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The metabolic versatility of the purple nonsulfur photosynthetic bacteria
permits the expression of either a phototrophic or a dark aerobic mode of growth.
These organisms also possess nitrogenase activity which may function under
semiaerobic conditions. On the basis of these important properties, the light
dependence of nitrogenase function and synthesis in Rhodopseudomonas capsu-
lata was investigated. Nitrogenase activity was strictly dependent on light; no
activity was observed in the dark, even when energy (ATP) was supplied by
oxidative phosphorylation. It was concluded that the low-potential reducing agent
required by the nitrogenase-catalyzed reaction could only be generated by a
photochemical reaction. Nitrogenase biosynthesis was also largely dependent on
light; however, a small amount of synthesis was observed in resting cells incubated
in the dark. Resting cells prepared from dark-grown cultures synthesized nitro-
genase at high rates upon illumination. The highest stability of nitrogenase in
these resting cells was observed when suspensions were exposed to a diurnal
pattern of illumination rather than continous light. Although nitrogenase function
and synthesis are closely coupled to photosynthetic activity, the biosyntheses of
bacteriochorophyll and nitrogenase are independent of each other and are most
probably subject to different regulatory mechanisms by light.

N2 fixation is now well established as a wide-
spread phenomenon among phototrophic bac-
teria (21). Since these organisms are largely de-
pendent on light to meet their energy require-
ments, their ability to fix N2 would appear to be
strictly light dependent. However, the basic re-
quirements for nitrogenase activity, namely,
ATP and a low-potential reducing agent, can be
met by dark reactions, as evidenced by the fact
that a great number of N2 fixers are not photo-
trophs. Indeed, even some photosynthetic orga-
nisms, like the blue-green algae (cyanobacteria)
(9), can fix nitrogen at significant rates over long
periods in the absence of light. In phototrophic
bacteria, it is presently not known how tightly
nitrogen fixation is coupled to photosynthetic
activity. There have been some reports (16, 18,
24, 26) of low nitrogenase activities in the dark,
whereas little is known about the effect of light
on nitrogenase synthesis (13). Clearly, this as-
pect of phototrophic metabolism requires fur-
ther elucidation. Purple nonsulfur bacteria pro-
vide excellent material for such an investigation,
since they are facultative anaerobes and photo-
trophs, i.e., they display facile interchange be-
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tween light anaerobic and dark aerobic growth
modes. Furthermore, an initial report (11) that
nitrogen fixation in Rhodospirillum rubrum is
somewhat oxygen resistant has been recently
extended to include Rhodopseudomonas palus-
tris (29) and Rhodopseudomonas capsulata (18,
20, 21). Therefore, these organisms might, in
theory, be expected to drive the nitrogenase
reaction via a dark aerobic metabolism. The
present study used these somewhat flexible
growth characteristics of the purple nonsulfur
bacterium R. capsulata to examine how strictly
both nitrogenase biosynthesis and nitrogenase
activity are coupled to the photosynthetic mode
of life.

MATERIALS AND METHODS
Bacterial strain and culture. R. capsulata strain

B10 was a generous gift from the Photosynthetic Bac-
teria Group, Department of Microbiology, Indiana
University, Bloomington, Ind.

Cultures were grown at 30°C in a mineral salts
medium (12, 28) supplemented with DL-lactate (30
mM) and L-glutamate (7 mM). Anaerobic cultures
were grown in modified 50-ml syringes (12) muminated
by 100-W incandescent lamps (ca. 10,000 1x). Dark
aerobic cultures (200 ml) were grown on a rotatory
shaker (200 strokes per min) in 1-liter Erlenmeyer
flasks covered with aluminium foil and stoppered with
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sterile rubber septa. Known quantities of oxygen were
injected into the flasks, which had been previously
gassed with argon. The concentration of oxygen in the
gas phase was determined at the beginning and at the
end of the culture period by the sme gas-chromato-
graphic procedure as that used for hydrogen assay
(17).
Restng-cell preparation. Resting cells were pre-

