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S. CHÁVEZ,† J. M. LUCENA, J. C. REYES, F. J. FLORENCIO, AND P. CANDAU*

Instituto de Bioquı́mica Vegetal y Fotosı́ntesis, Universidad de
Sevilla-CSIC, 41092 Seville, Spain

Received 20 July 1998/Accepted 19 November 1998

The unicellular cyanobacterium Synechocystis sp. strain PCC 6803 has two putative pathways for ammonium
assimilation: the glutamine synthetase-glutamate synthase cycle, which is the main one and is finely regulated
by the nitrogen source; and a high NADP-dependent glutamate dehydrogenase activity (NADP-GDH) whose
contribution to glutamate synthesis is uncertain. To investigate the role of the latter, we used two engineered mu-
tants, one lacking and another overproducing NADP-GDH. No major disturbances in the regulation of nitrogen-
assimilating enzymes or in amino acids pools were detected in the null mutant, but phycobiline content, a sensitive
indicator of the nutritional state of cyanobacterial cells, was significantly reduced, indicating that NADP-GDH
plays an auxiliary role in ammonium assimilation. This effect was already prominent in the initial phase of growth,
although differences in growth rate between the wild type and the mutants were observed at this stage only at
low light intensities. However, the null mutant was unable to sustain growth at the late stage of the culture at
the point when the wild type showed the maximum NADP-GDH activity, and died faster in ammonium-
containing medium. Overexpression of NADP-GDH improved culture proliferation under moderate ammo-
nium concentrations. Competition experiments between the wild type and the null mutant confirmed that the
presence of NADP-GDH confers a selective advantage to Synechocystis sp. strain PCC 6803 in late stages of growth.

Glutamate can be synthesized through two alternative am-
monium assimilation pathways: one carried out sequentially by
glutamine synthetase (GS) and glutamate synthase (GOGAT),
and another catalyzed by glutamate dehydrogenase (GDH).
The GS-GOGAT cycle is the one that plants and bacteria use
the most (26), while GDH is the main one in many fungi (19).
In enterobacteria, GDH plays an auxiliary role, being able to
operate as the only pathway in media containing high concen-
trations of ammonium (2). In addition, results of competition
experiments have suggested that enterobacteria use GDH for
glutamate synthesis when energy supply is limiting (13).

The GS-GOGAT cycle is the main ammonium assimilation
pathway in cyanobacteria (23), although NADP-GDH is pres-
ent in a number of cyanobacterial strains (28). In these organ-
isms, GS is finely regulated by the nitrogen source and exhibits
a lower activity when cells are cultured in ammonium-contain-
ing media (11, 29). Synechocystis sp. strain PCC 6803 is a uni-
cellular cyanobacterium, able to grow in phototrophic or myx-
otrophic conditions, that shows a high NADP-dependent GDH
activity (10). A minor NAD-dependent activity has also been
detected (5), but no putative gene coding for an independent
NAD-GDH has been identified subsequent to sequencing of
the whole genome of Synechocystis sp. strain PCC 6803 (16).
Therefore, this activity could be ascribed either to a secondary
activity of another enzyme or to a member of a new family of
GDHs.

GS is rapidly inactivated in Synechocystis sp. strain PCC 6803
by the addition of ammonium to the culture medium (24). In

addition, GS synthesis is significantly diminished in ammo-
nium-containing media (25). The correlation between these
properties of Synechocystis GS and the occurrence of NADP-
GDH has favored the hypothesis of an ammonium assimilatory
role for GDH in ammonium-rich medium, similar to what has
been described for enterobacteria (2). This hypothesis is com-
patible with the contribution of NADP-GDH to ammonium
tolerance by cyanobacteria, shown by Lightfoot et al. (18).

The gdhA gene of Synechocystis sp. strain PCC 6803, coding
for NADP-GDH, has been cloned by complementation of an
Escherichia coli gdhA mutant (6). In that genetic background,
it is able to operate as the only ammonium-assimilating en-
zyme (6). The gdhA gene is transcriptionally regulated by the
growth phase in Synechocystis, with maximum activity at the
late stage of growth (6).

