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II. LOCALIZATION OF NITROGENASE ACTIVITY AS ASSAYED BY ACETYLENE REDUCTION'
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ABSTRACT

Anaerobic (micreaerophiic) acetylene reduction by AzoUa
caroliniana Willd. was dependent on light and saturated at ap-
proximately 450 foot and Maximum rates of acetylene re-
duction were 60 oklesfmg ehlorophyll minute. However,
rates of 25 to 30 nmoles/mg chlorophylliminute were mnore
common.
The growth of Azdla for 35 days with nitrate or urea as a

nitrogen source decreased the rate of acetylene reduction ap-
proximately 30% compared to controls grown on nitrogen.
Prolonged growth on nitrate or urea (6-7 months) resulted in
a 90% decrease in the rate of acetylene reduction.
The inhibition of acetylene reduction by 3(3 ,4-dichloro-

phenol)j,l-dimethylrea (12 gM) was not pronounced until
the Azolla became depleted of the reserves formed during
photosynthesis. The interval required for this depletiom was de-
pendent upon pretreatment and varied from 2 to more than
12 hours. Oxygen evolution was inhibited 75% in 10 minutes
by the same concentation of 3(3,4-dichlorophenol) 1, 1-di-
methylurea.
The addition of oxygen, 20% volume per volume, resulted

in a 30 to 40% decreae in the rate of acetylene reduction and
the onset of 3 (3,44dichlorophenol) 1, 1-dimethylnrea inhibi-
tion was more rapid uSn under microaerophilic coditions.
The aerobic dark reduction of acetylene was from 10 to 30%
of the rate of aerobic reduction in the light.

Acetylene reduction activity was absent in fronds freed of the
symbiotic algae and preset in isolated Anabaena azotle. This
study shows that tie alga is the agent of acetylene reduction
and suggests that them is considerable transport of anetabo-
lites between the fern and the blue-green alga.

T'here is an abundance of indirect evidence, spanning at least
6 decades, that the algal-containing Azolla is capabe of assimi-
lating atmospheric N. (1, 13, 18, 19). This evidene was ob-
tained by experiments in which the fern was grown in Nfree
solution and subsequent N, increases determined by Kjeldahl
analysis. More recently, Johnson et al. (13) reported that co-
balt, which is an essential element for other NAiing orga-

, is required for the symbiotic growth of Azola in the
absence of a combined N, source. In a comprehensive review
of the biology and agronomic significance of AzoJIa, which
emphasizes the literature in relation to N, fixation and the
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practical significance of Azolla, Moore (18) reported evidence
of N, fixation by nonaxenic Azolla using "N.

There are unconfirmed reports of independent growth (18,
26) and N. fixation (26) by the isolated microsymbiont,
Anabaena azollae. Others state that the microsymbiont cannot
be grown apart from the host (1, 15, 19, 21). To the best of
our knowledge the isolated alga does not currently exist in any
culture collection and, other than the unconfirmed report by
Venkataraman (26), no evidence has been presented that the
isolated alga fixes N,. Therefore, while it is generally con-
cluded, and reasonably so, that the blue-green alga is the orga-
nism responsible for fixation, as stated by Moore (18), there is
no conclusive evidence for this.
The few studies which have been conducted suggest that

the Azolla-Anabaena azollae symbiosis is capable of fixing N,
in the field to the same order of magnitude as a leguminous
crop (18). In many areas, including the United States, Azolla
is a water weed and is considered a nuisanoe (5). On the other
hand, in Asia and other areas, it is used as a fodder and as a
green manure (18).

This manuscript reports results of initial studies on acetylene
reduction by the symbiotic association. It provides evidence
that the symbiotic alga is the agent of acetylene reduction and,
if acetylene reduction is a valid assay of the ability to fix N,.
the site of N, fixation.

