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Regulation of glutamine synthetase genes in leaves of Phaseolus vulgaris
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Abstract

Glutamine synthetase (GS) activity increased over three-fold in developing primary leaves of Phaseolus
vulgaris L. This increase was shown to be the result of differential expression of three members of the
GS gene family: gln-a and gin-f, which encode cytosolic GS polypeptides, and gln-9, which encodes the
chloroplast-located GS. The gln-0 gene was the most highly expressed GS gene and was regulated in
a complex manner with two different transcripts accumulating differentially during leaf development. This
gene was expressed weakly in the dark and was induced strongly by light; this induction was shown not
to be an indirect effect of photorespiration. In the long term, gln-6 showed increased expression in
photorespiring compared with non-photorespiring leaves. However, in the short term, there was no
induction of gin-o following transfer of plants to photorespiratory conditions. These results suggest that
regulation of gln-0 by photorespiration was the result of indirect, long-term effects on cellular metabo-
lism. In general, in all these experiments, analysis of cytosolic versus chloroplastic GS polypeptides and
of the GS isoenzyme profiles showed the same pattern of changes in abundance as that observed for
the mRNAs suggesting that regulation of GS gene expression occurred primarily at the mRNA level.
However, it was noteworthy that the 9 isoenzyme remained at a high abundance in older leaves, grown
in both light and dark, despite a decrease in abundance of gln-0 mRNA.

Introduction

Assimilation of nitrogen in higher plants occurs
primarily via the enzyme glutamine synthetase
(GS; EC 6.3.1.2) which, in combination with glu-
tamate synthase (EC 1.4.1.14/EC 1.4.7.1), leads
to the production of glutamine and glutamate.
Nitrogen, in the form of ammonium, is supplied
to these enzymes from primary nitrogen via ni-
trate reduction, ammonium uptake and, in

legumes, fixation of atmospheric nitrogen and
from other pathways such as photorespiration
and amino acid catabolism [29]. Photorespira-
tion has been shown to be the major source of
ammonium in the leaves of C3 plants, where it
has been estimated to produce a 10-fold higher
flux of ammonium than primary nitrogen assim-
ilation [23].

GS in Phaseolus vulgaris L. is an octameric
enzyme of about 320 kDa which occurs as a num-
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ber of isoenzymes the subunits of which are en-
coded by four transcriptionally active, nuclear
genes gln-a, gin-p, gin-y and gin-6 [19]. The gin-6
gene encodes the 42 kDa subunits of the plastid-
located ¢ isoenzyme and has been shown to be
highly expressed in leaves and stems [27]. The
gln-a, gin-p and gin-y genes of P. vulgaris encode
cytosolic GS polypeptides (o, § and y) of about
39 kDa. These polypeptides assemble, perhaps
randomly, to form the cytosolic GS isoenzymes
[3].

It has been known for some time that the leaves
of most higher plants contain both chloroplastic
and cytosolic GS isoenzymes [28]. More recent
work has begun to uncover the specific roles of
each isoenzyme in this organ. In barley, muta-
tions leading to a loss of the plastid-located GS
were lethal under photorespiratory conditions
[5, 39]. This isoenzyme, therefore, appears to be
essential, at least in barley, for the reassimilation
of photorespiratory ammonium. A role in photo-
respiratory nitrogen recycling has also been as-
signed to the chloroplastic GS of pea since the
gene encoding this enzyme appears to be regu-
lated by the photorespiratory status of the plant
[17]. This pea gene also shows light regulation,
mediated via the chromophore phytochrome [35].
In addition, experiments in which pea GS gene
promoters were fused to the reporter gene
f-glucuronidase (GUS) and expressed in tobacco
indicated that the two promoters from genes en-
coding the chloroplastic polypeptides and one of
the cytosolic polypeptides possess non-overlap-
ping, cell-specific patterns of expression [ 18]. The
chloroplastic-GS promoter was active in photo-
synthetic cell types reflecting its proposed role in
the assimilation of ammonium generated by pho-
torespiration and possibly also by nitrate reduc-
tion. The phloem-specific expression pattern seen
with the cytosolic-GS promoter, on the other
hand, indicated that the corresponding isoenzyme
possibly functions to generate glutamine for in-
tracellular nitrogen transport.

Previous studies carried out in this and other
laboratories have provided information about the
regulation of the GS genes of P. vulgaris in a num-
ber of organs including nodules, roots and coty-

ledons [3, 4, 11, 13, 20, 22, 31, 32, 34]. The work
presented here wes designed to examine how this
small gene family is regulated in developing leaves
and to examine the effects of light and photores-
piration on GS gene expression in this organ.

