DNA manipulations were performed using standard
procedures described by Sambrooket al. [40]. A
detailed overview of the construction of the plas-
mids used in this work is depicted in Figure 1. The
nptII-Tocsregion of thegusA::intr/nptII fusion gene
in pSDM5008 [9, 41], was exchanged with the s-
gfp-TYG-Tnos fragment of Blue-sGFP-TYG KS [6]
via a series of cloning steps resulting in a promoter-
less gusA::intr/s-gfp-TYG-Tnos gene in pMP2167a.
Theegfp/gusAfusion was made by cloning aBamHI-
EcoRI fragment of pBI101.2 [25] containinggusA-
Tnos in the BglII and EcoRI sites of pEGFP-C3
(Clontech) resulting in pMP3625. An intron was intro-
duced intoegfp/gusAby exchanging aSnaB1-BstB1
fragment from pMP3625 with the analogousgusA
fragment from GUS:intr/pBS, yielding pMP2845.The
nucleotide sequence of the chimeric gene fusions

was checked by the double strand dideoxy chain ter-
mination method [40]. For convenience, the fusion
genes are indicated asgusA::intr/gfp, gfp/gusA, and
gfp/gusA::intr, respectively. The double enhanced
CaMV 35S promoter with optimized translation initi-
ation sequences derived from pMOG18 [45] further on
indicated as 35S was cloned 50 of thegusA::intr/gfpand
gfp/gusAfusion genes in pMP2167a and pMP3625 giv-
ing pMP2180 and pMP3628, respectively (Figure 1).

For the 35S-gusA::intr/gfpconstruct used for trans-
formation of A. thaliana, the EcoRI fragment from
pMP2180 harboring the fusion was excised and lig-
ated into pBINPLUS [49], to make pMP2482. The
sameEcoRI fragment was also cloned in pMP2173,
a pSLJ4644 [26] derivative with a modified right
border of the T-DNA, resulting in pMP2182, which
was used forL. japonicustransformation. The syn-
thetic right border sequence of pMP2173 was made
by the ligation of two compatible oligonucleotides,
oMP215 (agcttatcgatacttggatcccacctggctacctaggaacct-
gcccgggcaggatatataccgttgtaatttcagct) and oMP216
(gaaattaccaacggtatatatcctgcccgggcaggttcctaggtagccag-
gtgggatccaagtatcgata) intoSstI and HindIII sites of
pSLJ279 [26]; thereby eliminated theSstI site. Sub-
sequently, theHindIII-BglII fragment of this plas-
mid was cloned into pSLJ4644[26] yielding pMP2173
(Figure 1). The 35S-gfp/gusA-Tnos fragment was
transferred to the binary vector pZP212 [14] as an
EcoRI fragment from pMP3628 giving pMP3629.

The intron ofgusAin pMP2167a was removed by
exchanging theSnaB1-BstB1 fragment with the corres-
ponding fragment ofgusAin pMOG18 [45] in order
to obtain a functional fusion gene(gusA/gfp) for PVX
infection. TheSmaI- HindIII gusA/gfpfragment was
filled in with Klenow polymerase and ligated into the
SmaI site of the PVX vector pPC2S [1] resulting in
pMP2497 (Figure 1).

The binary vectors pMP2482, pMP3629 and pBIN-
PLUS were introduced intoAgrobacterium tumefa-
ciensstrain LBA1115 [21] using electroporation [10],
whereas, pSLJ4644, pMP2173 and pMP2182 were
mobilized toA. tumefaciensstrain AGL1 [28] using
the helper plasmid pRK2013 [11].

Transcription of viral RNA and plant inoculations

DNA of pMP2497was linearized withSpeI and capped
RNA transcripts were generated using the T7 RNA
polymerase large scalein vitro transcription kit of Pro-
mega according to the manufacturer instructions (Pro-
mega Corporation). As controls, also RNA was pre-
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pared from PVX.gfp and PVX.gusAplasmids [1, 5].
RNA was resuspended in water and manually inocu-
lated on leaves of 5–6 week oldNicotiana benthami-
anaplants dusted with carborundum [5]. Plants were
grown at 25�C with a 16 h light period under Sylvania
coolwhite tubes F18/133 T8. The spread of the virus
was monitored 7–14 days post inoculation by analysis
of both GFP and GUS expression as described below.