MATERIALS AND METHODS

Azolla plants, nutrient solutions, growth conditions, isolation
of the symbiotic algae, and Chl determinations were as de-
scribed in thr preceding paper (20).

Chemicals DCMU was obtained as Diuron from the E. 1.
duPont de Nemours Company. Polyvinylpyrrolidone (PVP-40)
was obtained from the Sigma Chemical Company. All other
chemicals we reagent grade. The gas mixtures were obtained
from Matheson Gas Products.

Acetylene Nmduction Assays. Three to five fronds were incu-
bated under dciher 1% CO,, 1% acetylene in argon (micro-
aerophilic comlidions) (24) or with oxygen added to 21'% (v/v)
(aerobic conditions) in calibrated 25-ml Erlenmeyer flasks
fitted with serum caps and containing :5 ml of the desired nutri-
ent solution. The flasks were evacuated and flushed prior to
filling to a slightly positive pressure. The flasks were illumi-
nated from the bottom with a bank of General Electric white
fluorescent lighs. Screens were used to lower the inteasty for
the light intensity curve. The intensity for all other assays was
maintained at approximately 750 ft-c. Incubations wee car-
ried out at 23 C.

The gas phase was analyzed for ethylene by gas chmnatog-
raphy using a Hewlett-Packard (Model 700) dual flame gas
chromatograph with a hydrogen flame ionization detector and
a 3.2 mm, 2-m long column containing 80 to 100 mesh Pora-
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pak N. The oven temperature was 60 C and helium was the
carrier gas. The columns were calibrated with "Mini-Cal" cali-
bration standards obtained from Applied Science Laboratories,
Inc. Duplicate or triplicate samples were assayed from each
flask at each time interval and two to six flasks were employed
for each specific treatment.

For time course studies, the gas samples removed for analy-
sis at each interval were replaced with an equivalent volume of
the appropriate nutrient solution and the serum caps were
lightly coated with rubber cement. In the inhibitor studies the
solution added back contained the same final concentration as
that present in the flask. Solvent controls were used where
necessary.

RESULTS

Light Intensity Curve and General Comments. The depend-
ence of microaerophilic (24) N2 fixation (acetylene reduction)
on light intensity by the Azolla-Anabaena azollae symbiotic
association is shown in Figure 1. Saturation was attained at
450 ft-c. The rates obtained in the light are linear over a 24-hr
period (Fig. 2) and, as shown in Table I, dark fixation under
anaerobic conditions is negligible. The values of ethylene pro-
duction presented in Figure 1 and in all subsequent figures and
tables are expressed on the basis of total Chl, i.e., fern plus
blue-green alga, unless stated otherwise. This results in lower
rates than would be obtained if presented only on the basis of
Chl from the blue-green alga. The number of algal cells and
their Chl content per leaf cavity, and therefore per frond is
variable. This variability is in part responsible for the varia-
tions in the rates obtained from duplicate flasks under identical
conditions. A 2- to 3-fold difference is often obtained in the
rates for different experiments. Rates as high as 60 nmoles/mg
Chl -min have been obtained, but the usual rate was from 25 to
30 nmoles/mg Chl-min.
The fronds contained 0.5 to I mg total Chl/g fresh weight

with roots removed, regardless of the combined N2 content of
the growth medium. These data are not in agreement with
Johnson et al. (13). They found a decrease in the Chl content
of Azolla grown on medium with nitrate compared to those
grown on N2.

Effect of Combined Nitrogen Sources on Nitrogen Fixation.
Fronds containing the blue-green symbiont were grown on
several different combined N2 sources and were assayed for
acetylene reduction. An inhibition of nitrogenase activity was

expected, since Stewart et al. (23) had shown that free-living
blue-green algal cells grown on nitrate lost their capacity to
reduce acetylene within 1 week. This was presumably due to
an inhibition of nitrogenase synthesis by nitrate and a dilution
of the preformed nitrogenase as growth continued. Bone (2),
however, has presented data indicating that in Anabaena flos-
aquae urea did not repress the synthesis of nitrogenase, but did
effectively inactivate it. He found a rapid loss of activity, since
the rate of inactivation was greater than the rate of synthesis.