To clarify the role of NADP-GDH in Synechocystis sp. strain
PCC 6803 and the biological significance of the occurrence of
two putative ammonium assimilation pathways in cyanobacte-
ria, we have made use of two mutant strains. One, SCh11, lacks
NADP-GDH; the other, SCh12, overproduces the enzyme.
Our results show that although nonessential for viability,
NADP-GDH is necessary for proliferation during the late
stage of growth in both nitrate- and ammonium-containing
media. Nitrogen metabolism is affected in the null mutant, as
indicated by the low phycocyanin content, although no major
alterations in the regulation of nitrogen assimilation enzymes
were detected. We propose that NADP-GDH plays an auxil-
iary role in nitrogen assimilation in cyanobacteria that is crit-
ical at late stages of growth.

MATERIALS AND METHODS

Strains and growth conditions. Synechocystis sp. PCC 6803 strain SFCV5 (4)
was used as the wild type. The gdhA-null mutant of Synechocystis used was strain
SCh11 (6). To overproduce NADP-GDH, we transformed SFCV5 with plasmid
pSCh11 as described by Chauvat et al. (3). Plasmid pSCh11 was constructed by
ligating the 1.8-kb PvuII-EcoRI DNA fragment of Synechocystis containing the
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entire gdhA gene with plasmid pFF11T (8) previously restricted with EcoRI.
After treatment of the ligation mixture with S1 nuclease to make blunt the
nonligated EcoRI end, the DNA was ligated again. All strains were grown
photoautotrophically at 35°C on BG11 medium (33), which contains 18 mM
nitrate as the nitrogen source, under continuous illumination (125 mE z m22 z s21;
white light). The cultures were bubbled with 1.5% (vol/vol) CO2 in air. When
ammonium was used as the nitrogen source, BG11 medium lacking nitrate was
supplemented with 10 mM NH4Cl and the medium was buffered with 20 mM
N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid (TES) buffer.

Growth curves. To determine growth, cells were inoculated, at a final concen-
tration of 1 mg of chlorophyll per ml, into 250-ml Erlenmeyer flasks containing
50 ml of BG11 medium buffered with 150 mM HEPES-NaOH (pH 7.5). Am-
monium cultures contained NH4Cl at the indicated concentration. To balance
ionic strength, the cultures were supplemented with KCl until the highest NH4Cl
concentration of each experiment was reached. Cultures were shaken at 150 rpm
under white light (65 mE z m22 z s21) at 30°C. Samples were drawn at various
times, and growth was estimated by chlorophyll determination.

Competition experiments. In the competition experiments, Synechocystis sp.
PCC 6803 strains SFCV5 and SCh11 were grown separately and used to inocu-
late 250-ml Erlenmeyer flasks, containing 50 ml of BG11 medium, to a final
concentration of 0.3 mg of chlorophyll per ml. The cells were previously counted
under a microscope to ensure a 1:1 ratio between the two strains. Cultures were
grown with constant shaking under white light as specified above. A set of
cultures was reinoculated with 1/10 of the culture every 4 days, while reinocula-
tion of the another set was done with 1/5 of the culture every 15 days. The
proportion between the two populations was calculated after plating on BG11
medium with and without chloramphenicol to discriminate between total cells
and null-mutant cells, which are chloramphenicol resistant.

Determination of enzymatic activities. NADP-dependent GDH aminating ac-
tivity was assayed in vitro as previously described (6). GS was determined in situ
by using the Mn21-dependent g-glutamyltransferase assay of cells permeabilized
with mixed alkyltrimethylammonium bromide (24). Nitrate and nitrite reducta-
ses were determined in situ with dithionite-reduced methyl viologen as the
reductant (14, 15). NAD-GDH, isocitrate dehydrogenase, and GOGAT activities
were determined as described elsewhere (5, 9, 22).

Absorption spectra. To obtain the absorption spectra, whole cells were washed
by centrifugation, resuspended in 10 mM NaCl, and scanned in the turbid sample
compartment of an SLM-Aminco DW2000 spectrophotometer.