Materials and methods
Plant material

The leaf material analysed in Figs. 1 to 4 was
harvested from non-nodulated plants of P. vul-
garis cv. Tendergreen grown from seeds imbibed
overnight in tap-water and grown under a 12 h
light/12 h dark cycle in vermiculite under the
growth room conditions previously described
[27]. For all the other leaf tissue samples, non-
nodulated P. vulgaris cv. Tendergreen plants were
grown in vermiculite in growth cabinets at 25 °C
and between 80 and 1009, RH. Etiolated plants
were obtained by imbibing and germinating seeds
in vermiculite in the dark in a growth cabinet
within a light-proof room. Leaves were harvested
in complete darkness. Light-grown plants were
exposed to continuous white light illumination of
100 pmol m~2 s~ '. The effect of photorespira-
tion was investigated by comparing plants grown
in a growth cabinet in air (0.02°%, CO,) with plants
grown in a growth cabinet into which 1009, CO,
was injected as a slow stream in order to main-
tain a CO, concentration in the cabinet of be-
tween 2 and 49,. The CO, concentration within
the cabinet was monitored using a CO, analyser;
the light intensity, temperature and humidity were
identical to those of the air-filled cabinets. All leaf
samples were from plants which were watered
with a nutrient solution containing 1 mM Ca
(NO;),[9]. Total root RNA was prepared from
roots of plants grown for 10 days in perlite and
watered with a nutrient solution lacking a nitro-
gen source [9]. Total nodule RNA was prepared
from nodules harvested 13 days after inoculation
of plants grown as described by Chen and Culli-
more [10] with the wild-type Rhizobium
leguminosarum bv. phaseoli strain CE3 [30]. In all
cases, tissue was harvested, frozen in liquid ni-
trogen and stored at —-80 °C.



RNase protection assay of mRNA abundance

An RNase protection method [24] was used to
assay for specific mRNAs. Isolation of total RNA
and synthesis of probes specific to gln-9, gln-a and
gin-f have been described previously [4]. GS
mRNA was quantified by comparison with
RNase protection of calibration curves of

(m)RNA synthesised in vitro from GS cDNA

clones [4]. A cDNA library derived from mRNA
of P. vulgaris cv. Tendergreen primary leaves [27]
was screened with a pea CAB probe and the most
abundant hybridising species, as determined by
restriction mapping, was selected for use as a
CAB probe. A 500 bp Hind III fragment from
this CAB cDNA was subcloned into pGEM-4Z
and digested with Eco RI so that the transcribed
probe was of about 400 nucleotides. A 160 bp
Sac I/Bam HI fragment of a P. vulgaris EF-1a
¢DNA [2] was cloned into pGEM-4Z which was
then linearised with Eco RI and used as the tem-
plate for the EF-1a probe. Probe corresponding
to mRNA of the phenylalanine ammonia-lyase
gene PAL1 was transcribed from pGEM-3Z con-
taining the 1427 bp Sac I/Hind III fragment of
pPALS5 [16] linearised with Hinc I1. Ten nucle-
otides of this 311 nucleotide probe are derived
from the vector. The probe used to analyse the 5’
end of gin-d mRNA in Fig. 4 was derived from the
cloned gin-6 gene (J.M. Cock and J.V. Cullimore,
unpublished data). A 2665 bp Pst I fragment was
subcloned into pGEM-3Z and linearised with
BglII so that a 751 nucleotide antisense tran-
script produced from the T7 promoter starts from
within an intron and runs upstream through a 5’
untranslated exon (as defined by comparison with
a gin-6 cDNA sequence [27]. (Note that several
of the probes used produced a number of pro-
tected fragments of approximately the same size
rather than the expected single fragment. This
was assumed to be due to ‘breathing’ at the ends
of the hybridising region and RNase digestion of
the exposed RNA strands. However, as the mul-
tiple fragments were always present in the same
ratio and as the same pattern occurred in the
standard curves, this did not interfere with quan-
titation of the mRNAs.)
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Analytical procedures

Western blots were carried out as described by
Bennett and Cullimore [3] with either constant
amounts of 200 nmol/min GS, activity (Fig. 3A)
or constant amounts of 100 ug soluble protein
(Fig. 6A) loaded in each track. Ion-exchange
high-performance liquid chromatography (IE-
HPLC) was carried out as described in Bennett
and Cullimore [3]. GS transferase (GS,) activity
in cell-free extracts was assayed as described by
Cullimore and Sims [ 12). Protein was determined
by the method of Bradford [8] and specific en-
zyme activities were then expressed as ymol/min
per mg protein.

