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expressed in the cotyledons of germinating pine seeds trans-We have isolated and characterized a genomic clone encoding
formed by microprojectile bombardment. Stable transforma-Scots pine (Pinus syl�estris) cytosolic glutamine synthetase

(GS). The clone contains the 5� end half of the gene including tion of Arabidopsis thaliana revealed the shoot apical
meristem as the major region of heterologous permanentpart of the coding region and 980 bp upstream of the transla-

tion initiation codon. The major transcription start site (+1) expression in Arabidopsis, in agreement with the expression of
the GS gene in Pinus. Moreover, quantitative data derivedwas mapped around 180 nucleotides upstream of the transla-

tion initiation codon. Sequence analysis of the 5�-upstream from fluorometric �-glucuronidase assays in control and con-
region of the gene reveals the presence of putative regulatory tinuous light-grown transgenic Arabidopsis plants indicate

that the isolated upstream region of the gene contains regula-elements including a poly-CT consensus sequence, a purine-
tory sequences involved in the response to light.rich tandem repeat and two AT-rich regions. Fusions of the

upstream gene region to uidA were shown to be transiently

mation is available. cDNA clones encoding cytosolic GS
have been isolated from Scots (Cantón et al. 1993, Elmlinger
et al. 1994) and loblolly pine (Kinlaw et al. 1996) but no
characterization of a genomic clone has been reported.

Previous work indicated that cytosolic GS (GS1) is the
predominant GS isoform in conifer seedlings (Cánovas et al.
1991, Cantón et al. 1996, Garcı́a-Gutiérrez et al. 1998). GS
polypeptides are present in all organs of the seedlings in-
cluding photosynthetic and nonphotosynthetic: cotyledons,
needles and roots. Molecular data derived from the charac-
terization of a GS cDNA clone showed that GS1 gene is
actively expressed in chloroplast containing tissues of devel-
oping seedlings (Cantón et al. 1996) and the level of the
transcript was affected by developmental and light condi-

Introduction

Glutamine synthetase (GS EC 6.3.1.2) is the enzyme respon-
sible for the primary assimilation of ammonia in higher
plants (Miflin and Lea 1976). GS catalyzes the assimilation
of ammonia into glutamine, which then serves as a major
nitrogen transport vehicle and donor in the biosynthesis of
essentially all nitrogenous compounds. The enzyme is active
in a number of organs (McNally et al. 1983) where it is
involved in assimilation or reassimilation of ammonium.
Depending on site location (Hirel et al. 1993), the various
roles of GS are undertaken by different GS isoforms en-
coded by a small multigene family (Cullimore et al. 1984,
Tingey et al. 1988, Sakamoto et al. 1989).

Most of these molecular studies have been carried out in
annual crop plants; however, in woody plants limited infor-

Abbre�iations – GS, glutamine synthetase; GUS, �-glucuronidase; NOS, nopaline synthase; NPT, neomycin phosphotransferase; LB, left
border; RB, right border.
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tions (Cantón et al. 1999). Thus, to go further in this
study, we present the DNA sequence of a partial genomic
clone containing 7 exons of the coding region of GS1 gene.
The clone includes 980 bp upstream of the functional
ATG. So far, very few studies involving genomic clones
from gymnosperms have been reported in the literature
(Kojima et al. 1992, Barrett et al. 1994, Loopstra and
Sederoff 1995) and none of them correspond to nitrogen
metabolism. Consequently, studying a GS genomic clone
gives us the opportunity to increase our knowledge not
only on GS gene families in higher plants, but also in
gymnosperm gene organization and function. We have
studied the promoter activity of this 5�-untranslated region
using fusions with the reporter gene uidA encoding �-glu-
curonidase (GUS). The transient expression of the reporter
gene has been analyzed in Pinus pinea cotyledons after
microprojectile bombardment. Gene fusions were also
transferred to Arabidopsis thaliana via Agrobacterium and
stable gene expression examined in transgenic plants.