Analytical methods. To determine the intracellular pools of amino acids, cells
lysates were obtained by the addition of 0.9 ml of a culture in exponential phase
to 0.1 ml of 2 N HCl, followed by vigorous shaking and centrifugation at 12,000 3
g for 5 min at 4°C. The amino acid concentrations in the supernatants were
determined by high-pressure liquid chromatography as previously described (22).
Protein in whole cells was determined by the method of Lowry et al. (19a) as
modified by Markwell et al. (21), using ovalbumin as the standard. Chlorophyll
was determined as described by MacKinney (20).

Determination of C/N ratios. Cells were harvested by centrifugation, washed
twice with 20 mM NaCl, and dried at 80°C for 2 days. Samples of about 1 mg (dry
weight) were used to determine the C and N content of the cells, utilizing a Carlo
Erba Instrumentazione 1106/R elemental analyzer.

Northern blot analysis. RNA blotting experiments were carried out as previ-
ously described (6), using a 347-bp BstEII-BstEII gdhA labeled fragment as a
probe. As a control, the filter was later hybridized with a probe for the RNA
subunit of Synechocystis sp. strain PCC 6803 RNase P (rnpB).

RESULTS

Mutant strains of Synechocystis sp. PCC 6803 affected in
NADP-GDH activity. To clarify the function of the NADP-
GDH in Synechocystis sp. strain PCC 6803, we used two mutant
strains: SCh11, a previously described NADP-GDH null mu-
tant obtained by disrupting the gdhA gene (6); and SCh12, an
NADP-GDH overproducer constructed by inserting the gdhA
gene in plasmid pFF11T (8), immediately downstream of the
very strong tac promoter (see Materials and Methods for de-
tails). The recombinant plasmid was used to transform the
wild-type strain SFCV5 (4). SCh12 showed an NADP-GDH
activity about 100-fold higher than the wild-type level (Fig.
1B). This activity showed no significant variation over time, in
contrast to the NADP-GDH activity of the wild type, which
increased at the latest stages of growth. The null strain SCh11
never exhibited NADP-GDH activity (Fig. 1B).

Both mutant strains were viable and retained the main nu-
tritional behavior of the wild type with regard to the use of
nitrogen sources, since they grew when plated on medium
containing either nitrate or ammonia, in the presence or in the
absence of glucose. They were also able to utilize arginine as

the only nitrogen source and could not grow in the presence of
glutamine (data not shown), thus behaving like the wild type
with respect to amino acids (17).

From a regulatory standpoint, the short-term ammonium
effects on GS activity and on the glutamate and glutamine
pools were the same in all three strains, although the steady-
state pool of glutamine was somewhat higher in the null mu-
tant, indicating that NADP-GDH influences the amino acid
fluxes to a certain extent (data not shown). The levels and
changes with age of the culture of GS and other enzymes
involved in nitrogen metabolism, such as nitrate and nitrite
reductases, GOGAT, NAD-GDH, or isocitrate dehydroge-
nase, were the same in the mutants and the wild type. The
same was true with the clear nitrate-versus-ammonium pattern
observed in GS and nitrate or nitrite reductase activities, being
high in nitrate-containing medium and low in the presence of
ammonium (data not shown).

Effect of NADP-GDH levels in the initial phase of growth.
As cultures on solid media do not provide information on
growth rate, we investigated the time course of liquid cultures.
Figure 1A shows that the mutant and wild-type strains grew
equally well during the initial phase, despite their differences in
NADP-GDH activity levels (Fig. 1B). However, the SCh11
culture presented a greenish aspect that was due to its lower
light absorption in the phycocyanin-absorbing region of the
spectrum (Fig. 2). The 437-to-624-nm absorption ratio was
35% higher in SCh11 than in the NADP-GDH-containing
strains. The same result was obtained with either nitrate or
ammonium as the nitrogen source (Fig. 2).

To check if there was a heavy unbalance in the overall
nitrogen assimilation in the initial stage of growth, we deter-
mined the C/N ratios of the cultures. Table 1 shows that there
were no significant differences in C/N ratio among the three
strains when growing in ammonium. The differences in nitrate-

FIG. 1. Evolution of NADP-GDH activity during growth of the Synechocystis
sp. PCC 6803 strains used in this work. Cells were grown on ammonium as
described in Materials and Methods. The initial chlorophyll concentration was
0.1 mg/ml. prot., protein.
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grown cultures, although statistically significant at a 5 0.01,
were rather small, and the C/N ratio was lower in the NADP-
GDH-containing strains.