Results

Developmental regulation of GS in leaves of P. vul-
garis

Seeds of P. vulgaris were imbibed and grown for
13 days under 12 h light/12 h dark illumination
and samples of plumules/primary leaves were
harvested every 24 h. The fresh weight of the
leaves increased more than 160-fold during the
course of the experiment. Figure 1 shows that GS
activity was detectable in extracts of plumules
from dry seeds and increased by more than 3-fold
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Fig. 1. Changes in the specific activity of glutamine synthetase
during leaf development. D indicates plumules from dry seeds.



764

during the developmental period. The curve of the
graph, however, suggests that the kinetics of ac-
cumulation of GS activity were complex. The aim
of the following experiments was to analyse the
kinetics of this accumulation at the level of the
mRNA, polypeptide and isoenzyme for each of
the GS genes.

An RNase protection technique was used to
measure the abundances of gene specific mnRNAs
in developing leaves (Fig. 2). Three GS genes
were shown to be differentially expressed result-
ing in transient peaks of accumulation of gln-a
mRNA, followed by gln-f mRNA and finally of
gln-0 mRNA. The gln-6 gene was the most highly
expressed GS gene (Fig. 2) and accumulation of
its mRNA corresponded approximately with
greening of the leaves (data not shown). The

Days
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Fig. 2. Abundances of mRNAs corresponding to three GS
(gin) genes and of mRNAs encoding CAB, EF-1a and PAL1
in developing leaves. The mRNA abundances were measured
using an RNase protection technique in total RNA from
plumules/leaves from dry seeds (D) and from seedlings har-
vested 1 to 13 days after imbibition and, as a control, in yeast
tRNA (t). Maximum abundances of GS mRNAs were cal-
culated (by comparison with standard curves of (m)RNAs
synthesized in vitro) as 30 pg/ug total RNA for gln-a at day 2,
60 pg/ug total RNA for gln-f at day 5 and 160 pg/ug total
RNA for gin-6 at day 10.

mRNAs corresponding to a chlorophyll a/b-
binding (CAB) protein gene, a translation elon-
gation factor (EF-1a) gene and the phenylalanine
ammonia-lyase PAL1 gene were also assayed for
comparison (Fig. 2). The CAB and the EF-l«
mRNAs showed similar changes in abundance to
gln-0 and gln-B respectively whilst the PALI
mRNA showed a different, complex pattern of
expression with peaks of abundance at 3 and 9
days.

Western immunodetection of GS polypeptides
in extracts of leaves from the developmental se-
ries (Fig. 3A) showed that the cytosolic subunits
(o and/or f; these are indistinguishable on a one-
dimensional gel) were most abundant in plumules
and leaves of young seedlings whereas the
chloroplast-located subunit, d, was first detected
at day 5 and thereafter increased to account for
over 909 of the GS protein in mature leaves. GS
isoenzymes in these same extracts were separated
by IE-HPLC and detected in the column frac-
tions by enzyme activity (Fig. 3B). In general
changes in abundance of the three GS isoenzymes
closely matched changes in abundance of their
corresponding GS mRNA and polypeptide. It
was noted, however, that 6 isoenzyme activity
continued to increase between day 9 and day 12
despite a decrease in gin-6 mRNA abundance
occurring after day 10. Note that no polypeptide
or isoenzyme corresponding to the fourth ex-
pressed GS gene in P. vuigaris, gin-y, was detected
in leaves (Fig. 3); this confirms a previous obser-
vation that g/n-y mRNA is not detectable in this
organ [4].

Identification of two different gln-0 mRNA tran-
scripts

A probe derived from the 5’ region of the cloned
gln-0 gene was found to detect the presence of two
gln-0 mRNA transcripts differing in the length of
their 5’ untranslated region (Cock, Hémon and
Cullimore, in preparation). RNase protection was
used to measure the abundance of these two tran-
scripts during leaf development (Fig. 4A). The
two gln-8 transcripts showed different kinetics of
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Fig. 3. Changes in abundances of GS polypeptides and GS
isoenzymes in plumules/leaves from dry seeds (D) and from
seedlings harvested up to 12 days after imbibition. A. Western
blot of GS polypeptides. Note that the « and § polypeptides
are not separated on a one dimensional gel. B. IE-HPLC of
GS isoenzymes in leaf extracts. The three GS peaks, marked I,
II and III, have been shown previously [3] to contain pre-
dominantly f, « and d subunits respectively. Activities eluting
between peaks I and II have been shown to be composed of
isoenzymes containing mixtures of « and f§ polypeptides [3].
GS activity is plotted as ymol/min per fraction corrected for
a column loading of 1 mg soluble protein.