Table I shows that nitrate and urea decreased but did not
suppress the capacity for acetylene reduction in Azolla. The
fronds were grown on media containing combined N, as ni-
trate, urea or ammonium for a minimum of 35 days and
transferred to new media for the assays. Fronds grown on

urea or nitrate reduced acetylene at a rate 70% as great as

those grown on N2. Under the experimental conditions em-

ployed, only ammonium chloride was clearly inhibitory to
acetylene reduction and it did not support growth of the fronds
as well as the other nitrogen sources used. These results raised
the question as to whether the fronds were capable of utilizing
combined N2. Therefore, a series of experiments was per-
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FIG. 1. Nitrogenase activity (acetylene reduction) as a function
of light intensity in the symbiotic association under microaerophilic
conditions. Plants were incubated at 23 C for approximately 12 hr
at the light intensities shown.
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FIG. 2. Effect of DCMU and light or dark pretreatment on
acetylene reduction by the symbiotic association under micro-
aerophilic conditions. A: Fronds maintained under light (750 ft-c),
aerobic conditions 12 hr prior to incubation under microaerophilic
conditions. *: control; *: DCMU-treated; 12 cM added at time
zero. B: Fronds maintained in darkness under aerobic conditions
for 12 hr prior to incubation, otherwise as for A. C: Same as B ex-
cept fronds left in light 5 hr before adding DCMU.

Table I. Effect of Combined Nitrogen Sources on
Acetylene Reduction

Nitrogen Source Rate of C2H4 SD No.

nmoles/mg total Chi
min

N? 27.1 5.3 7
Nitrate 18.5 3.8 6
Urea 18.4 2.4 7
Ammonium 0.3 0.2 10
N2-dark control 0.09 0.08 4

formed in which N2 was excluded. Flasks containing equivalent
numbers of fronds and the appropriate media were purged and
continuously bubbled with a mixture of 1% CO2, 20% oxy-
gen in argon. Within 1 week, the fronds on N2-free media were
dying and after 15 days they were dead. At this time, the
fronds growing on the ammonium medium were also begin-
ning to show signs of necrosis. No attempt was made to de-
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FIG. 3. Acetylene reduction by Azolla fronds in the light under
aerobic(T) and microaerophilic(a) conditions and the effect of
DCMU (12 AM) on acetylene reduction under aerobic conditions in
the light (A), all after a 12-hr preincubation in air and light.
Aerobic dark acetylene reduction after a 12-hr preincubation in air
and light (Q) and after 12 hr in air and dark (E).

termine if ammonia would serve as a N2 source under other
culture conditions. Acetylene reduction by fronds from the
nitrate and urea flasks was approximately the same as found in
TableI, 18 and 25 nmoles/mg Chl min, respectively.
The doubling time of the nitrate- and urea-grown fronds

under these conditions was about 7 days, essentially the same

as that under air. The fronds on the nitrate and urea media
had the same rate of acetylene reduction per mg Chl after a

4-fold increase in biomass, indicating that nitrogenase was be-
ing synthesized in the presence of urea or nitrate. A possible
explanation for the difference between Azolla and free living
algae is that the algal cells in the leaf cavity are not in direct
contact with the medium, and therefore are presumably ex-

posed only to metabolized forms of urea or nitrate taken up by
the frond.