pared as follows. Cultures were centrifuged (25,000 x
g, 30 min), washed once with the mineral salts medium
(12, 28) (devoid of carbon and nitrogen sources), re-
centrifuged as above, and resuspended in the same
medium. The resting-cell suspensions were stored in
the dark under argon at 0°C until required.
Nitrogenase induction in resting cells. Dark-

grown resting-cell suspensions (20 to 30 ml) were
added to 100-ml Erlenmeyer flasks, gassed with argon,
and stoppered with rubber septa. The flasks were
shaken at 300C in a Warburg bath (B. Braun AG,
Melsungen, West Germany) uniformly illuminated by
14 40-W incandescent lamps from below (ca. 5,000 Ix).
Samples of 1 ml were withdrawn at intervals with a
syringe and injected into 4-ml vials for assay of nitro-
genase activity.
Nitrogenas asay. Assays were carried out in

either 12-ml vials containing 2 ml of cell suspension or
4-ml vials containing 1 ml of the suspension. Reaction
mixtures were supplemented with lactate (final con-
centration, 20 mM) and chloramphenicol (final con-
centration 20 pg/ml). Vials were fitted with rubber
septa, thoroughly gassed with argon, and incubated on
an illuminated Warburg water bath as described
above. Cells from dark-grown cultures were incubated
in the dark in the presence of chloramphenicol (20
jg/ml) for 10 min before illumination was started.
After 5 min of equilibration, acetylene was izJected
into the gas phase (1 ml of acetylene in 12-ml flaks,
0.3 ml in 4-ml flasks). At intervals, aliquots (26 gd)
were withdrawn from the gas phases of the vials and
injected into a Hewlett Packard 5750 gas chromato-
graph equipped with a flame ionization detector, the
1.5-m stainlesteel column (diameter, 3.2 mm) was
filed with Porapak R (80 to 100 mesh). The carrier
gas was nitrogen (60 ml/min), and the oven tempera-
ture was 70°C. Under these conditions, the retention
times of ethylene and acetylene were 80 and 90 a,
respectively. Calibration with pure acetylene and eth-
ylene showed that the amount of ethylene produced
by the nitrogenase reaction could be calculated easily
and reliably by using the equation: C2HE produced -

C2H2 added initially x [C2H4 peak height/(C2H2 peak
height + C2H4 peak height)].

Cell mass determination. Bacterial growth was
foUowed by measuring the optical density of the cell
suspenson at 660 nm. Dry weight determinations were
cared out according to a previously decid tech-
nique (12). Protein in whole cells was asayed as
folows. A 0.1-ml amount of cholate (4%, wt/vol) and
0.8 ml of NaOH (10%, wt/vol) were added to 0.1 ml of
cell suspension. The mixture was boiled for 15 min in
a water bath, and the proteins were subsequently
assayed with the Folin reagent (19). Numerous parallel
determinations of the optical density at 660 nm, dry
weight, and protein concentration, under different cul-
ture conditions, in different media, and during com-
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plete growth cycles, have shown that these three pa-
rameters (optical density at 660 nm: milligrams of dry
weight per milliliter. milligrams of protein per milli-
liter) are consistently in the ratio of 10.5:2 within less
than 10% error.
Other detrminations. ATP (14), ADP, andAMP

(15) were determined by enzymatic assays carried out
on perchloric acid extracts subsequently neutrlized
with KOH. For bacteriochlorophyll determination, 1
or 2 ml of cell suspension was centrifuged for 7 min at
25,000 x g. The pellet was extracted with 2 ml of cold
acetone-methanol (7:2, vol/vol), and the absorbance
of the extract was measured at 775 am. The concen-
tration of bacteriochlorophyll was calculated, using an
extinction coefficient of 75 mM-' cm-' (3).