accumulation; one transcript was first detected at
day 4, accumulated to a peak at day 9 and then
decreased in abundance, whilst the second tran-
script species only appeared after day 8 but then
accumulated to a greater molar abundance by day
10 (Fig. 4A).
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Fig. 4. Identification of two differentially regulated transcripts
of gln-4. Transcripts of gln-& were detected by RNase protec-
tion using a probe from the 5’ end of the gin-5 gene. A. Dif-
ferential accumulation of glh-6 transcripts during leaf devel-
opment. The RNA samples were exactly as described for
Fig. 2. B. Detection of gln-8 transcripts in total RNA from
roots (R) and nodules (N). This autoradiograph has been
exposed for longer than the autoradiograph shown in Fig. 4A
in order to detect the g/ln-0 mRNA which is less abundant in
these organs [4, 11]. The arrows indicate the major tran-
scripts.

It has recently been shown that there is an
accumulation of gln-0 mRNA in developing nod-
ules [4]. It was therefore of interest to examine
whether this accumulation also involved differen-
tial regulation of the two transcripts detected in
leaves. The results (Fig. 4B) show that total RNA
from roots contained only one of the two tran-
scripts but that both transcripts were present in
total RNA from nodules. Moreover, the accumu-
lation of gln-6 mRNA in nodules compared with
roots appeared to be due entirely to the accumu-
lation of this second transcript.
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Effect of light and photorespiration on the expression
of gIn-9 in leaves

The experiments described in this section were
designed to study the effects of light and photo-
respiration on the expression of GS in leaves and,
in particular, on expression of g/n-6 which en-
codes the plastid-located GS.

Seeds of P. vulgaris were grown for 16 days in
growth cabinets either (1) in continuous light, (2)
in continuous dark or (3) in continuous light in a
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high CO, atmosphere (in order to suppress pho-
torespiration). The abundances of the gin-6, gin-
B, CAB and EF-1a mRNAs were then analysed
by RNase protection (Fig. SA). The pattern of
mRNA accumulation observed for plants grown
in continuous light in both atmospheric condi-
tions was similar to that seen under a 12 h light/
12 h dark cycle except that the peaks of accumu-
lation of all four mRNAs occurred earlier
(Fig. 5A; cf. Fig. 2). This difference in kinetics of
accumulation may be due to the fact that the
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Fig. 5. Effect of light and photorespiration on the abundance of g/n-6 mRNA in leaves. A. Long-term experiment. Abundances
of mRNAs corresponding to gln-8, gin-8, CAB and EF-1a were measured by RNase protection in total RNA from plumules/leaves
of dry seeds (D) and of seedlings harvested between 1 and 16 days after imbibition and in yeast tRNA (t). Seedlings were grown
in continuous light under air (L,;), in continuous light under high CO,(Lcq,) or in continuous dark under air (D,;,). B. Short-
term experiment. Abundance of gln-0 mRNA measured by RNase protection in total RNA of leaves. Seedlings were transferred
14 days after imbibition either from the dark under air to the light under air (D,;,—L,;.), from the dark under air to the light under
high CO, (D,;,~Lco,) or from the light under high CO, to the light under air (Lco,—L,;,). The gin-6 mRNA was assayed in
leaves harvested between 0 and 24 hours after transfer, or in a yeast tRNA control (t).



plants developed more quickly under the contin-
uous light conditions. Plants grown under a high
CO, atmosphere in the light accumulated gin-9
mRNA to, approximately, a 5-fold lower abun-
dance than control plants grown under air in the
light. CAB, gin-f and EF-10 mRNAs, however,
accumulated to at least the same abundances
under high CO, compared with air and, in fact,
even appeared to persist for longer under the high
CO, atmosphere (Fig. 5A). The GS polypeptides
and isoenzymes were analysed at day 14 and it
was found that the high CO, atmosphere resulted
in a slightly reduced accumulation of the &
polypeptide (Fig. 6A) and in a reduced specific
activity of the 0 isoenzyme (Fig. 6B) when com-
pared to plants grown in air. Note that at this time
the disoenzyme was present at high levels despite
the gln-0 mRNA having decreased in abundance.

Plants grown in the dark also accumulated gin-
0 mRNA but more transiently and to a much
lower abundance than plants grown in the light
(Fig. SA). This result was confirmed in a dupli-
cate experiment. Western immunodetection and
IE-HPLC analysis showed that d polypeptide was
present in 6-day dark-grown leaves and that it
was assembled into an active isoenzyme (Fig. 6).
Surprisingly, the abundance of the 4 polypeptide
and the specific activity of the 0 isoenzyme were
slightly higher by day 14 in the dark (Fig. 6B)
despite the fact that gin-d6 mRNA was barely de-
tectable after day 8 (Fig. SA).