From the results shown above, it follows that NADP-GDH
activity has an observable, although limited, effect in the initial
phase of growth.

Effect of NADP-GDH levels in the late stage of growth. After
the initial growth, the cultures reached a phase in which light
was limiting and the growth rate decreased. Under those con-
ditions, the mutant lacking NADP-GDH grew at a drastically
reduced rate at a time when wild-type cells and those overex-
pressing the enzyme were still growing vigorously (Fig. 3A).

The differences were even more evident when high levels of
ammonium were present in the culture (Fig. 3B). In that case
SCh11 cells not only stopped growing but also died, very likely
due to a toxic effect of ammonium. However, the strain over-
expressing NADP-GDH did not become more ammonium tol-
erant, and only at a moderate concentration of ammonium
(15 mM) did SCh12 grow faster than the wild type (data not
shown).

The effects of NADP-GDH levels on the absorption spectra,
although still present, were less marked in the late stages of
growth than in cells rapidly growing on nitrate medium. The
wild-type strain and the NADP-GDH overproducer exhibited
equal light absorption in the 624-nm region, which was higher
than that of the null mutant (data not shown). In late-stage
cultures of ammonium-growing cells, a similar result was ob-
served, although in this case the 624-nm absorption of the
wild-type culture was midway between those of the overpro-
ducer and the null mutant (data not shown).

The C/N ratios determined in cultures in the late stages of
growth were similar in all three strains when they were growing
in ammonium (Table 1). Only minor differences were found
between nitrate cultures of the null mutant and those of
NADP-GDH-containing strains, being higher in the null mu-
tant (Table 1).

The inability of SCh11 to grow optimally in the late stages
suggests that NADP-GDH, despite being nonessential for Sy-
nechocystis, confers a selective advantage to this microorgan-
ism. To test this hypothesis, we determined the ability of the
mutant to compete with the wild type in a mixed culture. When
the mixed population was cultured for more than 1 month at
the exponential rate, that is, using a low inoculum every 4 days,
the frequency of mutant cells in the population diminished

FIG. 2. Absorption spectra of the Synechocystis sp. PCC 6803 strains used in
this work. Cells were grown as described in Materials and Methods to a chloro-
phyll concentration of 1 mg/ml. The nitrogen source used was ammonium (A) or
nitrate (B). Spectra were recorded as described in Materials and Methods and
normalized to an absorbance value of 0.5 at 437 nm.

TABLE 1. C/N ratios of Synechocystis sp. PCC 6803
strains at various growth stages

Strain

C/N ratioa

Cultures in nitrate Cultures in ammonium

Initial stage Late stage Initial stage Late stage

SFCV5 4.065 6 0.029 4.480 6 0.039 4.041 6 0.076 4.605 6 0.128
SCh11 4.105 6 0.012b 4.583 6 0.040b 4.045 6 0.087 4.574 6 0.096
SCh12 4.024 6 0.017b 4.495 6 0.137 4.055 6 0.068 4.663 6 0.156

a Chlorophyll contents were about 1 and 10 mg/ml for initial and late stages of
growth, respectively. Values are the averages 6 standard deviations of eight
determinations.

b Statistically different from the wild-type value (SFCV5) at a 5 0.01.

FIG. 3. Growth curves of the Synechocystis sp. PCC 6803 strains used in this
work. Cells were grown in nitrate-containing media as described in Materials and
Methods in the absence (A) or presence (B) of 100 mM NH4Cl.
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only slightly (10%) and mainly in the first days of the experi-
ment (Fig. 4A). The difference was much more apparent when
the cultures were reinoculated every 15 days, that is, when they
were allowed to reach growth phases close to stationary prior
to reinoculation. In this case, after 44 days of culture and two
reinoculations, less than 20% of the total population were mu-
tant cells (Fig. 4B). From the results shown above, we conclude
that the presence of NADP-GDH activity is a considerable
selective advantage for Synechocystis sp. strain PCC 6803 at the
late stages of growth.