Materials and methods

Construction of a Scots pine subgenomic library and
characterization of GS1 clones

Partially EcoRI digested fragments of Scots pine (Pinus
syl�estris) genomic DNA were size fractionated by elec-
trophoresis and cloned into �gt10 vector from Promega
(Madison, WI, USA). Recombinant phages carrying the
GS1 gene were identified by screening 1×106 primary
phage plaques with a 5�-fragment corresponding to 500 bp
of the previously isolated cDNA clone, pGSP114 (Cantón
et al. 1993). Positive clones were amplified, phage DNA
purified and genomic inserts released by EcoRI enzyme
digestion. Restriction fragments were subcloned into the
plasmid vector pGEM-3Z (Promega) for detailed restric-
tion mapping and DNA sequencing using the method of
Sanger et al. (1977).

Primer extension analysis

Primer extension analysis was carried out essentially as
described in Sambrook et al. (1989) by using an oligonucle-
otide whose sequence, 5�-GGTTGAGAAGGTCTGT-
TAAT-3�, matched from nucleotides 12 to 32 downstream
of the ATG initiation codon. The primer was allowed to
hybridize for 1 h at 65°C. Total RNA (10 �g) extracted
from green cotyledons of 2-week-old seedlings was used as
a template for the experiment.

Constructions containing the GS1 putative promoter and
GUS reporter gene

The 981-bp sequence upstream of the translation starting
point was removed from the clone by HaeIII digestion.
The resulting fragment and a truncated HpaII fragment
with 64 bp less as well as a third DdeI-generated fragment
containing 37 bp of the coding region, respectively, were
each subcloned into the vector pBI101 (Jefferson et al.

1987), creating GS1::uidA gene fusions. pBI101 is a binary
vector based on pBin19 and carries, within the T-DNA
borders, a kanamycin-resistant gene and the polyadenyla-
tion signal from the nopaline synthase gene. The GS1
T-DNA constructs, and also two controls, which were the
original plasmid pBI121 containing the CaMV 35S pro-
moter and pBI101, a plasmid containing a promoter-less
1.87 kb GUS cassette in the binary vector pBin19, were
individually transferred to Agrobacterium tumefaciens
LBA4404. The constructs were also checked for rearrange-
ments in A. tumefaciens by Southern blotting.

Bombardment of pine cotyledons with the GS1 putative
promoter-GUS reporter gene constructs

Optimized bombardment parameters for transient uidA
gene expression in P. pinea cotyledons excised from 1-day-
old embryos are described elsewhere (Rey et al. 1996, Hu-
mara et al. 1998). A Biolistic PDS-1000/He apparatus from
Bio-Rad (Madrid, Spain) was used. Each bombardment
delivered approximately 0.8 �g of plasmid DNA associated
with 500 �g of gold particles and each Petri dish was
bombarded twice under a pressure in the shooting chamber
of 85 kPa. After bombardment, cotyledons were main-
tained in the same medium where they were bombarded
until GUS assays were performed. All cultures were incu-
bated in a growth chamber at 26�2°C with a 16-h pho-
toperiod. GUS histochemical assays (Humara et al. 1998)
were carried out 24 h after bombardment immersing
cotyledons in 50 mM sodium phosphate buffer pH 7,
0.01% Triton X-100, 0.5 mM potassium ferricyanide, 0.5
mM potassium ferrocyanide, 1 mM X-Gluc, and incubat-
ing for 48 h at 37°C.

Fluorogenic assay of GUS in extracts from bombarded
cotyledons as well as transgenic Arabidopsis was performed
as described by Jefferson (1987). Protein concentration was
determined by the method of Bradford (1976). Assays were
performed with the constructs shown in Fig. 3 subcloned
into plasmid pBI101. A 35S-promoter derivative pBI121
and promoter-less pBI101 plasmids were used as controls.