Plant transformation

Roots of 10-day-oldA. thalianaplants (ecotype C24)
seedlings were transformed withA. tumefaciensstrain
LBA1115 containing the binary vectors pBINPLUS,
pMP2482 and pMP3629 according to the protocol by
Valvekenset al. [48] which was optimized to our loc-
al conditions [51]. Transformants were selected by
growth on kanamycin (50 mg/l). Hypocotyl explants
of L. japonicus(‘Gifu’ accession number B-129) were
transformed with the constructs pMP2182, pMP2173
and pSJL4644 usingAgrobacteriumstrain AGL1 [28]
as described by Handberget al. [15] with minor modi-
fication as follows. Seedlings were grown for 5 days
in the dark followed by one day in continuous light
at 26 �C and hypocotyls were cut transversely in
pieces of 6–8 mm before cocultivation. Transgenic
calli were selected on callus induction medium con-
taining 25 mg/l G418 (Sigma) until they reached a size
of approximately 1 cm. During the shoot regeneration
step the concentration of cefotaxime was reduced to
150 mg/l. Transgenic calli were cultured for 3 weeks
on shoot induction medium. Subsequently, all calli,
with or without emerging shoot structures, were trans-
ferred to shoot growth medium. Calli with emerging
shoots of 0.5 cm were transferred to shoot elongation
medium.

Immunoblot analysis

TransgenicA. thaliana seedlings were grounded in
liquid nitrogen and powder was resuspended in 2 times
their weight of extraction buffer containing 50 mM
sodium phosphate buffer (pH 7.2), 5 mM dithio-
threitol (DTT), 5% glycerol, 0.1% Triton X-100 and
CompleteTM protease inhibitor cocktail (Boehringer
Mannheim). Protein concentration were determined
using Bradford reagent (Biorad) with bovine serum
albumin as a standard. Equal volumes of 2� sodi-
um dodecyl sulphate (SDS) sample buffer [40] was
added and protein samples were loaded on 9% SDS-
polyacrylamide gel according to Laemmli [27]. The

separated proteins were blotted onto Immobilon-P
membrane (Millipore) for 1 h, using a LKB NovaBlot
Electrophoretic transfer unit at 0.8 mA/cm2. Blots were
blocked in 1% blocking reagent (Boehringer Man-
nheim) in TBS (50 mM Tris, pH 7.5, 150 mM NaCl) for
1 h at room temperature. Rabbit polyclonal antibodies
anti-GUS (Clontech) and anti-GFP (Molecular Probes)
were used in 1:1500 dilutions in 0.5% blocking reagent
in TBS. After washing in TBS, filters were incub-
ated with peroxidase-conjugated goat-anti-rabbit IgG
(1:3000 dilution; Sigma). Peroxidase activity was visu-
alized using 3-30 diaminobenzidine tetrahydrochloride
as a substrate [43].

Detection of GFP and GUS expression

GFP expressionin planta was analyzed using a ste-
reo microscope (Leica MZ 12) with a fluorescent
light source and a Leica GFP-plus filter set (�ex =

480=40nm;�em= 510 nm LP barrier filter). Images of
the plant tissues were taken using a color video camera
(Sony CCD-iris with integration unit, Sony DKR700).

For GUS histochemistry, plant material was
stained in 1 mg/ml 5-bromo-4-chloro-3-indolyl�-D-
glucuronide (X-Gluc) solution in 50 mM sodium phos-
phate buffer (pH 7.2), 0.1% Triton X-100, 10 mM
EDTA, 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6 for 16 h
at 37 �C in darkness. Tissue was cleared using 70%
ethanol. GUS expression was examined with a stereo
microscope (Wild Leitz M3Z) and images recorded
with the CCD camera without integration. Pictures
were corrected for brightness and printed using the
ADOBE Photoshop 4 software.

Seeds of transgenicA. thaliana lines were ster-
ilized and sowed on growth medium [51] containing
25 mg/l kanamycinand grown at 21�C under a 16 h/8 h
light/dark regime. 5-day-old seedlings were mounted
in water and examined using a Leica TCS NT confocal
laser scanning unit equipped with an inverted micro-
scope (Leica DMIRB/E), a 16 A Argon/Krypton laser
and FITC filter set.

TransgenicL. japonicus plants were nodulated
with wild-typeMesorhizobium lotistrain NZP2238 as
described in Ĺopez-Laraet al. [29]. Fresh sections
were made of 2-week-old nodules using a vibratome
(LeicaVT1000S). The sections were analyzed with a
Biorad MRC1024ES confocal laser scanning mod-
ule with a 16 A Argon/Krypton laser and FITC filter
set connected to a Zeiss Axioplan microscope. GUS
expression in the nodules was analyzed as mentioned
above. The section were counter stained for 10 s in
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0.05% safranin in 50% ethanol and briefly destained in
50% ethanol.

