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Abstract. When cells of Synechocystis strain PCC 6308 
are starved for nitrogen, the amount  of stored carbo- 
hydrate increases, the phycocyanin to chlorophyll a ratio 
decreases, and the rates of  oxygen evolution and of  car- 
bon dioxide fixation decrease. When nitrate-nitrogen is 
replenished, the amount  of  carbohydrate decreases, the 
rate of  oxygen evolution increases immediately, pre- 
ceeding the increase in phycocyanin or carbon dioxide 
fixation. The rate of respiration first increases and then 
decreases upon nitrogen addition. Nitrogen-starved cells 
show no variable fluorescence; variable fluorescence 
recovered in parallel with oxygen evolution. This suggests 
that photosystem ]I is inactive in nitrogen depleted cells 
and not blocked by a build up of metabolic endproducts. 
Since carbon dioxide fixation does not increase until two 
to four hours after nitrate is replenished to nitrogen 
starved cells, it is suggested that reducing power may first 
be needed within the cell for some other process than 
photosynthesis, such as nitrate reduction. 
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The relationship between photosynthetic carbon and ni- 
trogen metabolism has been a virtually unexplored aspect 
of photosynthesis (Romero and Lara 1987). The utiliza- 
tion of  nitrate by Anacystis nidulans has been considered 
as a CO2-independent photosynthetic process that makes 
direct use of  photosynthetically generated assimilatory 
power (Flores et al. 1983), however Romero and Lara 
(1987) have shown that nitrate utilization can compete 
with CO2 fixation for assimilatory power when the 
photosynthetic apparatus is limited by light. A model for 
the regulation of nitrate uptake involving the products of  
CO2 assimilation has been presented by Guerrero and 
Lara (1987), but this is distinct from the influence of 
nitrogen assimilation on CO2 fixation. 
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Although the effect of nitrogen limitation and recov- 
ery has been studied in non-nitrogen fixing cyanobacteria 
in terms of nitrogen-containing macromolecules (i.e. 
Allen and Smith 1969; Lau et al. 1977; Allen and 
Hutchison 1980), little information is available about the 
effect of  nitrogen limitation and recovery on photo- 
synthetic rate. Nitrogen starved cells of A. nidulans and 
a mutant  ofAgmenellum quadrupfcatum unable to assimi- 
late nitrite were able to use carbohydrate reserves to 
substitute for CO2 fixation in stimulating nitrate uptake. 
Ammonia stimulates CO2 fixation by Anabaena cylin- 
drica cells and the addition of  ammonia to nitrogen- 
starved cells caused a rapid rise in the incorporation of  
14C into aspartate and glutamine (Lawrie et al. 1976). 

The primary environmental signal for the differen- 
tiation of a heterocyst from a vegetative cell is nitrogen 
limitation (Cart 1983). With nitrogen limitation, all cells 
mobilize their nitrogen reserves, phycocyanin and 
cyanophycin granule polypeptide, and CO2 fixation de- 
creases to 10% of that before nitrogen limitation. Studies 
on the regulation of  phycocyanin expression in non 
heterocystous unicellular cyanobacteria (Lau et al. 1977; 
Wealand et al. 1989) suggest that nitrogen availability 
controls phycocyanin synthesis at the transcriptional 
level. Both metabolic and transcriptional controls, there- 
fore, are involved in nitrogen limitation and repletion. 

The present communication reports experiments 
showing the effect of  nitrogen depletion and recovery on 
photosynthesis in a non-nitrogen fixing cyanobacterium. 

Materials and methods 

Organism and growth conditions. Synechocvstis 6308 (ATCC 
no. 27150), a unicellular, non-nitrogen fixing cyanobacterium, was 
routinely grown in liquid medium BG-11 (Allen 1968) supplemented 
with 2.4 g/1 sodium carbonate at 35~ in 10,800 lux of cool white 
fluorescent light and bubbled with 5% CO2 in air. Low mtrogen 
conditions and nitrogen repletion conditions were described by 
Allen and Hutchison (1980). Under low nitrogen conditions cells 
deplete their supply of nitrogen m 10 h, double twice and then 
stabilize their OD, 5o at about 1.2 until nitrogen is added back. After 
nitrogen starvation for 24 h, sodium nitrate or ammonmm chloride 
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was added to 17.6 mM and aliquots were harvested at various hours 
for analysis. 