RESULTS
Light dependence of nitrogenase activ-

ity. Maxmum nitrogenase activity was observed
under anaerobic conditions in the light (Fig. 1).
Due to the high energy requirements of nitro-
genase, dark nitrogenase activity would require
an alternative energy source to light, namely,
dark respiration. Under such conditions, the
level of oxygen must be sufficient to permit
significant energy supply while avoiding total
inhibition or inactivation of nitrogenase. Under
our experimental conditions, an oxygen concen-
tration of 10% in the gas phase caused no greater
than a 30 to 40% inhibition of nitrogenase activ-
ity (Fig. 1). Since this experment was carried
out in the presence of C2H2, we verified that
dark aerobic metabolism was unaffected by acet-
ylene: the latter compound did not inhibit dark
aerobic growth or respiration of resting-cell sus-
pensions. With respect to energy supply, it has
been previously demonstrated (25) that dark
respiration can sustain energy levels as high as
does photosynthesis in R. rubrwn. In similar
fasion, we determined the adenine nucleotide
content of cells (Table 1) incubated under the
conditions shown in Fig. 1. It was evident that
under an atmosphere containing 10% oxygen in
the dark, the cells contained twice as muchATP
as, and had a significantly higher energy charge
(1) than, cells incubated anaerobically in the
dark (Table 1). The aerobic conditions used here
did not provide as high an energy charge as did
illumition (Table 1), presumably due to oxy-
gen limitation. However, it is apparent that the
experimental conditions established in Fig. 1
satiy the requirements di ed above in that
(i) nitrogenase was only parially inhibited by
oxygen and (ii) the oxygen tension was sufficient
to sustain a high energy charge. Figure 1 clearly
demonstrates that when illumination was sup-
pressed, nitrogenase activity ceased completely
within 3 to 4 min and only resumed some 10 min
after reillumination (Fig. 1, curves 1 and 2). The
provision of an energy supply via respiration
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FIG. 1. Effect of light and darkness on acetylene
reduction by whole cells ofR. capsulata. Resting cells
from a culture grown anaerobicaly in the light were
incubated in stoppered 12-mi flasks, gassed with ar-
gon, and shaken in a photosynthetic water bath (ca.
5,000 lx, 30°C). Reaction mixtures (2 ml) consisted of
2mg of bacterial dry weight, 40 pg of chlorampheni-
col, and 20 ptmol of lactate. The reaction was started
by injecting 1 ml of acetylene. Two flasks (curves 1
and 2) were illuminated at time zero; flask 2 was
darkened after 30 min and reilluminated 70 min
later; two others (curves 3 and 4) were maintained in
the dark, then illuminated after 30 min and then
continually sampled.(O) Argon, (0) argon + 10% 02.
The arrows indicate light on (T) and light off (1).

during the period of darkness was unable to
replace light. Similarly, when cells were first
maintained in the dark, no ethylene was pro-
duced until after the light had been switched on
(Fig. 1, curves 3 and 4). It is ofnote that ethylene
production commenced significantly earlier in
the presence of oxygen than under anaerobic
conditions after a dark incubation period. This
presumably resulted from the lower energy
charge generated by cells incubated anaerobi-
cally in the dark (Table 1). Such cells would
require a longer exposure to light before the
energy needs of the nitrogenase reaction could
be met.
Nitrogenase biosynthesis in resting cells.

Photosynthetic bacteria grown anaerobically in

the light develop high nitrogenase activities (12,
20). We observed that R. capsulata did not grow
in the dark with N2 as the sole nitrogen source,
even with as little as 1 or 2% oxygen in the gas
phase. Cells grown under the same conditions
with glutamate replacing N2 as the nitrogen
supply contained no nitrogenase activity, al-
though care was taken in subsequent preparative
procedures to exclude light, which would favor
enzyme synthesis. The level of ammonia (as-
sayed as described by Chaykin [2]) found in such
cultures was similar to that found in light-grown
cultures (less than 20 uM), which display high
nitrogenase activity. Resting cells prepared from
dark-grown cultures lacked nitrogenase activity
and thus provided excellent material for a study
of nitrogenase biosynthesis. We conducted anal-
yses of extracts from cells (wild-type and Nif-
strains), cultured under widely differing condi-
tions, by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. These confirmed that the
appearance of nitrogenase activity during illu-
mination of dark-grown resting cells was con-
comitant with the synthesis of the nitrogenase
protein components. Maxiumum nitrogenase
biosynthesis occurred under anaerobic light con-
ditions (Table 2). The inhibitory effect of chlor-
amphenicol indicated that active protein synthe-
sis was taking place. The suppression of ilmumi-
nation had a similar effect to that of chloram-
phenicol (Table 2), although it is noteworthy
that some small synthesis of nitrogenase appar-
ently took place under dark conditions. Indeed,
this synthesis was stimulated slightly when 5%
oxygen was added to the gas phase (Table 2).
Higher oxygen levels (10 to 20%) suppressed
dark nitrogenase synthesis (data not shown).
This result is somewhat in contrast to the situ-
ation found in cultures growing in the dark in
the presence of oxygen, where no nitrogenase
synthesis was apparent.