Arabidopsis thaliana vacuum infiltration and stable
transformation with the gene constructs

Arabidopsis thaliana WS ecotype plants were grown at
24°C under a 16 h light/8 h dark regime and vacuum
infiltrated as described elsewhere (Bechtold et al. 1993). T1
seeds were harvested in bulk and transformant seeds were
selected in MS (Murashige and Skoog 1962) plates contain-
ing 50 �g ml−1 kanamycin. T2 seeds were harvested indi-
vidually and kept for further analysis. GUS histochemical
assay of the transformed plants was carried out as de-
scribed above with additional processing steps. After incu-
bation with the GUS substrate, plants were cleared of
chlorophyll by incubation with a solution of 5% formalde-
hyde/5% acetic acid/20% ethanol for 10 min followed by
2-min incubations with 50 and 100% ethanol. Quantitative
analyses were performed as described before.
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In situ hybridization

Hybridized transcripts of GS from pine samples were de-
tected essentially as described (Cantón et al. 1999) using
anti-digoxigenin antibodies conjugated to alkaline phos-
phatase according to the supplier’s directions (Amersham,
Barcelona, Spain). In situ hybridization studies with
paraffin-embedded pine root tip sections were carried out
essentially as described by Cantón et al. (1999). Tissues were
fixed in 4% formaldehyde, 0.1% glutaraldehyde. Digoxi-
genin-labelled riboprobes were generated by in vitro tran-
scription of a full-length cDNA of P. syl�estris GS (Cantón
et al. 1993). Both sense and antisense probes were used in
parallel hybridizations of transverse and longitudinal tissue
sections.

Results and discussion

Isolation, sequencing and structural characteristics of the
pine GS1 genomic clone

A �gt10 subgenomic library of Scots pine was screened for
GS clones using the previously isolated pGSP114 pine GS
cDNA (Cantón et al. 1993). A PstI-EcoRI fragment derived
from the 5� region of the cDNA was chosen as hybridization
probe in order to increase the chance to specifically identify
genomic clones containing regulatory sequences of the gene.
A number of 1×106 recombinant clones were screened and
4 positive lambda clones were isolated. These 4 clones were
shown to have a similar insert size and, by restriction
mapping, all resulted to be derived from the same region of
the P. syl�estris genome (data not shown). One of these,
GS217, was subcloned and further characterized. As an
initial step, the genomic clone was entirely sequenced and
determined to be 2543 bp in length. The comparison of
nucleotide sequences between the gene and the cDNA (Can-
tón et al. 1993) showed that the fragment contained the 5�
end of the gene including part of the coding region orga-
nized in 7 exons, interrupted by 6 introns, and 980 bp
upstream of the translation initiation codon. The sequence
of GS217 was 100% homologous to the corresponding
sequences in the cDNA clone (pGSP114) (Cantón et al.
1993).

In spite of the evolutionary distance, all exons in pine and
other cytosolic genes previously described in literature (Tis-
cher et al. 1986, Walker et al. 1995) are the same in length
except for the first pine GS exon, which is one codon longer,
all of them keeping the same processing sites interrupting
the coding region and always in homologous positions. This
coincidence suggests the existence of domains in the protein
which have been conserved along the evolutionary scale due
to their importance in the structure and/or function of the
GS subunit/holoenzyme. The sizes of introns in the GS1
genomic clone varies between 91 bp the shorter and 282 bp
the longer, all of them in the usual range size for angiosperm
introns, which are typically shorter than most mammalian
introns (Simpson and Filipowicz 1996). The AT percentage
in higher plants introns is usually between 70% described for
dicot plants and around 60% for monocot plants (Simpson
et al. 1993). However, the introns in the GS1 clone showed

an average AT percentage around 64% in the range of
reported in angiosperms. We have also analyzed the consen-
sus sequences at the 5� and 3� splice sites (data not shown).
We have designed consensus sequences for 5� and 3� splice
sites in all 6 pine cytosolic GS introns and compared them
with monocot and dicot plants, yeast consensus and verte-
brate splice consensus sequences. The strict requirement in
both sides of the intron for G/GT in the 5� site and AG/G
in the 3� end indicates a general use in all compared organ-
isms. Otherwise, modifications of these sequences can affect
both the efficiency and accuracy of splicing, as well as the
abundance of detectable transcripts (Simpson and Filipow-
icz 1996).

