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Ammonia photoproduction by Cyanospira rippkae cells 'entrapped' in dialysis tube 
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Summary. The photoproduction of ammonia by cells of the heterocystous cyanobacterium Cyanospira rippkae in the presence of the 
glutamine synthetase inhibitor, L-methionine D,L-sulfoximine (MSX), was investigated. The time course of changes in protein, 
pigment and carbohydrate concentrations and the C2H2-reducing activity of nitrogenase in MSX treated and untreated filament 
suspensions was also determined. The results show that nearly 40 h after MSX addition the cells are able to recover from the nitrogen 
starvation induced by the inhibitor by themselves, without the removal of MSX or the addition of nitrogenous compounds. 
Biliproteins, mobilized as a consequence of M SX addition, seem to play a key role in the process of cell recovery. These findings were 
exploited in a semicontinuous ammonia producing process with cells 'immobilized' in a dialysis tube photobioreactor. 
Key words. Heterocystous cyanobacteria; nitrogenase; nitrogen fixation; MSX-inhibition; ammonia photoproduction. 

Photobiological ammonia production by nitrogen fixing cyano- 
bacteria, treated with the glutamine synthetase inhibitor L-me- 
thionine D,L-sulfoximine (MSX), is under investigation in dif- 
ferent laboratories employing free living I-3 and immobilized 
cells 4,5. From these studies it appears that the ammonia produc- 
tion rate is generally lower in immobilized cells, probably 
because of diffusional limitations. Nevertheless, cell immobiliza- 
tion stabilizes the NH3-producing activity for a longer time and 
gives many operational advantages over free cells. 
In our study we have utilized a special 'immobilization' techni- 
que consisting of an 'entrapment' of the microbial cells inside a 
dialysis tube. In this way the high substrate diffusion typical of 
free living cells, and the operational benefits of working with 
immobilized cells, were both obtained. 
Certainly, this 'entrapment' technique does not achieve all the 
specific advantages of the classical immobilization methods 6 but 
it constitutes an effective system for evaluating the ability of 
microbial cells to produce low molecular weight extracellular 
metabolites. 
Cyanospira rippkae strain Mag II 702, the type strain of the new 
genus Cyanospira described in this Research Centre 7, was the 
N2-fixing organism selected for this study. The choice was sug- 
gested by the high nitrogenase activity of the organism and by 
the high pH required for its optimal growth, both properties 
being suitable for the ammonia production process. 
Materials and methods. Organism and culture conditions. Cyano- 
spira rippkae strain Mag II 702 was grown in 2-1 Erlenmeyer 
flasks, containing 800 ml of the synthetic mineral medium pre- 
viously described 7, under continuous white fluorescent illumina- 
tion (80 tx E/m2s on the liquid surface) at 28 ~ Air was bubbled 
through the culture at a flow rate of 500 ml/min in order to avoid 
cell stratification on the liquid surface. 
Cells from 2-day-old cultures (late exponential phase) were used 
for the experiments on NH3-photoproduction. 
Description of the dialysis tube photobioreactor. The reactor was 
derived from the cooling jacket of an LKB 2137 chromatog- 
raphy column (16 mm i.d.) by replacing the glass column with 
dialysis tubing (Visking size 2-18/32") as shown in figure 1. 
A volume of 125 ml of cyanobacterial trichome suspension was 
poured into the dialysis tube and immediately air was bubbled 

through the culture. Outside the dialysis membrane 150 ml of 
growth medium were introduced. When necessary, the outer 
medium was replaced without washout of the cells. 
The bioreactor containing the cell suspension was incubated 
under continuous white fluorescent light (70 g E/m2s) at 28~ 
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Figure 1. Dialysis tube photobioreactor. 1, air outlet; 2, air inlet; 3, inlet 
for outer medium; 4, cooling jacket of LKB chromatography column; 
5, dialysis tube containing cell suspension; 6, connection for air bubbling; 
7, outlet for outer medium. 
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Analytical methods. Protein content of the cells was determined 
according to the Lowry procedure as described by Herbert et 
al. 8. Total cell carbohydrates were estimated by the phenol- 700- 
sulfuric acid method of Dubois et al. 9 using glucose as a stan- 
dard. Phycobiliproteins were extracted from the cells and deter- 
mined in crude extracts according to the equations given by " 
Bennett and Bogorad 1~ Chlorophyll a was determined spectro- 
photometrically in 90% acetone extracts using the extinction 