After prolonged growth on urea or nitrate, i.e., 6 to 7
months, much lower rates of acetylene reduction were found
(3-5 nmoles/mg Chl-min). Whether this is the result of an

inhibition of the nitrogenase by combined N2, inactivation, or

simply a decrease in the number of algal cells per frond has not

yet been determined.
DCMU Sensitivity of Nitrogenase Activity: Dependence

Upon Previous Light or Dark Treatment. Cox and Fay (6) and
Bothe and Loos (3) reported that in short term studies on

Anabaena cylindrica DCMU inhibited CO2 fixation but had
little or no effect on acetylene reduction. In longer term

experiments (25) or after a pretreatment in the dark (16) a dis-
tinct inhibition of acetylene reduction was observed. These
results suggested that photosynthesis supplies a pool of reduc-
tant which can be used to reduce N2. Photosystem I may func-
tion by mediating a flow of electrons from carbon compounds
to nitrogenase or may on the other hand only provide ATP via
cyclic photophosphorylation. In either case, acetylene reduc-
tion in the presence of DCMU should proceed only until the
reserve of organic substrates is no longer available.
The effect of 12 /.M DCMU on acetylene reduction by the

Azolla-Anabaena azollae symbiosis under microaerophilic
conditions (24) is shown in Figure 2, A, B, and C. In Figure
2A, the fronds were in continuous light for 12 hr prior to the
addition of DCMU. The rate of acetylene reduction was linear
for 13 hr and nitrogenase activity was still present at 24 hr. In
Figure 2B, the fronds were maintained in complete darkness

for 12 hr prior to the addition of DCMU. In this case, acetyl-
ene reduction declined markedly after 4 hr but proceeded at a

greatly diminished rate during the next 20 hr. In Figure 2C, the
fronds were again kept in darkness for 12 hr. Acetylene reduc-
tion in the light was followed for 5 hr prior to adding DCMU.
The rate remained constant for approximately 3 hr after
adding DCMU and then decreased to a new linear rate which
was slightly less than the terminal rate of the DCMU-treated
fronds in Figure 2A. Controls, run under identical conditions,
show that the rates of acetylene reduction were linear over the
entire time course.

These results are in general agreement with those reported
by Lex and Stewart (16) for the free living blue-green alga
Anabaena cylindrica. Their results indicated that under certain
conditions a pool of carbon compounds supplied reductant for
nitrogenase activity. When the pool was high, acetylene reduc-
tion proceeded in the presence of DCMU and the elimination
of PSII had little or no effect. When the pool was low,
acetylene reduction was inhibited by DCMU. These pools were
apparently metabolized in the dark. The products furnished by
photosynthesis were carbon skeletons which provided a source
of reductant and/or ATP for nitrogenase activity (16). In the
symbiotic association, however, we are dealing with two photo-
synthetic organisms. In view of the long time intervals (Fig.
2A), before there was any indication of an inhibition of nitro-
genase activity by DCMU, it seemed likely that there was
cross-feeding of carbon reserves from the fern to the alga.
Therefore, we attempted to supply exogenous substrates to the
fronds after inhibition of acetylene reduction by DCMU was
evident. Neither 1% (w/v) sucrose, glucose, fructose nor 0.1 %
(w/v) glycerol had any effect on restoring acetylene reduction.
These carbon sources have been shown to support hetero-
trophic or photoheterotrophic growth of some blue-green algae
(10-12, 14, 17) and sucrose supports growth of some fern
gametophytes (8). It is possible that there was little or no up-
take of the exogenous compounds by the fronds under the
experimental conditions employed.

In order to inhibit electron transport in the blue-green alga,
DCMU must be transported via the roots or penetrate through
the non-chlorophyllous ventral lobe and the walls of the
cavity. Slow absorption may in part explain why there is a lag
of approximately 3 hr (Fig. 2B) before there is a discernible
inhibition. In preliminary experiments on the symbiotic associ-
ation, oxygen evolution was 75% inhibited within 10 min by
a comparable DCMU concentration. C02-fixation, which is
saturated at 750 ft-c. showed a 70% inhibition by DCMU after
15 min.
The Effect of Oxygen on Acetylene Reduction. The addi-