Nitrogenase biosynthesis in dark-grown rest-
ing cells was extremely active upon exposure to
light. Such cell preparations rapidly displayed
activities similar to those present in photosyn-
thetically grown cells. The increase in nitrogen-
ase activity could be stopped at any stage by
adding chloramphenicol, indicating a continuous
synthesis of the enzyme (Fig. 2A). The suppres-
sion of illumination (Fig. 2B) had the same effect
as the addition of chloramphenicol. Nitrogenase
synthesis resumed rapidly upon illumination
after a period of time in the dark (Fig. 3).
We further showed that not only were resting-

cell suspensions, which are devoid of growth
substrate, capable of synthesizing large amounts
of nitrogenase during a few hours but that they
could maintain this activity for a prolonged pe-
riod of time, depending on the conditions of
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TABLz 1. Relative AMP, ADP, and ATP contents and energy charges (1) ofR. capsulata resting cells
under different metabolic conditionsa

No. of Energy charge
Conditions flasks ATP + 0.5 ADP ATP ATP

aYed ATP + ADP + AMP ATP + ADP + AMP ADP

Light aerobic 5 0.74 ± 0.03 0.60 ± 0.04 2.4 ± 0.4
Dark +10% 02 4 0.58 ± 0.03 0.40 ± 0.04 1.3 ± 0.2
Dark anaerobic 6 0.43 ± 0.02 0.20 ± 0.04 0.4 ± 0.1

Resting cells from a culture grown anaerobically in the light were incubated in stoppered 12-ml flasks and
shaken in a photosynthetic water bath (5,000 lx, 30°C). Reaction mixtures (2 ml) consisted of 7 mg of bacterial
dry weight, 40 pg of chloramphenicol, and 20 pmol of lactate. Oxygen was added to the gas phase as indicated.
After 20 min of incubation, 0.5 ml of 70% perchloric acid was added to each flask. Further treatment and
nucleotide asays were carried out as described in the text.

TABLE 2. Nitrogenase synthesis in dark-grown
resting cells ofR. capsulataa

% of nitrogenase activity
Conditions

Expt 1 Expt 2

Light ioob 1ooc
Light + CAM 16.8 12.6
Dark 20.6 14.7
Dark + CAM 14.7
Dark + 5%02 29.7 20.7
Dark + 5% 02 + CAM 12.1 10.2
a Resting cells (1 mg of bacterial dry weight per ml)

were prepared from a culture grown in the dark under
5% oxygen. These cells contained no nitrogenase activ-
ity. Incubations were carried out under argon in 12-ml
stoppered flasks containing 2 ml of resting cell suspen-
sion, oxygen, and chloramphenicol (CAM, 40 pg) as
indicated in the table. Where required, flasks were
covered with foil to exclude light. After a 3-h incuba-
tion in a photosynthetic bath (ca. 5,000 Ix, 3000),
enzyme synthesis was terminated by adding CAM (40
jg) to the appropriate flasks. All flask were regassed
with argon, and 0.8 ml of acetylene was added to each
flask for determination of nitrogenase activity in the
light.

b 100% represents 57.9 nmol of C2H2 reduced per
min per mg of dry wt.