Transcription start site analysis of the pine GS1 gene

Primer extension analysis was performed to identify the
transcription start site in the pine GS gene. An antisense
20-bp oligonucleotide (GSP2) starting at 32 bp downstream
of the ATG was annealed to total RNA prepared from
Scots pine cotyledons and extended with reverse transcrip-
tase. Results shown in Fig. 1 indicate that transcription of
the GS1 gene initiates at a major site located around 180
nucleotides upstream of the translation initiation codon.
The tentative transcription start site corresponds to a purine
(adenine) as occurs in most eukaryotic genes. Although
transcription start sites determined for most other GS genes
are located between 46 and 90 bp upstream of the ATG
(Forde et al. 1990, Brears et al. 1991, Marsolier et al. 1995),
transcription initiation has been mapped at 130 bp in an
alfalfa GS1 gene (Tischer et al. 1986). However, we cannot
also rule out the existence of alternative transcription start
sites in other tissues and/or under other growing and devel-
opmental conditions since we used total RNA from cotyle-
dons of light-grown seedlings. Northern blotting analyses
showed a high level of GS1 transcript in these experimental
conditions (Cantón et al. 1999).

Analysis of putative elements in the 5�-flanking region

Figure 2 shows the sequence of the 5�-flanking region of the
pine GS1 gene extending from −800 relative to the start of
transcription to +180. Studies based on sequence analysis
of the 5�-untranscribed region allowed us to define a canon-
ical TATA box at −35 bp from the transcription starting
site similar to other plant genes in which it has been
described to be placed at position −32 (�7) (Joshi 1987,
Forde et al. 1990, Marsolier et al. 1995). A putative CAAT
box (GGTCAAGACTT) at −138 bp is also present. The
portion of the 5�-flanking region between positions −331
and −224 contains a purine-rich sequence that is a candi-
date for a regulatory element. The sequence contains a
tandem repeat centred around the position −278. The
5�-flanking region also contains two A/T-rich regions be-
tween −721 and −670 and −504 and −459. A/T-rich
regions have been described in other GS promoters (Forde
et al. 1990, Brears et al. 1991) acting as regulatory cis
elements involved in gene expression. A poly-CT sequence
motif was identified at position +144 in the transcribed but
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untranslated region of the gene. A similar element has been
described in the gene encoding HMG from Arabidopsis to be
involved in the regulation at transcriptional level of the
genes where it is present (Enjuto et al. 1995, Lumbreras et
al. 1995). No significant similarities were observed with the
5�-flanking regions of GS genes in angiosperms, except for
the presence of AT-rich sequences described above.

Transient GUS expression in pine cotyledons

To examine the capability of the 5�-untranslated region of
the isolated DNA fragment as a promoter, we decided to
develop fusions to the uidA gene and determine GUS activ-