Chemtcal analyses. Phycocyanin (PC), soluble protein and dry 
weight analyses were carried out as described previously (Allen and 
Hutchison 1980). Chlorophyll a (Chl a) was measured after 80% 
acetone extraction (MacKinney 1941) of the pellet of a 2h  
40000 rpm ultracentrifugation, in a Ti 65 rotor, of the supernatant 
of a 15 min 15000 rpm centrifugation in an SS34 rotor, after cells 
were broken in a French pressure cell at 20000 psi. Cells were 
concentrated in 10 mM Tris-HC1 before breakage. Spectra were run 
on crude cell extracts on a Perkin Elmer Lambda 5 spectro- 
photometer. Total carbohydrate was determined by anthrone analy- 
sis (Herbert et al. 1971). Cyanophycin granule polypeptide (CGP) 
was measured in the 15,000 rpm crude extract pellet as previously 
described (Simon 1973; Allen and Weathers 1980). 

Photosynthetic parameters  

Room temperature fluorescence measurements. Fluorescence induc- 
tion measurements were made on intact cells suspended in a 2.5 mm 
tube, the actinic light of 601 nm being provided by a Princeton 
Applied Research nitrogen pumped dye laser operating at one 
millijoule per pulse, 10 pulses per second, with 1 ns pulse length. 
Emission was measured at right angles to the exciting beam through 
a monochromator at 685 nm using a photomultiplier and a Prin- 
ceton Applied Research photon counter. Cells were dark adapted 
for 2 rain, and variable fluorescence was measured as the slow kinetic 
component of the fluorescence induction curve. 

Measurements of oxygen evohttion and uptake. Photosynthetic oxy- 
gen evolution and dark respiration were measured at 25~ using a 
Yellow Springs oxygen electrode. Actinic light was provided by a 
tungsten-iodine lamp 46 cm from the oxygen electrode, with 3 cm 
of water between as a heat filter. Respiratory substrates were sodium 
succinate (3 raM) and sodium ascorbate (5 raM). 

Measurements of carbon dioxide fixation. CO2 fixation was mea- 
sured for 15 rain at 22-24~ by addition of 5 ~tCi of 1 mCi/ml 
of NaH14CO3 (7 mCi/mmol) (New England Nuclear) to 10 ml of 
magnetically stirred cells in serum stoppered vaals in photoflood 
light (1000 laE m -2 s 1) using a water filter, in the dark (covered 
with aluminum foil) or with the addition of DCMU (10 laM) after 
a 15 rain preincubation under the same conditions. Cells were col- 
lected on 0.22 or 0.4 lain Millipore filters, washed three times with 
unlabelled NaHCOs of the same concentration (0.06 mg/ml), air 
dried at least three hours and counted by liquid scintillation after 
addition of Aquasol II. Dry weights were determined in triplicate 
by filtering the same quantity of cells used for CO2 fixation through 
washed, dried and tared Whatman GF/C filters and drying to con- 
stancy in a 80~ oven. 

Results 

Figure 1 shows that  as cells became n i t rogen  starved dur-  
ing 24 h, the photosynthet ic  rate, measured  as oxygen 
evolut ion on a chlorophyl l  basis, and  the PC to Chl a 
ratio decreased. The chlorophyl l  compos i t ion  remained 
relatively cons tan t  (1.46 to 1.31 ~tg/ml French  pressed 
cells), but  the a m o u n t  of  PC decreased with t ime of  star- 
va t ion  (6.62 to 1.79 gg/ml F rench  pressed cells). This 
decrease in PC con ten t  could also be seen when  absorp-  
t ion at 620 n m  was compared  among  crude extract 
spectra (data no t  shown). While  the oxygen evolu t ion  rate 
was decreasing unde r  condi t ions  of  n i t rogen  s tarvat ion,  
there was no s t imula t ion  of the rate by an t imycin  
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Fig. 1. Time course of photosynthetic rate, respiratory rate and 
PC : chl a ratio during 24 h of nitrogen starvation followed by the 
addition of 1.5 mg/ml sodium nitrate at time 0 after 24 h of nitrogen 
starvation, i ,  lag PC : lag chl a; �9 respiratory rate (lamoles oxygen 
taken up per mg protein per h); x, photosynthetic rate (lamoles 
oxygen evolved per mg chl per hour 
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Fig. 2. Time course of changes in total carbohydrate and protein in 
cells starved for nitrogen for 24 h followed by the addition of 1.5 rag/ 
ml sodium nitrate to the culture medium at time 0. ~ ,  lag total 
carbohydrate per lag dry weight;-x, lag protein per lag dry weight; 
i ,  protein to chl a ratio 