Results

Transient expression ofgusAandgfp fusion genes in
plants

In the variousgusAandgfpfusion constructs two differ-
ent red-shifted variants ofgfpwere used,a syntheticgfp
(s-gfp-TYG) with optimized codon usage for humans
which was shown to be highly expressed in plants [6]
and an enhancedgfp(egfp) from Clontech. Expression
in plants ofegfphas not been shown before but since
it differs only 4 nucleotides froms-gfp-TYGof which
one is silent and the others result in only two amino
acid substitutions (Leu64!Phe and His233!Leu), it
was expected to be effective. An overview presenting
the cloning steps of the fusion genes,gusA::intr/gfp,
gusA/gfp, gfp/gusAandgfp/gusA::intr, is given in Fig-
ure 1. The functionality of various constructs was
tested initially by DNA micro projectile bombard-
ments. Based on the results obtained with these tran-
sient expression studies in calli ofL. japonicusand
in seedlings ofA. thalianaand Nicotiana sylvestris,
the fusion genes shown in Figure 2 were chosen for
a more detailed analysis. With these constructs, trans-
formed single cells were observed which were green
fluorescent and GUS positive (data not shown).

An alternative method used to transiently express a
heterologous gene is based on the use of plant viruses
as a fast and convenient delivery tool of foreign genes
(for a review see [42]). The fusion protein produced by
one of the constructs was tested in detail by cloning the
gusA/gfpgene in a potato virus X (PVX) vector. We
removed the intron from thegusA::intr/gfpconstruct
since in this system the genes are directly expressed
from viral mRNA, which is produced in the cyto-
plasm and thus are avoiding the splicing machinery.
The gusA/gfpfusion gene was cloned in the previ-
ously described PVX constructs using the subgenomic
promoter duplication strategy [5] to express foreign
genes (pMP2497; see Figures 1 and 2). Infectious
RNA was obtainedin vitro from run-off transcription
of pMP2497 and RNA transcribed from PVX vectors
containing eithergusAor gfp alone was taken along
as controls. All transcripts synthesized were infec-
tious when inoculated onN. benthaminianaplants. For
PVX.gusAand PVX.gfp mild mosaic symptoms were
observed on systemic leaves 7 days post-inoculation,

as was described previously (data not shown) [1, 5, 34].
However, PVX in which thegusA/gfpfusion gene was
cloned did not spread systemically.The inoculated leaf,
on which mild symptoms were visible, was analyzed
with fluorescence microscopy, showing the presence
of bright green fluorescent spots (Figure 3). Some very
faint spots were also seen in the leaves growing out of
the axilary bud of the inoculated leaf and in the vas-
cular bundle of the internode above it. Histochemical
analysis of GUS activity gave blue staining exactly
at the same position were the green fluorescence was
detected, as shown in Figure 3. Moreover, blue stain-
ing was observed in the shoot from the axilary bud, the
vascular bundle of the internode above and the peti-
ole of the next leaf. We conclude that thegusA/gfp
fusion gene is functional but apparently interferes with
systemic infection of the PVX virus. The results also
show that the fluorescence emitted by the GUS/GFP
fusion protein is sufficiently strong to be detected eas-
ily in strongly autofluorescent leaves using a stereo-
microscope equipped with a fluorescent light source.