Abundance of the CAB mRNA was also de-
creased in dark compared with light-grown leaves
but nonetheless showed a transient peak around
day 8. The abundance of EF-1a mRNA appeared
to be higher in dark compared with light grown
leaves at the later stages of development, aithough
this may simply be a result of a lower abundance
of other RNA species.

Experiments were also conducted to test the
short-term effect of altered light and CO, envi-
ronments on gln-0 expression in leaves of 14-day
old plants (Figs. 5B, 6). These experiments tested
the effect of light in the absence of photorespira-
tion (transfer of plants grown in the dark under
air to light under a high CO, environment), the
effect of photorespiration (transfer from high CO,
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Fig. 6. Effect of light and photorespiration on the abundance,
in leaves, of GS polypeptides and GS isoenzymes. Leaf sam-
ples were from seedlings grown in constant light for 14 days
under either air (L,;,) or high CO, (Lo,), from seedlings
grown in the dark (D,;.) for 6 or 14 days or from seedlings
grown in the dark under air for 14 days and then transferred
to the light under either air (D, —L,.) or high CO,
(D~ Lco,) for 24 hours. A. Western blot of GS polypep-
tides. Note that the « and f polypeptides are not separated on
a one-dimensional gel. B. IE-HPLC of GS isoenzymes. GS,
activity is plotted as pmol/min per fraction corrected for a
column loading of 1 mg soluble protein.
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to air in constant light) and the effect of both light
and photorespiration (transfer from dark to light
in an air environment). Transfer to the light, both
in the presence and absence of photorespiration,
resulted in a more than 10-fold increase in gln-0
mRNA abundance over 24 h (Fig. 5SB). There
were also increases, in both conditions, in disoen-
zyme abundance by 24 h (Fig. 6B). Photorespi-
ration did not appear to influence the induction of
gln- expression by light; g/n-0 mRNA and isoen-
zyme accumulated to the same extent under both
air and high CO, atmospheres (Figs. 5 and 6). In
addition, transfer of illuminated plants from high
CQ, to air, which promotes photorespiration, did
not lead to any increase in the abundance of the
gln-0 mRNA (Fig. 5B).

Discussion

Differential expression of the GS gene family in
developing leaves

The changes in GS specific activity which occur
during primary leaf development in P. vulgaris
(Fig. 1) were shown to be the result of a complex
pattern of expression of three GS genes (Figs. 2
and 3). Initially, in plumules of dry and germinat-
ing seeds, the most highly expressed GS gene was
gln-a, followed by gin-f in young leaves up to
about 6 days after germination and finally g/n-6 in
maturing, green leaves. We suggest that the three
GS isoenzymes fulfil different metabolic roles as
the leaf develops from the plumule stage, which
represents a sink for carbon and nitrogen sup-
plied by the cotyledons, into a mature, photosyn-
thesising leaf. In the germinating seed, mobilisa-
tion of the cotyledonary storage proteins leads to
the release of ammonium, firstly in the cotyledons
and later in the developing embryo, which must
then be reassimilated via GS [25]. The gln-o gene
is the predominantly expressed GS gene both in
plumules at this early stage (Figs. 2 and 3) and,
interestingly, also in radicles [31] and cotyledons
[34]. Following initiation of imbibition there is an
exponential increase in leaf fresh weight, dry
weight and blade area up to day 8 [15]. This in-

crease is a result of cell expansion concomitant
with imbibition up to day 2 followed by periods
of cell division and cell expansion up to day 8 [15,
38, 40]. Maximal expression of gln-f appears to
correspond with this period of exponential leaf
growth. Following the cessation of cell division,
the chloroplasts develop [26] leading to greening
of the leaves at approximately day 6 [15]. There
is then a continued growth of the leaf resulting
finally in an approximately 800-fold increase in
leaf blade area [38]. Accumulation of both gin-6
and the CAB mRNA corresponded with chloro-
plast development and the concomitant onset of
photosynthesis and photorespiration.

The functional significance of the two tran-
scripts of the gin-0 gene (Fig. 4), which showed
different patterns of regulation during leaf devel-
opment, is not known. The induction of one of the
two transcripts corresponded with greening of the
leaves but its appearance is not dependent on
chloroplast development as this transcript also
accounts for the increase in gln-0 mRNA that
occurs during nodule development (Fig. 4).

Interestingly, the gin-y gene has also been
shown to contain multiple transcription start sites
[20] as have the chloroplast GS genes of both pea
[17] and barley [21] but it is not known whether
the multiple transcripts of these genes are differ-
entially regulated. However, other plant genes,
including the phytochrome gene of pea [33, 36]
and a chalcone isomerase gene of petunia [37],
have been shown to be differentially regulated at
more than one promoter site.