500 
coefficient, 89, given by Parson and Strickland 11. $ 
Ammonia dissolved in the medium was estimated by the colori- 
metric method of Solorzano 12. ~- 
The acetylene reduction test for determining the nitrogenase 
activity was performed in 35 ml flasks containing 10 ml of 

300 culture under an atmosphere of air: C2H 2 = 9:l .  Ethylene pro- 
duced after 30 min of incubation in the light (100 g E/m2s) at 
28 ~ was measured using a gaschromatograph (Fractovap series 
2150 Carlo Erba) fitted with a flame ionization detector and 
Porapak R column according to the method described by 
Turned and Gibson 13. 
Results. Effect of  M S X  concentration on the NH3-production rate. 
Different molar ratios MSX/chlorophyll a were assayed on free =_.. 
living cultures of Cyanospira rippkae in order to select the op- 
timal MSX concentration for the NH3-production experiments. 
As can be seen in figure2, the optimal ratio MSX/chl.a was in -~ 
the range 2.5-5. No trace of ammonia was found in the medium 
with a molar ratio of 1.3. It is interesting to note that 5 h after the .L2- 
addition of MSX the NH3-production rate with a molar ratio of 
2.4 was markedly lower than that obtained with ratios of 3.5 and 
4.6, whereas after 25 h the difference was practically negligible. 
Probably at a low MSX concentration (i.e. with a molar ratio of 
2.4) a longer time is required for the expression of the effects 
induced by the inhibitor so that the ammonia production rate 
found after 5 h, which would include the lag period, might be 
underestimated, whereas after 25 h the difference would be insig- 
nificant. 
At values of the ratio higher than 5, the extracellular amount of 
NH 3 produced decreased regularly showing that high concentra- 
tions of the glutamine synthetase inhibitor had a negative effect 
on metabolic pathways other than ammonia assimilation. Nev- 
ertheless neither complete suppression of NH3-producing activ- 
ity nor cellular lysis were observed up to molar ratios greater 
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Figure 3. Effect of MSX on the synthesis of different cell components in 
Cyanospira rippkae. A 2-day-old culture was divided into two 250 ml 
aliquots, one of which was supplemented at time zero with MSX at its 
optimal molar ratio with chlorophyll a (4:1) Both samples were succes- 
sively incubated under continuous incandescent light (100 la E/m2s) at 
28 "C. The analyses of the control cell culture (solid line) and the MSX 
treated filament suspension (dashed line) were performed at the times 
indicated (a-protein; b-carbohydrates; c-phycobiliproteins; d-chlorophyll 
a). 
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Figure 2. Effect of different molar ratios MSX/chlorophyll a on NH3- 
photoproduction by Cyanospira rippkae. At time zero samples (50 ml) of 
cultures at different cell densities (5.6, 8.2 and 14 lag chlorophyll a/ml) 
were supplemented with MSX (in molar ratios with chl.a as indicated in 
the figure) and incubated under continuous incandescent light (100 la 
E/m2s) at 28 ~ The ammonia in the medium was determined after 5 
(solid line) and 25 h (dashed line). 100 % activity was in the range 3.4~18 
lamoles NH3/mg initial chl.a depending on the incubation time and chlo- 
rophyll a concentration. 