¢ 100% represents 36.2 nmol of C2H2 reduced per
min per mg of dry wt.

illumination (Fig. 3). Cell suspensions incubated
under continuous light showed mamum nitro-
genase synthesis after 20 h. Prolonged incuba-
tion under these conditions revealed a steady
decline in the nitrogenase activity of these cells
(Fig. 3). It is of interest that not only were cells
incubated under an alternating light-dark pat-
tern capable of synthesizing the same level of
nitrogenase as under the continuous light treat-
ment but also the nitrogenase synthesized under
these conditions showed a higher activity over
a longer period of time (Fig. 3). There was also
an apparent stability of previously light-synthe-
sized enzyme when cells were incubated for long

periods in the dark. Such resting cells were able
to resynthesize nitrogenase upon the introduc-
tion of light after a 48-h period of darkness (Fig.
3). We did not detect any decrease in cell viabil-
ity under all experimental conditions throughout
the duration of the incubations. Similarly, the
ammonia concentration was found to remain
constant, at very low levels (10 to 15 pM). These
results indicate that cell lysis and aknmonia
release were of little importance in this experi-
ment.
The rate of nitrogenase synthesis induced in

resting cells upon illumination depends on their
previous dark growth history. It has been shown
that photosynthetic membranes and bacterio-
chlorophyll are synthesized in the dark under
low oxygen concentrations by Rhodopseudom-
onas sphaeroides (5) and by R. capsulata (7).
Our data revealed that light-dependent nitro-
genase synthesis was faster in cells grown in the
dark under lower oxygen partial pressure and
thus possessing a higher bacteriochlorophyll
content (Fig. 4). This was most likely due to
their better ability to harvest light energy and
to use it for their biosynthetic needs.
Nitrogenase and bacteriochlorophyll

synthesis. Since nitrogenase activity and syn-
thesis show such a dependency on light, it is
tempting to speculate that nitrogenase biosyn-
thesis is more or less tightly coupled to the
biosynthesis of the photosynthetic apparatus.
However, several lines of evidence indicate that
this is not the case. Photosynthetic membranes
and bacteriochlorophyll are actively synthesized
in the dark under low oxygen tensions (5, 7),
whereas nitrogenase is not (see above). In addi-
tion, Hilimer and Gest (13) have shown that,
conversely to the bacteriochlorophyll content,
the nitrogenase activity in photosynthetically
grown cells increases when the light intensity
during growth is increased. The experiment
shown in Fig. 5 further demonstrates kinetically
that the synthesis of nitrogenase and bacterio-

J. BACTERIOL.
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FIG. 2. Effect of light interruption or chloramphenicol (CAM) addition on nitrogenase synthesis in resting
cells of R. capsulata. Resting cells (1.1 mg of dry weight per ml) from a culture grown in the dark under an
atmosphere containing 10% oxygen in argon were transferred into eight 100-mi conical flasks (20 ml ofresting
ceU suspension per flask), gassed with argon, and shaken in a photosynthetic water bath (5,000 lx, 30°C). At
intervals indicated in the figure, one flask was wrapped in aluminium foil (B) and chloramphenicol (20 pg/ml,
final concentration) was added to another flask (A). Samples of 1 ml were withdrawn as indicated for
nitrogenase assay.
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FIG. 3. Synthesis and stability of nitrogenase in resting-ceU suspensions of R. capsulata incubated under
differing light regimes. Resting-cell suspensions (0.6 mg of bacterial dry weightper ml) wereprepared from a
culture grown in the dark under 5% oxygen. The suspension (30 ml) was placed in 100-mi stoppered conical
flasks, gassed with argon, and shaken in a photosynthetic water bath (ca. 5,000 Ix, 30°C). Samples were
withdrawn at the times indicated in the figure, and nitrogenase activities were determined as described in the
text. The lighting regimes used were alternating light and dark periods (-), continous light (0), and light (6
h) - dark (48 h) - light (A). The arrows indicate light on (T) and light off (1).