Analysis of expression of fusion genes in stably
transformed plants

Root explants of A. thaliana were transformed
with pMP2482 (35S-gusA::intr/gfp), pMP3629 (35S-
gfp/gusA), and pBINPLUS (control). Similar trans-
formation efficiencies with the reporter gene con-
structs and the control were observed. The kanamy-
cin resistant calli obtained after transformation with
pMP2482 and pMP3629 were brightly green fluor-
escent. The same calli were also positive for GUS
when stained with X-Gluc (data not shown). Various
organs of the primary transformants were monitored
for GFP activity during the regeneration procedure (as
an example is shown the expression obtained with the
35S-gusA::intr/gfpconstruct in Figure 4). Independent
transgenic lines were regenerated and in all of them,
bright green fluorescence was also observed in flowers,
especially in the petals and the carpel (Figure 4a), and
in siliques (Figure 4b). Due to the strong autofluores-
cence of the chlorophyll the expression of GFP is often
detected as orange fluorescence. In the control plants
only yellowish autofluorescence in the petals and sil-
iques and the red fluorescence of chlorophyll in the
leaves and carpels was detected, even with maximal
integration time. In the leaves only highly expressing
lines allowed GFP expression to be detected by stand-
ard fluorescent microscopic techniques. GFP was easy
to detect in emerging roots since these tissues lack
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Figure 2. Fusion gene constructs and their use in plant assays. At the right, the size, the name of the parental vector and the plant species
used to test the respective constructs are indicated. For abbreviations of the restriction sites see legend of Figure 1. Abbreviations:
, AlMV
leader sequence;nptII, neomycin phosphotransferase; p35S, enhanced CaMV 35S promoter; pnosnopaline synthase promoter; Tnos, nopaline
synthase terminator; Tocsoctopine synthase terminator; T35S, CaMV 35S terminator; LB, left border; RB, right border; T7, promoter from
bacteriophage T7;RdRpRNA-dependent RNA polymerase;m1, m2andm3movement protein genes;Cpcoat protein gene.

Figure 3. N. benthamianainfected withgusA/gfp-expressing PVX. (a) GFP expression in the inoculated leaf; (b) the same leaf stained with
X-Gluc to detect GUS activity. The arrows point to the same position of the leaf.

chlorophyll (Figure 4c). The same plants were tested
for GUS activity by X-Gluc staining. The results show
that the detected green fluorescence is completely cor-
related with strong GUS activity in all parts of the
plant tested. As an example, the results of a GUS assay
of the same organs as shown with fluorescent micro-
scopy detection are shown in Figure 4, panels a–c. The
kanamycin resistant F1 progenyof transgenic lines car-

rying 35S-gusA::intr/gfp, 35S-gfp/gusAand the con-
trols were also tested for GFP and GUS expression
yielding similar results as shown in Figure 4 (data not
shown) confirming stable integration and expression of
the fusion gene.

Since vectors derived from plasmid pBINPLUS did
not give good results in transformation ofL. japonicus,
a new vector was constructed derived from the binary
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Figure 4. Expression of GFP and GUS in transgenicA. thalianaandL. japonicusplants. Plants containing 35S-gusA:: intr/gfpor control
T-DNA are indicated as GUSGFP and control, respectively. Panel a, b, c:A. thalianaflowers, siliques and roots, respectively. To visualize the
roots of the control plant under fluorescent light, the sample was illuminated indirectly with a white light source. Panel d:L. japonicusstem
with leaf.



722

Figure 5. Expression of GFP and GUS in root nodules of transgenicL. japonicusplants. Nodules obtained after inoculation withM.loti on
plants containing 35S-gusA::intr/gfp(a and c) or control T-DNA (b and d). Transverse sections of lotus nodules were analyzed for GFP with
confocal microscopy (a and b) and stained with X-Gluc to detect GUS expression (c and d). Bar: 100�m.

vector pSJL4644 [26]. In order to make the vector
also suitable for future promoter-trapping strategies
the construct was adapted to position the right bor-
der closer to the multiple cloning site within the T-
DNA region, resulting in plasmid pMP2173 (Figure 1).
Pilot experiment indicated that pMP2173 gave com-
parable transformation efficiencies as pSLJ4644 inL.
japonicus(data not shown). The plasmid pMP2182,
containing thegusA::intr/gfp fusion gene under con-
trol of the CaMV 35S promoter cloned into pMP2173,
was used for the transformation of hypocotyl explants
of L. japonicus. Transgenic calli were selected on
G418 and 9 weeks after cocultivation green fluores-

cence was observed in calli transformed with pMP2182
and not in control calli obtained with pMP2173 or
pSLJ4644 (data not shown). Regenerated plants res-
ulting from these calli were tested for GFP and GUS
activity. In shoots obtained with the 35S-gusA::intr/gfp
construct GFP expression could be easily monitored
in the stereo-microscope by the emission of orange
fluorescence, whereas in the control shoots only the
red autofluorescence of chlorophyll could be detected
(Figure 4d). The petioles of the positive plants were
brightly green fluorescent because these parts contain
less chlorophyll. GUS activity was assayed showing
that the 35S-gusA::intr/gfpleaves became indigo blue,
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Figure 6. Immunoblot analysis of fusion proteins. Lanes contain
protein extracts prepared from transgenicA. thalianaseedlings con-
taining 35S-gfp/gusA(lane 1 and 8), 35S-gusA::intr/gfp(lane 2 and
5), pBINPLUS (lane 3 and 6), 35S-gfp (lane 4) or 35S-gusA(lane
7). Blots were incubated with polyclonal antibodies raised against
GFP (�-GFP) or GUS (�-GUS). The position of the fusion proteins
is marked with an arrow. The size of marker proteins is given in kDa
indicated at the center.