The effect of light on expression of the gln-6 gene

The gln-0 mRNA accumulated in etiolated leaves
but transiently and to a much lower abundance
than in light grown leaves (Fig. 5A). The 6 isoen-
zyme also accumulated in the dark and to a spe-
cific activity only 3- to 4-fold lower than in light
grown leaves (Fig. 6B) which could suggest that
the 0 isoenzyme has a role in dark-grown tissue
as has been suggested for the chloroplastic GS of
pea [17]. However, it should be noted that the
CAB mRNA was also shown to accumulate, al-



though to a very low level, in etiolated leaves
(Fig. 5A) presumably in response to a develop-
mental signal as these leaves would not have con-
tained functional chloroplasts (CAB mRNA has
previously been shown to accumulate in dark-
grown leaves of a number of other plant species
[1, 14]). The timing of the transient accumulation
of the gin-6 and CAB mRNAs may correlate with
the invagination of the inner membrane of pro-
plastids which later forms the prolamellar body of
mature etioplasts [6]. During this time, leaves of
P. vulgaris accumulate all of the enzymes of the
photosynthetic dark cycle [7]. The expression of
both gin-0 and CAB in etiolated leaves may,
therefore, come under the control of signal(s) reg-
ulating the developmental expression of a wide
range of photosynthesis related genes in the dark
irrespective of the need for the functioning of their
protein products.

Despite its expression in the dark, light is a
major factor regulating the expression of the gln-0
gene in leaves. Its mRNA accumulated over 10-
fold in response to illumination of dark-grown
plants (Fig. SA). The kinetics of this accumula-
tion were similar to the pattern observed for the
mRNA of the chloroplast located GS of pea[17].
Accumulation of gin-0 mRNA has been shown to
be light dependent in cotyledons of P. vulgaris,
which are green for a short time before they are
abscised [34].

The role of photorespiration in the regulation of the
gln-J gene

In leaves grown in continuous light, g/n-6 mRNA,
polypeptide and isoenzyme were all shown to ac-
cumulate to higher abundances in air than under
a high CO, atmosphere (Figs. 5 and 6). This ef-
fect was specific to gln-d in so far as neither the
gin-p, the CAB nor the EF-1x mRNA showed the
same difference in abundance under the two con-
ditions (Fig. 5B). The reduced expression of gln-0
under high CO, could suggest, as proposed by
Edwards et al. [17] for the pea chloroplast GS,
that ammonium produced by photorespiration in-
duced expression of the gin-6 gene. It was there-
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fore surprising that no accumulation of gln-0
mRNA was observed following transfer of light
grown leaves from a high CO, atmosphere to air
(Fig. 5B), conditions which should immediately
switch on photorespiration. In addition, the ac-
cumulation of gi-0 mRNA, polypeptide and
isoenzyme following the transfer of etiolated
leaves to the light was essentially the same
whether the plants were transferred to an air or
a high CO, atmosphere (Figs. 5 and 6). These
experiments suggest, that the abundance of gln-0
mRNA is not directly regulated by the flux of
photorespiratory ammonium through the photo-
respiratory pathway and, moreover, have elimi-
nated the possibility that the light regulation of
gln-b is mediated by a photorespiration control.
In conclusion, the role of photorespiration in the
regulation of gln-d remains unclear; although gln-9
expression was shown to be influenced in the long
term by the photorespiratory status of the leaf, it
is unlikely that this effect is directly mediated by
the ammonium produced by photorespiration and
may result from other effects such as differential
growth rates or differences in the cellular pH.

Relationship between the abundances of the GS
mRNAs and their protein products

During initial stages of leaf development, both in
the light and in the dark, it was noticeable that
changes in abundance of the three GS isoenzymes
and polypeptides closely matched changes in
abundance of their corresponding GS mRNAs
(Figs. 2, 3, 5 and 6). These results indicate that
the level of GS activity in leaves at these times is
determined largely, if not solely, by the abun-
dances of the GS mRNAs. A similar observation
has been made with regard to the increase in GS
activity that occurs during nodulation [3, 4]. In
older leaves, however, grown both in the light and
in the dark, the gln-6 mRNA diminished to barely
detectable levels yet there was no corresponding
decline in abundance of its polypeptide or isoen-
zyme (Figs. 2, 3, 5 and 6). The most likely expla-
nation for this observation is that the polypeptide/
isoenzyme is more stable than the mRNA
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although we cannot rule out the possibility that,
in mature leaves, a lower abundance of gln-0
mRNA may support a greater translational ac-
tivity.