tion of oxygen to 20% v/v, (aerobic conditions) and incubation
in the light resulted in rates, over a 12-hr period, which were
generally 30 to 40% less than those obtained under micro-
aerophilic conditions in the light (Fig. 3). In aerobic cultures
incubated in the light with 12 jM DCMU acetylene reduction
was inhibited more rapidly than under anaerobic conditions.
Under aerobic conditions in the dark, fronds which were in
continuous light for 12 hr had rates of acetylene reduction
from 10 to 30% (3-8 nmoles C2H,/mg Chl-min) of the aero-
bic-light rate and decreased after 6 hr. Fronds which were
maintained in darkness for 12 hr prior to the beginning of the
aerobic-dark incubation period showed that the rates of acetyl-
ene reduction became non-linear within 2 hr. These results sug-
gest that oxygen-dependent acetylene reduction in the dark is
also dependent upon endogenous carbon reserves. Dark acetyl-
ene reduction under anaerobic conditions is negligible.

Absence of Acetylene Reduction in Fronds Free of the
Algae. Azolla fronds freed of the symbiotic algae as described
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previously (20) were assayed for acetylene reduction. Both
aerobic and microaerophilic conditions were employed. No
indication of nitrogenase activity was detected in these fronds.

Acetylene Reduction by the Isolated Alga. The symbiotic
blue-green algae isolated by fractionation and gradients (20)
gave some acetylene reduction, while no acetylene reduction
was found in the chloroplast fraction. The rates were very low
and became non-linear within 2 hr. There were a variety of
factors which might have contributed to this low activity, in-
cluding osmotic effects, cold inactivation during the centrifu-
gation, and shearing during the initial preparation which re-
sults in shortened filaments. There is some evidence that
shearing decreases rates of acetylene reduction (9).

Another procedure for isolating the symbiotic blue-green,
which eliminates these problems, was developed. This is the
roller method (20), which involved neither cold nor osmotic
effects. With care it was possible to obtain long filaments of
the alga which were virtually free of fern chloroplasts by the
same criterion employed for determining the purity of the
gradient fractions. The alga was isolated in a N2-free medium
employed for the growth of many free living blue-green algae,
BG1 1 (22), containing 1% (w/v) PVP-40. The inclusion of the
latter increased the activity. The alga was placed in calibrated
flasks containing N2-free BG11 media. Under aerobic condi-
tions, the rates of acetylene reduction were less than those ob-
tained under microaerophilic conditions.
A rate of 45 nmoles C2H, produced/mg algal Chl -min under

microaerophilic conditions is the best we have obtained. This
is only 20% of the rate we expected on the basis of our esti-
mate of the rate of fixation by the alga in the frond. This esti-
mate is based on our determination (20) that the Chl a of the
algae comprises 7.5 to 15% of the total Chl in the symbiotic
association. Therefore, rates of acetylene reduction obtained
with intact association would be 6 to 13 times greater if pre-
sented on the algal Chl only. The inclusion of 1% fructose or
1% glucose in the incubation medium was inhibitory under
aerobic conditions, as was fructose under microaerophilic con-
ditions. Glucose under microaerophilic conditions had no ef-
fect as compared to the control.

DISCUSSION

The results of this investigation provide evidence that the
symbiotic alga is the site of acetylene reduction (nitrogenase
activity). This was shown using both the symbiotic association
and the isolated algae. The absence of acetylene reduction was
directly correlated with the absence of the symbiotic algae.
The relationship between the alga and fern has been referred

to as either a space parasitism or a symbiotic association (15,
18). These studies have provided evidence that the fern at least,
and probably the alga as well, benefit from the association. It
is. therefore, a true symbiosis in the refined sense. The fern,
in the absence of the alga, does not reduce acetylene and can-
not grow on a N2-free medium. Therefore, in the combined
state, the growth of the fronds on N2-free medium appears to
be dependent upon N2 fixed by the alga.