than 10. In view of these results the subsequent experiments on 
NH3-photoproduction were carried out with a molar ratio 
of 4.0. 
Effect of  M S X  on some cell components. The effects of the glu- 
tamine synthetase inhibitor on cell constituents were determined 
by following the time course of changes in protein, carbohy- 
drate, biliprotein and chlorophyll a concentrations in MSX 
treated and untreated cell suspensions (fig. 3a-d). 
The results clearly demonstrate that the addition of MSX to 
filament suspensions prevented cell growth (protein synthesis) 
for at least 40 h (fig. 3a). The carbohydrate synthesis in MSX 
treated cells was higher in the first 15 h than in untreated cells 
(fig. 3b) so that the MSX treated trichomes in this period may be 
regarded as normal cells placed under nitrogen starvation. It is in 
fact known that in actively CO2-fixing photosynthetic cells nitro- 
gen starvation leads to an increase in the cellular C/N ratio 14. 
The inhibitor also caused a remarkable depigmentation of the 
trichomes mainly due to a decrease (more than 50 %) in bilipro- 
rein concentration as shown in figure 3c-d. This biliprotein 
degradation was already noticed in other MSX treated N2-fixing 
cyanobacteria 3,15, and can be ascribed to a specific proteinase 
activity induced by intracellular glutamine limitation and hence 
by nitrogen starvation 15' 16 
Filaments treated with MSX plus chloramphenicol (CAM), an 
inhibitor of protein synthesis, maintained the initial biliprotein 
concentration (table) indicating that the biliprotein degradation 
in MSX treated Cyanospira rippkae cells is dependent on de novo 
protein synthesis. 
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Figure 4. Effect of MSX on the C2H2-reducing activity in Cyanospira 
rippkae. Conditions were the same as for figure 3. C2H2-reducing activity 
of MSX treated (dashed line) and untreated cultures (solid line) was 
measured at the times indicated. 
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Figure 5. Time course of change in ammonia concentration in the culture 
medium of MSX-treated Cyanospira rippkae cells�9 Conditions were the 
same as for figure 3. Ammonia dissolved in the medium was determined at 
the times indicated�9 
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Figure 6. Semicontinuous ammonia production by MSX-treated Cyano- 
spira rippkae cells 'entrapped' in the dialysis tube bioreactor. MSX, at its 
optimal molar ratio with chlorophyll a, was added at time zero and at 
146 h. The starting chlorophyll a concentration in the cell suspension 
(125 ml) inside the dialysis tube was 4 gg/ml while at time 146 h, after cell 
recovery, it was 6.5 gg/ml showing that some cell growth occurred. At the 
times indicated the growth medium (150 ml) outside the dialysis mem- 
brane was replaced with fresh medium without the inhibitor and ammo- 
nia concentration was determined. Dashed portions of the curve refer to 
the periods in which the optimal amount of MSX was in the bioreactor 
(the replacement of the medium outside the dialysis tube partially 
removed the inhibitor). 