(10 gM), suggesting that  the rate of  cyclic electron trans-  
por t  a round  PSI was unal tered.  

W h e n  n i t rogen  was added back 24 h after s tarvat ion  
began,  the rate of oxygen evolut ion increased wi thout  
lag, while the a m o u n t  of  PC did no t  increase for at least 
3 h. Immedia te ly  after n i t rogen  add i t ion  a small  rise in 
respiratory rate was seen which paral leled the increase 
in l ight- induced oxygen evolut ion.  This respira tory rate 
increase was no t  ma in t a ined  and,  in fact, became lower 
than  that  found  in uns ta rved  cells. The reasons for this 
are unclear,  bu t  may  reflect the state of  the complex 
oxygen scavenging systems present  in all photosynthet ic  
cells. 

As the cells became ni t rogen limited, the a m o u n t  of 
carbohydra te  on a dry weight basis increased unti l  at 
least 2 h after n i t rogen was added back to the culture,  
increasing f rom 6% of  dry weight to 58% of  dry weight 
in 26 h (Fig. 2). 12 h after n i t rogen  replet ion the cells 
con ta ined  29% total carbohydrate .  As the a m o u n t  of 
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Fig. 3. Carbon dioxide fixation (DPM NaH14CO3 incorporated 
per mg cellular dry weight) in nitrogen starved and repleting cells. 
Addition of 17.6 mM nitrogen source was at time 0. [], sodium 
nitrate; x, ammonium chloride 
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Fig. 4 a -  e. Fluorescence induction measurements of samples taken 
during the repletion of nitrogen. Actinic light at 601 nm, emission 
at 685 nm. All cell suspensions were of the same optical density 
(OD75o). Fluorescence intensity in arbitrary units, a Cells grown 
under full nitrogen supplement: b cells having undergone maximum 
nitrogen depletion as described m Methods and Materials; e cells 
7 h after nitrogen repletion 

carbohydrate decreased, the amount of protein in the 
cells increased, beginning at least 4 h nitrogen was added. 
The dry weight of the cells increased less than the chloro- 
phyll content increased, as seen when the protein to chl 
a and protein to dry weight ratios are compared at the 
end of the experiment (Fig. 2). 

Figure 3 shows that the rate of CO2 fixation decreased 
as cells were starved for nitrogen. The rate of CO2 fixation 
did not begin to increase until 2 - 4  h after nitrate was 
added back to nitrogen starved cells. When a more re- 
duced form of nitrogen was added after 24 h of nitrogen 
starvation, the rate of CO2 fixation increased immedi- 
ately. Nitrogen starved cells showed no variable fluores- 
cence (Fig. 4). Variable fluorescence recovered in parallel 

with oxygen evolution, and seven hours after repletion 
was identical with non-starved cells (Fig. 4). The rate of 
02 evolution increased before the significant increase in 
phycocyanin levels or of CO2 fixation: by 7 h, although 
CO2 fixation rates and phycocyanin levels were recover- 
ing, they had not yet reached normal levels. The corre- 
lation between variable fluorescence and oxygen evol- 
ution would suggest that PSII is inactive in nitrogen 
starved cells. 

Discussion 

Nitrate is the form of nitrogen which is most widely 
used by cyanobacteria (Herrero and Guerrero 1986). The 
effects of nitrogen limitation and recovery on nitrogen- 
containing macromolecules were followed in Synecho- 
cystis 6308 by Allen and Hutchison (1980). Removal of 
nitrogen from the growth medium triggered the degrada- 
tion of the endogenous nitrogen reserves phycocyanin 
(PC) and cyanophycin granule polypeptide (CGP). Im- 
mediate synthesis of CGP, and protein and PC recoveries 
3 h after a utilizable nitrogen source was added, was 
observed (Allen and Hutchison 1980). 