chlorophyll are independent. Cells cultured in
the dark under low oxygen tension posessed a

high bacteriochlorophyll content but no nitro-

genase activity. Upon exposure to high light
intensity and anaerobic conditions, they grew
rapidly and synthesized nitrogenase at a rapid
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FIG. 4. Light-dependent synthesis of nitrogenase
in resting cell suspensions of R. capsulata prepared
from cultures grown under different oxygen tensions
in the dark. Resting cell suspensions (ca. I mg of
bacterial dry weight per ml) were prepared from
cultures grown in the dark under oxygen tensions of
2% (circles); 17% (triangles) and 31% (squares), re-
spectively. The suspensions (20 ml) were placed in
100-ml stoppered conical flasks, gassed with argon,
and shaken in a photosynthetic water bath (ca. 5,000
Ix, 30° C). Samples were withdrawn at the times
indicated in the figure, and nitrogenase activities
(open symbols) and bacteriochlorophyll (Bchl) con-
tents (closed symbdls) were determined as described
in the text.

rate. However, very little bacteriochlorophyll
synthesis took place under these conditions (Fig.
5). The doubling times for cell mass and nitro-
genase and bacteriochlorophyll syntheses were
2.5, 1.0 and 8.5 h respectively (Fig. 5), indicating
that nitrogenase synthesis was nearly 10 times
faster than bacteriochlorophyll synthesis. In a
converse experiment (not shown), we observed
active bacteriochlorophyll synthesis occurring
under conditions where no nitrogenase synthesis
was taking place. It is thus apparent that bac-
teriochlorophyll and nitrogenase syntheses are
independent of each other.

DISCUSSION
To date, there have been conflicting reports

as to whether dark metabolism can sustain Mn-
trogenase activity in purple nonsulfur bacteria.
On the one hand, rates of '5N2 fixation in the
dark have been reported to range from 5% of the
rates under illumination in R. rubrum (16) to

the high value of 40% in R. capsulata (18). In
addition, when N2 consumption by R. rubrum
was measured manometrically, the activity con-
tinued for some 20 min in the dark after a period
of illumination (24). It has been recently re-
ported (26) that several species of purple non-
sulfur bacteria were able to grow on N2 aerobi-
cally in the dark. In contrast, '5N2 fixation in R.
rubrum has been shown to stop abruptly after
the onset of darkness (23). Our results (Fig. 1)
are in agreement with the latter report. By using
the acetylene reduction assay, we have shown
that there is no nitrogenase activity in R. cap-
sulata in the absence of light, even under con-
ditions where oxygen is present to sustain oxi-
dative phosphorylation and thus meet the en-
ergy requirement of the nitrogenase reaction.
Since the basic requirements of this reaction are
ATP and a low-potential reducing agent, we
conclude that the generation of the reducing
agent is light dependent. In purple nonsulfur
bacteria, the reduction of low-potential electron
carriers has been considered to occur via an
energy-dependent reverse electron flow, energy
being provided by cyclic photophosphorylation
(10). Indeed, the high oxidation-reduction poten-
tials (-50 to -150 mV) of the primary electron

Hours
FIG. 5. Synthesis of nitrogenase and bacterio-

chlorophyll (Bchl) in growing cells of R. capsulata.
CeUs growing in the dark under an atmosphere con-
taining 3% oxygen in argon were transferred into a
stoppered 1(0-ml conical flask , gassed with argon,
and shaken in aphotosynthetic water bath (ca. 10,000
lx, 30C). Sampls were withdrawn as indicated in
the figure for turbidity (0), Bchl (C), and nitrogenase
(A) measurements.
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acceptors measured in purple nonsulfur bacteria
(22) would make it unlikely that the physiolog-
ical reducing agent for nitrogenase (Eo =-400
mV) could be directly generated by light. How-
ever, recent kinetic studies (8) strongly suggest
that bacteria of the genus Rhodopseudomonas
may contain photoreducible species of much
lower oxidation-reduction potentials (-500 to
-600 mV). This would mean that electrons could
be fed to nitrogenase directly by the photochem-
ical reactions. The fact that nitrogenase activity
is totally dependent on light, as we have dem-
onstrated above, does favor such a mechanism
rather than an energy-dependent reverse elec-
tron flow which would be dependent on either
light or dark metabolism.