ity in transformed plants. Agrobacterium mediated stable
transformation of conifer species is not a trivial task (Huang
et al. 1991). Bombardment with high velocity microprojec-
tiles is an alternative gene transfer system to conifer cells
(Ellis et al. 1993, Charest et al. 1996) which has been proved
to be particularly efficient for studying transient gene ex-
pression in pine species (Charest et al. 1993, Rey et al.
1996). In this work, pine GS promoter-GUS chimeric con-
structions were transferred to pine cotyledons (P. pinea) by
microprojectile bombardment and transient GUS gene ex-
pression studied in the target tissues. In addition, A. thaliana
plants were stably transformed with the same chimeric
constructs via Agrobacterium and promoter-directed GUS
activity analyzed in the transgenics. Three constructs (Fig.
3) containing fragments derived from the 5�-upstream region
of the GS1 clone fused to the GUS gene were created. The
C1-HaeIII construct contained the complete 980-bp region
upstream of the translation initiation codon, C2-HpaII con-
tained 918 bp from the 5� region with a deletion of 64 bp
that included the poly-CT sequence, and C3-DdeI contained
an addition of 37 bp from the coding region corresponding
to the first 12 amino acid residues. We included this last
construct because the presence of cis elements located within
the 5� region of the message has been described in some
genes (Dickey et al. 1992). All 3 chimeric genes were used to
test transient expression in P. pinea cotyledons. To establish
transformation efficiency we used, as a positive control, the
pBI121 plasmid (Jefferson et al. 1987) which contains the
constitutive 35S promoter and, as a negative control, the
promoter-less pBI101 plasmid. As shown in Table 1, the
highest expression level was obtained for the constitutive
promoter in pBI121, with almost all of the bombarded
tissues presenting GUS activity, even considering that
CaMV35S is not particularly efficient in conifers (Charest et
al. 1993). By contrast, no GUS activity was visualized with
pBI101 and when it was quantified it represented about 10%
of control activity with pBI121. According to quantitative
fluorimetric data, the higher level of expression obtained
was for C1, confirming the function of the 5�-upstream
region and indicating the presence of regulatory elements
driving gene expression on it. The C2 showed a 40% de-
crease, suggesting a possible role of the deleted region on the
positive control of transcriptional activity. With regard to
the C3 construct, only basal GUS activity was detected,
indicating that additional nucleotides corresponding to the
coding region of the gene could reduce GUS enzyme activity
as a result of the N-terminal extension.

The pine GS promoter can direct expression in transgenic
Arabidopsis

To further characterize the function of the 5�-upstream
region of the pine GS1 gene, stable GUS expression was
studied in transformed plants with the C1 construct. Indi-
vidual transgenic plants were harvested at several develop-
mental stages and analyzed for GUS expression. Figure 4
illustrates the developmental- and tissue-specific location of
GUS activity in Arabidopsis plants. Expression of the re-
porter gene was absent or very low at the seedling and

Fig. 1. Identification of the GS1 transcription start site. Primer
extension was carried out using 10 �g of total RNA from cotyle-
dons and the GSP2 oligonucleotide (32P-labelled with �-32P-ATP
and polynucleotide kinase) which hybridizes to the N-terminal
coding region of the GS cDNA gene (exon I). The reverse transcrip-
tion reaction was as described in Materials and methods and the
products were separated in a 6% polyacrylamide 8 M urea sequenc-
ing gel. The sequence of the noncoding strand shown in the figure
(lanes AGCT) is indicated next to the gel. The A labelled with an
asterisk indicates the transcription starting site at this position.
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Fig. 2. Sequence of the 5�-upstream region in the
pGS217 clone. Nucleotides are numbered relative to
the transcription starting site (position +1). The
putative TATA box placed at −35 and the possible
CAAT box placed at −138 are noted in bold.
Poly-CT element placed between +144 and +161
is double underlined. A repeated purine-rich
sequence placed between −331 and −224 is
underlined as well as A/T-rich regions between
−721 and −670 and −504 and −459. Coding
sequence is indicated in capital letters starting with
the ATG codon in bold.

rosette stages (Fig. 4A,B) but apparent in adult plants
with floral stems (Fig. 4C). These data therefore confirm
the functionality of the 5�-upstream region of pine GS
gene in a heterologous system. Moreover, our results are
consistent with the report of Kojima et al. (1994) indicat-
ing that a pine gene promoter can be operative in
angiosperms and therefore suggesting that transcriptional

machinery is well conserved between angiosperms
and gymnosperms. With regard to the specific location in
adult plants, GUS activity was mainly detected in the
shoot apex and leaf primordia. Figure 4D–F clearly
shows that C1 construction exhibited the higher levels of
GUS expression in the transgenic and a minimum for C3,
in close agreement with the results of transient expression