Photosynthetic carbon fixation leads in cyanobacteria 
to a flow of carbon either to the tricarboxylic acid cycle 
or to glycogen (Smith 1982). Glycogen can be metabo- 
lized via the oxidative pentose phosphate cycle, allowing 
for cell maintenance in the dark. 

After COx fixation, the photosynthetic reduction of 
nitrate to ammonia is quantitatively the most important 
reductive process in algae (Syrett 1981). The rate of light- 
dependent 02 evolution by A. nidulans cells supplied with 
saturating concentrations of NaHCO3 was enhanced fol- 
lowing the addition of KNO3 to the assay medium 
(Romero and Lara 1987). This suggested that addition 
of nitrate, whose reductive assimilation in A. nidulans uses 
electrons directly supplied by photoreduced ferredoxin, 
would release noncyclic electron flow from a rate limited 
by the rate of CO2 fixation through the reductive pentose 
phosphate cycle, thus stimulating the rate of 02 evol- 
ution. It was further suggested that nitrate utilization 
should compete with COz fixation for assimilatory 
power, and that a consequent depression in the rate of 
COz fixation would result. Their data suggest that nitrate- 
induced depression of CO2 fixation was seen only in 
limiting light where the nitrate-induced stimulation of 
non-cyclic electron flow was low. In Scenedesmus, no 
competition between nitrate assimilation and CO2 fix- 
ation exists at light saturation (Larsson et al. 1985). Our 
data with nitrogen-depleted cells indicate depression of 
CO2 fixation for a number of hours after the addition of 
nitrate, whereas oxygen evolution increases immediately. 
These experiments were done in light saturation. 

Inhibition of light induced oxygen evolution under 
conditions of nitrogen depletion suggests that PSII has 
been rendered inactive. Lack of variable fluorescence, a 
measure of election transport into the Q pool (Clayton 
1969), confirms this. PSII recovers very quickly after 
nitrate is added back to the cells and prior to a significant 
increase in phycocyanin levels. Thus, PSII inactivity is 
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no t  a consequence  o f  l igh t -harves t ing  i m p a i r m e n t  due to 
p h y c o c y a n i n  deficiency. A reac t iva t ion  o f  l igh t - induced  
oxygen  evo lu t ion  fo l lowing pe r iods  o f  da rk ,  he tero-  
t roph ic  g rowth  is also r a p i d  in bo th  the c y a n o b a c t e r i u m  
Chlorogloea fi'itschii (Evans  et al. 1978) and  o ther  
euka ryo t i c  a lgae  (Cheniae  and  M a r t i n  1973). I t  is note-  
w o r t h y  tha t  a m a j o r  charac te r i s t i c  o f  he te rocys ts  is the 
absence  o f  PSI I  activity.  

Reac t i va t i on  o f  PSI I  fo l lowing  a d d i t i o n  o f  n i t ra te  is 
no t  coup led  to an increase  in CO2 f ixa t ion  and  m a y  
therefore  be a consequence  o f  the genera t ion  o f  r educ tan t  
for  n i t ra te  reduc t ion ,  or, possibly,  C G P  synthesis.  Tha t  
the fo rmer  e x p l a n a t i o n  is likely, is con f i rmed  by  the ab-  
sence o f  a lag in CO2 f ixa t ion  when  n i t rogen  is a d d e d  
back  in the fo rm o f  N H ~  ra the r  than  N O S .  In  this case 
CO2 f ixa t ion  recovers  over  the same t imescale  as oxygen  
evolu t ion .  

Thus  we have  d e m o n s t r a t e d  in te rac t ion  be tween  CO2 
f ixat ion,  n i t ra te  r educ t ion  and  pho tosyn the t i c  e lec t ron 
t r a n s p o r t  unde r  cond i t ions  o f  n i t rogen  rep le t ion  o f  
s ta rved  Synechocystis. The na tu re  o f  inh ib i t ion  o f  PSII ,  
however ,  has  yet  to be es tabl ished.  
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