Light availability and role of NADP-GDH. To check if light
limitation was the cause of the loss in competing ability of the
null mutant versus the wild-type strain observed at late stages,
we cultured both strains at low light intensity (5 mEzm22zs21)
for 18 days. Under those conditions, both strains grew linearly
from an initial chlorophyll concentration of 0.5 mgzml21 to
11.5 6 0.55 and 13.4 6 0.97 mgzml21 for the null mutant and
the wild type, respectively.

The transfer to low light intensity of a mid-log-phase culture
of the wild-type strain growing at normal light intensity did not
induce an increase in either NADP-GDH activity or gdhA
mRNA (data not shown). Moreover, a chloramphenicol acetyl-
transferase fusion of the regulated gdhA promoter (6) showed
no positive regulation of gdhA in response to a decrease in light
intensity. Taken together, these data suggest that light avail-
ability is not the only physiological parameter determining the
functionality of NADP-GDH in Synechocystis.

DISCUSSION

There is overwhelming evidence that in Synechocystis sp.
strain PCC 6803, ammonium assimilation takes place through
the GS-GOGAT cycle (24, 27, 31), which raises the question of
the physiological role of an NADP-GDH with clear assimila-
tory features (10). Until now the coexistence of these two path-
ways had been discussed in terms of the different Km values for
ammonium—low for GS and high for NADP-GDH—and of
their different relative levels of activity in nitrate- and ammo-
nium-containing media (9, 10). This viewpoint was a conse-
quence of directly adapting the model developed for E. coli to
Synechocystis sp. strain PCC 6803. In enterobacteria, NADP-
GDH is proposed to carry out the assimilation of inorganic
nitrogen when high levels of ammonium are present in the
medium (30). Given the results presented above, we believe
that this point of view does not apply to the situation in Sy-
nechocystis. Rather, we think that the alternatives are not am-
monium versus nitrate or high versus low ammonium concen-
tration but rather initial versus late stages of growth.

The fact that the absence of NADP-GDH produces a dele-
terious phenotype only during the late stages of growth is in
good agreement with the regulation of this activity throughout
the time course of the culture. The level of NADP-GDH in-
creases after the initial growth phase (Fig. 1B), with only minor
deviations observed between nitrate- and ammonium-grown
cells (data not shown). This time course of activity is driven by
transcriptional regulation of the gdhA gene (6), correlating the
levels of gdhA expression with the functional importance of
NADP-GDH in each stage of growth.

If NADP-GDH plays a role in nitrogen assimilation in Sy-
nechocystis, its absence should produce detectable changes in
the parameters related to it. The phycobiliprotein content,
significantly lower in the null mutant (Fig. 2), confirms this
hypothesis. However, other indicators of nitrogen metabolism,
such as the pools of Glu, Gln, and Asp or the levels of the main
enzymes related to nitrogen assimilation, i.e., nitrate and ni-
trite reductases or GS, did not show major variations between
the mutants and the wild-type strain, nor did we observe any
major changes in the C/N ratio of the cells (Table 1). Further-
more, the fine regulation by nitrogen source that most of these
enzymes exhibit (12) is not disturbed in the mutant lacking
NADP-GDH or in the strain that overexpresses this enzyme.
Therefore, the contribution of NADP-GDH to nitrogen assim-
ilation by Synechocystis, though present, is not essential. This
idea is reinforced by the inability to isolate GOGAT-null mu-
tants of Synechocystis sp. strain PCC 6803 (27), indicating that
NADP-GDH cannot replace GOGAT’s role in glutamate syn-
thesis.

The lower tolerance to high ammonium concentrations of
the null mutant (Fig. 3B) also supports a biosynthetic role for
NADP-GDH, reducing the toxic, intracellular levels of that
ion. In fact, the expression of E. coli NADP-GDH in Synecho-
coccus sp. strain PCC 6301, a cyanobacterium naturally lacking
this enzyme, protected against ammonium toxicity (18). Our
results confirm this phenomenon, although ammonium detox-
ification is not the only role of NADP-GDH in cyanobacteria,
since the lack of this enzyme also produces a clear effect in cells
grown on nitrate medium.