In figure 3 it may be also seen that a considerable increase in 
protein and pigment concentration occurred 63 h after the addi- 
tion of MSX to the filament suspension, showing that the cyano- 
bacterial cells were able to grow again without the removal of the 
inhibitor from the medium�9 
Frequent additions (every 20 h) of MSX to C. rippkae cell sus- 
pensions led to complete pigment degradation and, in accor- 
dance with the results of Ramos et al. 3, to cell lysis after 60-70 h 
of exposure to the inhibitor. 
Effect of MSX on nitrogenase activity. In figure 4 the time 
courses of changes in the rate of reduction of C2H2 by MSX 
treated and untreated C. rippkae cells are reported. The rate of 
acetylene reduction by cells treated with the inhibitor changed 
with time while that observed in untreated filaments was quite 
constant for a period of at least 55 h. After the addition of the 
inhibitor the nitrogenase activity increased and, up to the 40 th h, 
it remained higher than in untreated cells. During this period cell 
growth was prevented, as shown in figure 3 (a and d), by the 
MSX dependent inactivation of glutamine synthetase. Since the 
amount of chlorophyll a remained substantially unchanged 
(fig. 3d), the increased C2H2-reduction rate in MSX treated cells 
reflects an effective increase in the nitrogenase activity. As no 
significant changes in C2H2-reduetion rate were observed during 
15-h incubation in the presence of MSX plus CAM (table), the 
observed increase in the nitrogenase activity of MSX treated 
filaments seems to be due to de novo protein synthesis. After 
40 h of treatment the C2Hz-reduction rate markedly declined. 
As a consequence of MSX addition, ammonia produced by 
nitrogenase was excreted into the medium but, as shown in 
figure 5, only for about 40 h. The cessation in ammonia accumu- 
lation was not due to a loss of nitrogenase activity: 60 h after the 
addition of the inhibitor, the enzyme retained, as shown in figure 
4, about 30 % of its maximal activity. 
After 63 h, when an increase in protein and pigment concentra- 
tions was observed (fig. 3), the amount of ammonia dissolved in 
the medium was lower than that found after 39 h. This result 
indicates that some recovery of glutamine synthetase activity in 
MSX treated cells occurs, without removal of the inhibitor, 
between 30 and 40 h after the start of the incubation. The uptake 
of the ammonia dissolved in the medium was concomitant with 
the observed decrease in the C2H~-reduction rate previously 
mentioned (fig. 4). After the exhaustion of the dissolved ammo- 
nia, the nitrogenase fully recovered its activity (data not shown). 
Semicontinuous ammonia photoproduction. The finding that, 
nearly 40 h after MSX addition, C. rippkae filaments were able 
to recover by themselves from the deleterious effects induced by 
the glutamine synthetase inhibitor, was utilized in order to ex- 
tend the process of ammonia photoproduction. This was 
achieved by allowing the cells to overcome the MSX induced 
effects before the next addition of MSX. 
The experiment was performed in the dialysis photobioreactor 
which allowed an easy and quick replacement of the medium 
without cell washout, and avoiding any mechanical cell separa- 
tion. The replacement of the medium was necessary to avoid the 
ammonia uptake observed in batch experiments during the pe- 
riod of cell recovery. Obviously, with this procedure, the process 
of ammonia production had a semicontinuous time course. Fig- 
ure 6 shows the results of such an experiment. The cyanobac- 
terial cells, treated with the optimal amount of MSX at time 
zero, excreted ammonia for about 90 h, reaching the maximal 
production rate of 20 gmoles NH3/mg chl.a h. The duration of 
ammonia excretion was longer than in the previous batch experi- 
ments probably owing to the frequent replacement of the me- 
dium outside the dialysis tube with fresh medium without the 
inhibitor (replacement times are reported in figure 6). In this 
connection it is to be noted that MSX was partially removed 
from the bioreactor just 20 h after it was added, without waiting 
for the cessation of  ammonia accumulation in the medium. This 
removal, however, did not accelerate the cessation of ammonia 
production or the cell recovery. 
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At 146 h, when the cell constituents were fully recovered, the 
inhibitor was added again and the process of ammonia photo- 
production started again. The maximal production rate reached 
in this phase was higher than 30 gmoles NH3/mg chl.a h. 
In another set of experiments we also tried to reduce the time 
required for cell recovery by adding glutamine to the MSX 
treated cell suspension at different times. When the amino acid 
(0.2 mM final concentration) was introduced into the bioreactor 
at time zero no ammonia production was observed, whereas 
when the addition was performed 17 or 40 h after the MXS 
treatment, the amount of ammonia excreted and the time for cell 
recovery were the same as with filaments treated with MSX only. 
Discussion. The results of our investigation show that during the 
NH3-producing phase an extensive degradation of biliproteins 
occurs in MSX treated Cyanospira rippkae cells. In the presence 
of chloramphenicol, however, the biliprotein content remains 
substantially unchanged (table), indicating the need of a de novo 
synthesis of a specific protease for the mobilization of these 
nitrogenous reserves. Moreover the disappearance of the bill- 
proteins in MSX treated filaments was not accompanied by a 
significant reduction in protein concentration. Hence we may 
infer that the MSX dependent inactivation of glutamine synthe- 
tase does not prevent an active synthesis of protein. It is likely 
that new glutamine synthetase is also synthesized from degraded 
biliproteins because frequent additions of MSX to cell suspen- 
sions prevented cell recovery and led to cell lysis. This supposi- 
tion may account for the ability of C. rippIcae cells to recover by 
themselves from the deficiencies induced by the inhibitor. The 
initial level of phycobiliproteins could be the parameter that 
determines not only the possibility of a cell recovery but also the 
length of the period required to achieve a complete reestablish- 
ment of cell components and activities related to nitrogen fixa- 
tion and assimilation. 
In the experiment on semicontinuous ammonia production, cell 
recovery was favored by the partial removal of MSX about 20 h 
after its addition. The replacement of the medium outside the 
dialysis tube also removed the ammonia excreted avoiding the 
inhibition of nitrogenase function and the repression of its syn- 
thesis during the recovery period. The absence of ammonia in 
this phase had a stimulating effect on nitrogenase activity since 
in the second NH3-producing period (fig. 6) the ammonia pro- 
duction rate, on a chlorophyll a basis, was greater than after the 
first MSX addition (20 and 30 gmoles NH3/chl.a h, respectively). 
The results obtained by adding glutamine to MSX-treated fila- 
ment suspensions with the purpose of accelerating the recovery 
of cell constituents and activities are not in agreement with those 
obtained by Ramos et al.3 with Anabaena sp. strain ATCC 
33047, but may be explained on the basis of the results reported 
by Chapman and Meeks 17 for Anabaena variabilis strain ATCC 
29413. According to the latter authors glutamine inhibits MSX 
transport and is unable to support growth of the micro- 
organism. 
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Effect of MSX and MSX plus CAM on the levels of some cell components 
and on the nitrogenase activity in Cyanospira rippkae 