Acknowledgements

We would like to thank Dr B. Lescure (Labora-
toire de Biologie Moléculaire des Relations
Plantes-Micro-organismes, INRA-CNRS, 31326
Castanet-Tolosan Cédex, France) and Dr
R. Dixon (Samuel Roberts Nobel Foundation,
P.O. Box 2180, Ardmore, OK 73402, USA) for
supplying the EF-1a and PAL clones respectively.
We also gratefully acknowledge financial support
from the Agricultural and Food Research Coun-
cil for IM.C., LW.B,, ATW. and A.P.M. and
from the Science and Engineering Research
Council for R.S.

References

1. Apel K: Phytochrome induced appearance of mRNA ac-
tivity for the apoprotein of the light-harvesting chlorophyll
a/b-protein of barley (Hordeum vulgare). Eur J Biochem
97: 183-188 (1979).

2. Axelos M, Bardet C, Liboz T, Le Van Thai A, Curie C,
Lescure B: The gene family encoding the Arabidopsis
thaliana translation elongation factor EF-la: molecular
cloning, characterization and expression. Mol Gen Genet
219: 106-112 (1989).

3. Bennett MJ, Cullimore JV: Glutamine synthetase isoen-
zymes of Phaseolus vulgaris L.: subunit composition in
developing root nodules and plumules. Planta 179: 433-
440 (1989).

4. Bennett MJ, Lightfoot DA, Cullimore JV: cDNA
sequence and differential expression of the gene encoding
the glutamine synthetase y polypeptide of Phaseolus vul-
garis L. Plant Mol Biol 12: 553-565 (1989).

5. Blackwell RD, Murray AJS, Lea PJ: Inhibition of pho-
tosynthesis in barley with decreased levels of chloroplas-
tic glutamine synthetase activity. J Exp Bot 38: 1799-
1809 (1987).

6. Bradbeer JW: The synthesis of chloroplast enzymes. In:
Milborrow BV (ed) Biosynthesis and its Control in Plants;
pp. 279-302. Academic Press, London (1973).

7. Bradbeer JW, Ireland HMM, Smith JW, Rest J, Edge
HJIW: Plastid development in primary leaves of Phaseolus
vulgaris. New Phytol 73: 263-270 (1974).

8. Bradford MM: A rapid and sensitive method for the de-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

termination of ug quantities of protein using the principle
of protein-dye binding. Analyt Biochem 72: 248-254
(1976).

. Chaillou S, Morot-Gaudry J-F, Lesaint C, Salsac L, Jo-

livet E: Nitrate or ammonium nutrition in french bean.
Plant Soil 91: 363-365 (1986).

Chen F-L, Cullimore JV: Two isoenzymes of NADH-
dependent glutamate synthase in root nodules of
Phaseolus vulgaris L. Plant Physiol 88: 1411-1417 (1988).
Cock JM, Mould RM, Bennett MJ, Cullimore JV: Ex-
pression of glutamine synthetase genes in roots and nod-
ules of Phaseolus vulgaris following changes in the ammo-
nium supply and infection with various Rhizobium
mutants. Plant Mol Biol 14: 549-560 (1990).

Cullimore JV, Sims AP: An association between photo-
respiration and protein catabolism: studies with Chlamy-
domonas. Planta 150: 392-396 (1980).

Cullimore JV, Bennettt MJ: The molecular biology of
plant glutamine synthetase from root nodules of Phaseolus
vulgaris L. and other legumes. J Plant Physiol 132: 387—
393 (1988).

Cumming AC, Bennett J: Biosynthesis of the light-
harvesting chlorophyll a/b protein: control of mRNA ac-
tivity by light. Eur J Biochem 118: 71-80 (1981).

Dale JE: Leaf growth in Phaseolus vulgaris. Ann Bot 28:
579-589 (1964).

Edwards K, Cramer CL, Bolwell GP, Dixon RA, Schuch
W, Lamb CJ: Rapid transient induction of phenylalanine
ammonia-lyase mRNA in elicitor-treated bean cells. Proc
Natl Acad Sci USA 82: 67316735 (1985).

Edwards JW, Coruzzi GM: Photorespiration and light
act in concert to regulate the expression of the nuclear
gene for chloroplast glutamine synthetase. Plant Cell 1:
241-248 (1989).

Edwards JW, Walker EL, Coruzzi GM: Cell-specific ex-
pression in transgenic plants reveals non-overlapping
roles for chloroplast and cytosolic glutamine synthetase.
Proc Natl Acad Sci USA 87: 3459-3463 (1990).

Forde BG, Cullimore JV: Molecular biology of glutamine
synthetase. Oxford Surv Plant Mol Cell Biol 6: 247-296
(1989).