whereas the control leaves were negative (Figure 4d).
In the 35S-gusA::intr/gfptransgenic roots green fluor-
escence could be detected, especially on the position
were lateral roots emerged. However, the green fluor-
escent in several parts of the roots was masked by
autofluorescence. Staining these roots for GUS activity
resulted in homogeneously blue roots (data not shown).

L. japonicusplants containing 35S-gusA::intr/gfp
and which showed GFP and GUS activity in the leaves
were inoculated with a wild-typeM. loti strain. Trans-
genic lotus plants obtained with pMP2173 were taken
along as control. Root nodules were analyzed both
for GFP and GUS expression. Sections of 2-week-old
nodules were analyzed for GFP expression by confocal
laser scanning microscopy (Figures 5a and 5b). GFP
was most clearly detectable in the vascular bundle of
the 35S-gusA::intr/gfpnodule (Figure 5a). This could
be expected since it has been described previously that
the CaMV 35S promoter is more strongly expressed
in cells of the vascular bundle [3, 25]. Control roots
gave a background signal which was predominantly
due to autofluorescence located in the epidermis (Fig-
ure 5b). Staining of the sections with X-Gluc to detect
the GUS activity confirms the data obtained with con-

focal microscopy. The vascular bundle of the 35S-
gusA::intr/gfpnodule stained most strongly blue (Fig-
ure 5c). The histochemical detection of GUS activity
showed no background activity in the control plants
(Figure 5d)

Immunochemical analysis of the fusion proteins

To analyze the different gene products on the molecular
level, crude protein extracts of the kanamycin resistant
F1 progeny of 35S-gusA::intr/gfpand 35S-gfp/gusA A.
thalianalines were subjected to immunoblot analysis.
As controls, protein extracts prepared from seedlings
expressing either GFP or GUS under control of the
CaMV 35S promoter were used. Blots were incub-
ated with polyclonal antibodies against GFP or GUS
(Figure 6). The results showed that the estimated size
of the fusion proteins of 100 kDa corresponds closely
to the sum of the sizes of GUS (68 kDa; [24]) and
GFP (28 kDa; [23]). Only in the lane loaded with
35S-gusA::intr/gfp plant material, an additional smal-
ler GFP-antigenic band is detected (Figure 6, lane 2),
suggesting some degradation of the fusion protein. In
SDS-gels the GUS enzyme activity in protein extracts
of independent transgenic lines was measured using X-
Gluc or MUG as a substrate and activity was detected in
a band with a lower mobility than GUS, confirming the
immunoblot data. Furthermore, this result shows that
both N- and C-terminal fusion proteins are produced
at high levels (data not shown).

Localization ofGUS/GFPprotein in transgenic
Arabidopsisby confocal microscopy

The CaMV 35S promoter is not evenly expressed in
all plant tissues. Therefore, we tested the sensitivity
of the GFP detectionin vivo by confocal laser micro-
scopy as compared to the method of GUS staining. A
series of optical sections were made from the coty-
ledon and the lower part of the hypocotyl. A good
example of the high sensitivity of the detection of
GFP by fluorescence analysis is shown in Figure 7.
The green fluorescence was found in the thin layer
of cytoplasm between the cell wall and the vacuole.
The cytoplasmic localization was most clear in the sto-
mata of the cotelydon and in the hairs at the transition
zone (Figure 7). Both these cell types have relatively
small vacuoles. No GFP expression was detected in
the nucleus and the vacuole. Furthermore, activities at
the cellular level, such as cytoplasmic streaming, were
clearly evident in the living cells. Further analysis of
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some transgenic lines in which the fusion gene was
relatively weakly expressed, using fluorescence cor-
relation spectroscopy [38], showed that the constructs
are very suitable for single molecule detection of the
green fluorescent-GUS fusion protein (T. Visser and
H.P.S., unpublished results).