Fig. 3. Diagram of transcriptional fusions
of GUS gene and 5�-flanking region of
pGS217 genomic clone. The upper
diagram shows pBI101 vector used that
contains a kanamycin-resistant gene and a
multicloning site where the putative GS
promoter region has been inserted.
C1-HaeIII contains the complete
5�-upstream region, C2-HpaII construct
has a deletion of the poly-CT element and
C3-DdeI construction includes 37
nucleotides of the coding region as
indicated. NPT, neomycin
phosphotransferase; GUS,
�-glucuronidase; NOS, nopaline synthase;
RB, right border; LB, left border.
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Fig. 4. Gene expression analysis
in transgenic Arabidopsis and
pine seedlings. (A–C)
Developmental analysis of GUS
expression in A. thaliana plants
transformed with the C1-HaeIII
construction. (A) seedling, (B)
rosette, (C) adult plant with
floral stem. (D–F) Sections of
the shoot apex showing GUS
gene expression. (D) C1-HaeIII,
(E) C2-HpaII, (F) C3-DdeI. (G,
H) Localization of GS1 mRNA
in the shoot apical meristem of
developing pine seedlings
analyzed by in situ hybridization.
(G) Tissue section hybridized
with the sense GS1 riboprobe
(pGSP114). (H) Tissue section
hybridized with the antisense
GS1 riboprobe. (I) GUS
expression in the root tips of
C1-HaeIII plants. The arrows
indicate the area of maximal
expression. (J,K) Detection of
GS1 mRNA in the root tips of
developing pine seedlings. (J)
Control sections following
hybridization with the sense
control probe. (K) A view of the
root tip showing the specific
location of the GS transcripts
(arrow) in a few cells. Bars
represent 200 �m.

obtained in pine cotyledons by microprojectile bombard-
ment (Table 1). Moreover, this observation is consistent
with GS1 transcript location in pine seedlings (Cantón et al.
1999). Thus, in situ hybridization experiments performed
with specific GS sense and antisense probes (Fig. 4G,H)
determined that most abundant expression of the GS1 gene
was localized in the shoot apical meristem adjacent to the

position where the cotyledons arose, in good agreement with
the performed GUS assay in Arabidopsis (Fig. 4D). GUS
expression was also detected but at a minor extent in the
root meristems (Fig. 4I). Interestingly, in situ hybridization
experiments (Fig. 4J,K) done in pine root tips showed the
presence of GS1 transcripts although expression was re-
stricted to a small numberof cells. These findings suggest
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Table 1. Transient expression in P. pinea cotyledons after bombardment with pBI121 and pBI101 as positive and negative controls,
respectively, and the 3 GS-GUS fusions used in this study (Fig. 3). Results are average�SD of at least 3 separate experiments. ND, not
detectable.

Construction Number of assayed MU (pmol mg−1 proteinCotyledons expressing GUS activity Spot number per
min−1)cotyledons cotyledon(%)

pBI121 128 97.7�6.1 93.0�6.1 9.6�2.1
C1-HaeIII 98 4.1�1.163.3�4.9 12.1�1.7
C2-HpaII 135 34.8�4.1 3.5�0.6 2.3�0.4
C3-DdeI 174 19.4�3.0 1.1�0.1 1.6�0.2
pBI101 68 1.1�0.7ND ND

conservation of gene expression in Arabidopsis relative to
P. syl�estris. GUS expression associated with the root
meristem has also been reported in the promoter character-
ization of several GS genes in angiosperms (Brears et al.
1991, Miao et al. 1991, Cock et al. 1992, Marsolier et al.
1995).