Mutants lacking NADP-GDH without showing apparent
phenotypes have been described for several enterobacteria and
for Corynebacterium glutamicum (1). In all of these cases, no
major disturbance of nitrogen metabolism was observed. In
E. coli, Salmonella typhimurium, and Klebsiella pneumoniae,
a second mutation, affecting GOGAT activity, is required
to make NADP-GDH essential (30). Therefore, we wonder

FIG. 4. Competition between Synechocystis sp. PCC 6803 wild-type strain
SFCV5 and the gdhA null mutant SCh11 in mixed cultures. Cultures were diluted
10-fold every 4 days (A) or 5-fold every 15 days (B). The percentage of each
strain was determined at the indicated times as described in Materials and
Methods.
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whether a phenotype similar to the one described in this work
also occurs in those species.

Competition experiments between wild-type and gdhA null-
mutant strains of E. coli indicate a selective advantage of the
wild type under conditions of carbon starvation (13). Such
conditions could be considered analogous to what takes place
in Synechocystis during the late stages of growth, when the
energy and reduced ferredoxin supply starts to be limiting due
to reduced photosynthesis. In that case, the presence of an
ammonium-assimilating enzyme such as NADP-GDH could be
a valuable supplement to the GS-GOGAT pathway, since it
does not need ATP and uses NADPH, a reductant readily ob-
tainable from reserves, instead of the reduced ferredoxin re-
quired by GOGAT. In fact, in Synechococcus cells cultured at
low light intensity, Lightfoot et al. (18) observed a positive
effect on growth of the presence of an NADP-GDH. Never-
theless, light availability is not the only parameter governing
the metabolic role of NADP-GDH in Synechocystis, as can be
concluded from the following facts: (i) the lack of NADP-
GDH causes a pigment phenotype at the initial stage, when
light is not limiting; (ii) low light intensity slightly reduces but
does not prevent growth of the null mutant; and (iii) light
limitation does not induce NADP-GDH activity or the accu-
mulation of gdhA mRNA in a mid-log-phase culture. There-
fore, other metabolic factors in addition to light intensity must
influence the regulation and functionality of NADP-GDH in
the late stages of growth.

In short, we envisage two different scenarios: an initial stage
of growth in which the low cell density of the culture allows an
optimal photosynthetic metabolism, and a second period of
high cell density and lower growth rate. In both, the NADP-
GDH behaves identically but its lack or abundance is reflected
differently.

In the initial stage, the activity of NADP-GDH, in addition
to the operation of the GS-GOGAT cycle, produces a slight
nitrogen surplus that is stored as phycocyanin at a time when a
high amount of this pigment is not necessary to capture light
(9). Therefore, as we have previously shown, the elimination of
NADP-GDH activity in Synechocystis sp. strain PCC 6803 by
disruption of the gdhA gene has no lethal effect (6) and is
revealed only as a lower level of phycocyanin. In fact, this
shows that ammonium assimilation is somewhat impaired in
the null mutant, since phycobiliproteins are very sensitive in-
dicators of the nutritional state of cyanobacterial cells (7).

As the culture grows and light becomes limiting, more ni-
trogen ought to be invested in the synthesis of auxiliary pig-
ments. At the same time, GS activity declines (32) and NADP-
GDH activity rises (Fig. 1B). In this situation, the relative
contribution of NADP-GDH to ammonium assimilation in-
creases, and its absence is a clear disadvantage with respect to
the wild type, which not only has a higher nitrogen assimilation
rate but also exhibits a higher initial pigment content. Conse-
quently, cells without NADP-GDH grow slower than the wild
type and are outnumbered in the competence studies (Fig. 4).

Exponential growth rates are probably an exception in nat-
ural conditions, where organisms are usually limited by trophic
parameters. In the ecosystems where cyanobacteria live, light is
often not optimal and much less abundant than under labora-
tory conditions. The fact that NADP-GDH is necessary during
limited-growth conditions is therefore not a trivial circum-
stance but very likely crucial for the survival of Synechocystis sp.
strain PCC 6803 in nature.
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