Time zero After 15 h 
Control MSX MSX 

+ CAM 

Dry weight (mg/1) 480 648 530 552 
Protein (rag/l) 310 402 305 300 
Carbohydrates (mg/1) 90 135 145 160 
Chlorophyll a (rag/l) 8.2 11 8.2 8.0 
Biliproteins (mg/1) 27 40 12 26 
C2H2-reducing activity 
(gmoles C2Ha/mg chl. a h) 4.2 4 6 3.7 
NH3-production rate 
(lamoles NH3/mg initial chl. a h) - - 7.3 2.0 

Conditions were the same as for figure 3. Chloramphenicol (CAM) con- 
centration was 5 gg/ml. 

The data presented show that the special dialysis photo- 
bioreactor employed in this study is a promising tool for re- 
search and applications as it combines the advantages of immo- 
bilized cell reactors and of conventional reactors with free cells. 
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Calmodulin in epithelial intestinal cells during rat development 
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Summary. Calmodalin was immunocytochemically localized in the brush borders of rat intestinal epithelial cells from the tip to the 
base of the villi, from day 18 of fetal life up to the adult stage. The early (14th day) fetal cells, like the adult crypt cells, were not 
immunoreactive, although their calmodulin content was equal to that of the mature cells from the tips of the villi. 
Key words. Calmodulin; immunofluorescence; epithelial cells; brush borders; rat development. 

The structural and functional changes that occur during devel- 
opment of the mammalian small intestine have been investigated 
by several authors (for review see refs 1-3). In the rat, short and 
sparse microvilli start to appear around the 17th day of fetal 

life 4, and at the time of birth, brush borders are well differ- 
entiated 5. The digestive and absorptive functions necessary to 
cope with suckling are already acquired, but further physiolo- 
gical functions continue to mature during the neonatal period, 