It is of interest that nitrogenase activity has
been found in Rhodopseudomonas acidophila
under both light and dark aerobic conditions
(26). This is quite contradictory with our results,
and to date we can offer no better explanation
than a species difference.
One of the most interesting properties of ni-

trogenase biosynthesis in R. capsulata is the
extremely active synthesis of this enzyme ob-
served in dark-grown resting cells once they are
exposed to light. In the absence of exogenous
nitrogen and carbon sources, nitrogenase syn-
thesis proceeds at a rate such that within 3 to 4
h, the specific activity of this enzyme is equiva-
lent to that found in light-grown cultures. Such
a rapid synthesis would be expected to be of
little benefit to the cell. It appears that in the
absence of factors which repress nitrogenase
synthesis, e.g., ammonia, darkness, and high ox-
ygen levels, uncontrolled synthesis of the en-
zyme takes place. This finding agrees with pre-
vious results demonstrating that in Clostridium
pasteurianum nitrogenase synthesis is regulated
by ammonia, but not by N2, the physiological
substrate of nitrogenase (6). This explanation
may possibly be extended to include the appar-
ent discrepancy that we have observed for nitro-
genase synthesis under dark conditions. Growing
cultures, supplied with their necessary carbon
and nitrogen sources, synthesize nitrogenase
only under illumination. Due to the extreme
energy demands for growth, synthesis of the
high-energy-requiring nitrogenase enzyme is
probably under strict control, particularly under
growth in the dark, where oxygen levels may be
limiting. In resting-cell suspensions, however,
the absence of repressor agents may allow the
expression of an energy-dependent synthesis of
nitrogenase in the dark. The provision of such
an energy supply via bacterial respiration may
explain the small stimulation ofdark nitrogenase
synthesis in resting cells, as observed in the

present study (Table 2). Thus, it is highly prob-
able that nitrogenase biosynthesis in resting cells
is not subject to the stricter control measures
present under conditions of growth.
We have found that resting celLs of R. capsu-

lata retain the ability to synthesize nitrogenase
over long time periods under continuous or dis-
continuous illumination. It is of special interest
that the activity is consistently higher under
intermittent illumination. Indeed, this situation
may more closely resemble the natural growth
situation, namely, growth under a daily light
cycle and most probably under low levels of
substrate. This property could prove useful in
future attempts to use purple nonsulfur bacteria
as producers of hydrogen (21) or ammonia (27).
According to the results shown in Fig. 3, such
systems would be viable under discontinuous
illumination. It appears that nitrogenase is syn-
thesized and is stable whether substrate is pres-
ent (13) or absent (Fig. 3). Hence, the provision
of substrate at irregular intervals should still
allow expression of nitrogenase activity. Al-
though still in the stage of basic research, such
systems can already be foreseen to enjoy a great
versatility (21).
Although nitrogenase activity as well as bio-

synthesis are closely linked to photosynthetic
activity in R. capsulata, we have eonfirmed that
biosyntheses of bacteriochlorophyll and nitro-
genase are independent of each other. This may
be more readily understood from a physiological
viewpoint. Bacteriochlorophyll synthesis in the
dark, although energy consuming, is advanta-
geous in allowing rapid transition to the photo-
synthetic mode of growth during the natural
diurnal cycle: indeed, it has been shown that
when cells devoid of bacteriochlorophyll are il-
luminated, they show lags of several hours be-
fore they can start photosynthetic growth (5).
On the other hand, when celLs already containing
bacteriochlorophyll are illuminated, they very
actively synthesize nitrogenase (Fig. 2 through
4) and can thus use N2 as a nitrogen supply
within 15 to 30 min. As to the effect of light
intensity, it has long been known that the in-
creased synthesis of bacteriochlorophyll at low
light intensities represents an adaptation to the
lowering of the incident energy flux (4). Con-
versely, nitrogenase biosynthesis increases with
an augmentation of incident light intensity, thus
following a general increase in metabolic activity
and growth rate (13).
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