Pine GS promoter activity is stimulated by light in
transgenic Arabidopsis

GS abundance determined in pine seedlings was unchanged
when they were supplied with inorganic nitrogen, either
nitrate or ammonium (Cánovas et al. 1991); however, illu-
mination increased the amount of the GS1 transcript (Can-
tón et al. 1999). In order to determine whether or not the
GS promoter contains regulatory sequences involved in the
response to these external stimuli, GUS activity was mea-
sured in 7 C1 independent transgenic lines of Arabidopsis,
following either supply with ammonium or light/dark treat-
ments. As shown in Fig. 5, no significant changes were

observed in NH4
+-treated plants with regard to C1 con-

trols. By contrast, GUS activity levels were highly increased
by light in close agreement with light-enhanced GS tran-
script abundance in pine cotyledons. Photoresponsive re-
gions involving light-regulated plant promoters present
some motifs conserved in phylogenetically distant plants
(Argüello-Astorga and Herrera-Estrella 1996), and the light
responsive elements seem to be located in the proximal
region of the promoter (Argüello-Astorga and Herrera-Es-
trella 1998) as may occur in the pine GS1 gene. All these
data strongly suggest that the 5�-upstream region of the
gene characterized in this work contains a light responsive
element on it.

Summarizing, in this paper we report for the first time
the isolation of a genomic clone corresponding to a cytoso-
lic GS gene from a gymnosperm, P. syl�estris. Sequence
analysis of the clone revealed the high homology existing in
splicing sites corresponding to other GS genes previously
reported from other sources (Tischer et al. 1986, Walker et
al. 1995) indicating possible conserved functional domains
along the evolution of GS genes in plants. Furthermore, we
have studied promoter functionality of the 5�-untranslated
region of the gene in homologous and heterologous sys-
tems. In both approaches the promoter region regulated
expression of GUS reporter gene, although the level of
expression of GUS was not very high. This can be due to
the fact that some cis distal regulatory elements might be
missed (Tercè-Laforgue et al. 1999). However, the pine GS1
promoter characterized in this work appears to contain the
regulatory sequences involved in the transcriptional activa-
tion by light.

Location of expression in shoot apical meristem in trans-
genic plants together with main transcript location by in
situ experiments in pine seedlings (Cantón et al. 1999)
could be related with a high rate of cellular division. In this
context, the nitrogen requirement for cellular metabolism
or transport to other organs is quantitatively very impor-
tant. Current work is in progress to further analyze the
possible cis elements present in the 5�-flanking region and
its potential involvement in regulation of gene expression.
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Fig. 5. Effect of ammonium, light and dark treatments on GUS
expression in transgenic Arabidopsis. GUS activity in roots tip
extracts was undetectable and only data derived from the shoot
apex are showed. Relative activities, normalized to control plants
(C1) from 7 independent transformed lines, are the average�SD of
at least 3 different experiments. A relative GUS activity value of
100 correspond to 30 pmol of 4-methylumbelliferone per mg of
protein per min. Plants grown in a 16-h light/8-h dark regime were
transferred to a medium containing 10 mM NH4Cl (C1/N), contin-
uous light (C1/LIGHT) or continuous dark (C1/DARK) for 3 days.
A promoter-less derivative pBI101 was used as the control.
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Vicente A (1991) Accumulation of glutamine synthetase during
early development of maritime pine (Pinus pinaster) seedlings.
Planta 185: 372–378

Cantón FR, Garcı́a-Gutiérrez A, Gallardo F, de Vicente A,
Cánovas FM (1993) Molecular characterization of a cDNA
clone encoding glutamine synthetase from a gymnosperm Pinus
syl�estris. Plant Mol Biol 22: 819–828

Cantón FR, Garcı́a-Gutiérrez A, Crespillo R, Cánovas FM (1996)
High-level expression of Pinus syl�estris glutamine synthetase in
Escherichia coli. Production of polyclonal antibodies against the
recombinant protein and expression studies in pine seedlings.
FEBS Lett 393: 205–210
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