Forde BG, Day HM, Turton JF, Shen W-J, Cullimore
JV, Oliver JE: Two glutamine synthetase genes from
Phaseolus vulgaris L. display contrasting developmental
and spatial patterns of expression in transgenic Lotus
corniculatus plants. Plant Cell 1: 391401 (1989).
Freeman J, Marquez AJ, Wallsgrove RM, Saarelainen R,
Forde BG: Molecular analysis of barley mutants deficient
in chloroplast glutamine synthetase. Plant Mol Biol 14:
297-311 (1990).

Gebhardt C, Oliver JE, Forde BG, Saarelainen R, Miflin
BJ: Primary structure and differential expression of glu-
tamine synthetase genes in nodules, roots and leaves of
Phaseolus vulgaris. EMBO J 5:1429-1435 (1986).

Givan CV, Joy KW, Kleczkowski LA: A decade of pho-
torespiratory nitrogen cycling. TIBS 13: 433-437 (1988).



24.

25.

26.

27.

28.

29.

30.

31

32.

Kreig PA, Melton DA: In vitro synthesis with SP6 RNA
polymerase. Meth Enzymol 155: 397415 (1987).

Lea PJ, Joy KW: Amino acid interconversion in germi-
nating seeds. In: Nozzolillo C, Lea PJ, Loewus FA (eds)
Mobilization of Reserves in Germination, pp. 77-109.
Plenum Press, New York/London (1983).

Leech RM, Baker NR: The development of photosyn-
thetic capacity in leaves. In: The Growth and Function-
ing of Leaves, pp. 271-301 (1983).

Lightfoot DA, Green NK, Cullimore JV: The chloroplast-
located glutamine synthetase of Phaseolus vulgaris L.: nu-
cleotide sequence, expression in different organs and up-
take into isolated chloroplasts. Plant Mol Biol 11: 191-
202 (1988).

McNally SF, Hirel B, Gadal P, Mann AF, Stewart GR:
Glutamine synthetases of higher plants. Plant Physiol 72:
22-25 (1983).

Miflin BJ, Lea PJ: Ammonia assimilation. In: Miflin BJ
(ed) The Biochemistry of Plants, pp. 169-202. Academic
Press, New York (1980).

Noel KD, Sanchez A, Fernandez L, Leemans J, Cevallos
MA: Rhizobium phaseoli symbiotic mutants with transpo-
son Tn$ insertions. J Bact 158: 148-155 (1984).

Ortega JL, Campos F, Sanchez F, Lara M: Expression
of two different glutamine synthetase polypeptides during
root development in Phaseolus vulgaris L. Plant Physiol
80: 1051-1054 (1986).

Padilla JE, Campos F, Conde V, Lara M, Sanchez F:
Nodule-specific glutamine synthetase is expressed before
the onset of nitrogen fixation in Phaseolus vulgaris L. Plant
Mol Biol 9: 65-74 (1987).

33.

34.

3s.

36.

37.

38.

39.

40.

771

Sato N: Nucleotide sequence and expression of the phy-
tochrome gene in Pisum satuvim: Differential regulation by
light of multiple transcripts. Plant Mol Biol 11: 697-710
(1988).

Swarup R, Bennett MJ, Cullimore JV: Expression of glu-
tamine synthetase genes in cotyledons of germinating
Phaseolus vulgaris L. Planta 183: 51-56 (1990).

Tingey SV, Tsai F-Y, Edwards JW, Walker EL, Coruzzi
GM: Chloroplast and cytosolic glutamine synthetase are
encoded by homologous nuclear genes which are differ-
entially expressed in vivo. J Biol Chem 263: 9651-9657
(1988).

Tomizawa K-I, Sato N, Furuya M: Phytochrome control
of multiple transcripts of the phytochrome gene in Pisum
sativum. Plant Mol Biol 12: 295-299 (1989).

van Tunen AJ, Hartman SA, Mur LA, Mol JNM: Reg-
ulation of chalcone flavanone isomerase (CHI) gene ex-
pression in Petunia hybrida: the use of alternative promot-
ers in corolla, anthers and pollen. Plant Mol Biol 12:
539-551 (1989).

Verbelen JP, De Greef LA: Leaf development of Phaseolus
vulgaris L. in light and in darkness. Am J Bot 66: 970-
976 (1979).

Wallsgrove RM, Turner JC, Hall NP, Kendall AC, Bright
SWJ: Barley mutants lacking chloroplastic glutamine
synthetase-biochemical and genetic analysis. Plant Phys-
iol 83: 155-158 (1987).

Wilson GL, Ludlow MM: Bean leaf expansion in relation
to temperature. J Exp Bot 19: 309-321 (1968).