Discussion

With the rapid advances in techniques for detection of
fluorescence, the use of GFP fromA. victoria offers
exciting new possibilities for monitoring various pro-
cesses, such as transcription, translation, translocation
and interactions of proteins, in living cells. In order
to optimize the study of transcription in plants, sens-
itive and vital bifunctional reporter genes were con-
structed. Two slightly different genes, both encoding
red-shifted GFP variants and with altered codon usage,
were cloned in frame at either the 50 or 30 terminus of
the gusAgene (Figure 1). For both fusions we also
tested thegusAgene containing an intron [50]. This
has the advantage that it is possible to discriminate
between the prokaryotic and eukaryotic expression of
the reporter already at early steps in theAgrobacterium-
mediated plant transformation procedure.

The gusA/gfpfusion was active when PVX RNA
carrying this fusion was inoculated on a tobacco leaf
(Figure 3). However, the recombinant virus did not
spread systemically throughout the plant. An effect
of insert size on the systemic infection capacity of the
PVX virus was already observed inNicotiana tabacum
cv. Samsun NN for the previously described PVX.gusA
construct [5]. It was suggested that the relatively large
insert size of 1.8 kb was partially responsible for this
effect. This could also explain our results with the
gusA/gfpfusion gene.

Two model plant species,A. thaliana and L.
japonicus, were selected to test our bifunctional report-
er genes in stably transformed plants. We have chosen
thegusA::intr/gfpfusion gene for a detailed analysis of
gene expression in various parts of the plants. We show
that in transgenicA. thalianaandL. japonicusplants,
the activity of both reporters, GFP and GUS, can be
detected efficiently with a stereo microscope, using
fluorescence, and histochemical staining, respectively
(Figure 4). However, in root nodules ofL. japonicusa
significant level of green autofluorescence was detec-
ted (Figure 5). This implies that for detection of weak
expression ofgfp more sophisticated detection meth-
ods such as fluorescence lifetime imaging microscopy

[12] should be used. Protein analysis using immun-
oblot assays shows that the GFP/GUS and GUS/GFP
fusion proteins are relatively stable in transgenic plants
since hardly any degradation products were detected
(Figure 6). The high expression levels did not have a
negative effect on the transformation efficiency since
no differences in transformation frequencies with the
control vectors were detected. Furthermore, the large
majority of transformants was positive in the analysis
of green fluorescence and GUS activity. These res-
ults are in contrast with the results of Haseloffet al.
who reported a negative effect on the transformation of
wild-type gfp into A. thalianaplants [17]. The differ-
ence between these experimental results can presently
not be explained, but could be based on the use of a
different variant of thegfpgene.

Confocal laser scanning microscopy gave the pos-
sibility to detect in much more detail the localization
of the fusion protein as can be done by using the GUS
assay. A disadvantage of histochemical detection of
GUS activity is diffusion of the coloured or fluores-
cent product to surrounding cells. This feature, which
fortunately does not count for GFP, makes precise cel-
lular localization impossible. Recently, Haseloff and
collaborators showed that GFP lacking a specific tar-
geting signal was enriched in the nucleoplasm ofA.
thalianacells [17]. In our analyse using confocal laser
microscopy, the GUS/GFP protein could not be detec-
ted in the nucleus. The translocation of the fusion pro-
tein through the nuclear envelope or other membrane
systems would also not be expected due to the large size
of the fusion protein and the lack of a specific targeting
signal. Therefore, an additional advantage of the use
of the GUS/GFP fusion protein is that the detection of
the reporter gene product is more strictly co-localized
with gene expression.

The results with the transgenicL. japonicusplants
carrying 35S-gusA::intr/gfpplants represent the first
example of the use of the GFP protein for the detec-
tion of gene expression in a leguminous plant. Since
L. japonicusis one of the most suitable model plants
for genetic studies of the root nodulation process [16]
our results are very useful for further studies on the
molecular mechanism of this process. In future exper-
iments we are planning to fuse the constructed fusion
genes to promoters of various genes which are spe-
cifically expressed during nodule formation, the so-
called nodulin genes, and introduce these constructs
into L. japonicus. The resulting transgenic plants will
be extremely useful to analyze the regulation of these
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Figure 7. Confocal microscopy images of a transgenicA. thalianaseedling containing 35S-gusA::intr/gfp. Left panel: an optical section of the
cotyledon. GFP in the cytoplasm of the stomata and the epidermal cells (arrow). Bar: 75�m. Right panel: an optical section through the lower
part of the hypocotyl and the transition zone. No GUS/GFP protein is present in the vacuoles (V). Bar: 25�m.

promoters during the various stages of the root nodu-
lation process.
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