Inhibitors such as DCMU must pass through the fern before
contacting the algae. This could account for a part of the
long delay before any effect of DCMU on acetylene reduction
is observed. However, initial experiments have shown that
DCMU inhibited oxygen evolution by the frond within 10 min
and CO2 fixation after 15 min. DCMU inhibited acetylene re-
duction in cells which were maintained for 12 hr in darkness
within 4 hr versus 10 to 12 hr before any effect was seen on
fronds which were kept in continuous light. Thus DCMU
reaches the algal cells in the leaf cavity within 4 hr. The fact

that the fronds kept in light were inhibited only slightly after
12 hr, and continued to reduce acetylene for 24 hr at a rela-
tively constant rate would indicate a large endogenous supply
of carbon compounds capable of providing reductant. In agree-
ment with the results found in free living blue-green algae,
Anabaena cylindrica (16), our results indicate a reserve of
endogenous reductant. Our studies suggest an even larger re-
serve than would be expected to occur in the small quantity of
symbiotic alga contained in the fronds. As suggested indirectly
by Moore (18), it is probable that there is a cross-feeding of
carbon skeletons from the fern to the blue-green alga. This,
along with dark, aerobic, acetylene reduction, implies that
within the cavity the alga is capable of either heterotrophic or
photoheterotrophic growth. It should be noted that this is not
improbable, since Khoja and Whitton (14) reported that at least
nine genera are capable of dark heterotrophic growth, six of
which grow in the dark in the absence of combined N2. The
endophytic blue-green alga, Nostoc sp., isolated from the
coralloid roots of a cycad, was shown to be capable of dark
heterotrophic growth (4, 10), and more recently to grow photo-
heterotrophically utilizing a wider variety of exogenous carbon
sources (11). The unicellular blue-green, Agmenellum quad-
ruplication, which is capable of rapid photoheterotrophic
growth at light intensities which do not support autotrophic
growth, does not grow heterotrophically in the dark (12).
Therefore, we are planning additional studies, utilizing '5N2-,
"4CO-, and "4C-labeled compounds, to show the extent of cross-
feeding.

Obligate photoheterotrophy would help to explain why the
alga has not been maintained in independent culture with con-
ventional methods. Although our fronds are free of epiphytic
contaminants and are unialgal with respect to the symbiont,
neither the symbiont-containing nor symbiont-free fronds are
axenic. We have isolated the symbiont from the cavity by a
varietv of sterile techniques, including micromanipulation, and
attempted to culture them on numerous media under a very
large number of conditions. In each case, when an exogenous
carbon source was supplied, the cultures were eventually over-
run by bacterial contamination. The contamination was more
prevalent under aerobic conditions with a combined N2 source
than under anaerobic or aerobic conditions in N2-free medium.
In the latter cases, bacterial growth was linked to the amount
of inoculum. Microscopy revealed that the bacteria initially
aggregated around the blue-green algal cells. Acetylene reduc-
tion assays were conducted on subcultures of the bacterial con-
taminants after transfer to medium free of combined N2. There
was no indication of nitrogenase activity. Individual leaflets
of the symbiont-free fronds squashed in medium with a carbon
source also result in bacterial growth.
The absence of acetylene reduction by the bacterial contami-

nants is important with respect to the aerobic dark fixation
observed in the fronds. These results indicate that it is the algal
cells and not contaminating bacteria which are responsible.
Acetylene reduction in the dark is in some way linked to aero-
bic metabolism of the alga and is dependent upon the presence
of oxygen and carbon reserves. This oxygen dependence has
been shown for dark fixation in free living blue-green algae (7,
16) and, as noted previously, dark heterotrophic growth in the
absence of combined N2has been shown in several genera of
blue-greens.

In conclusion, these studies provide the initial characteriza-
tion of the N2-fixing symbiotic association utilizing modern
assay methods. Although no direct determination of N2-fixation
was made and the algal fraction was not free of bacterial con-
taminants, the results of these studies strongly indicate that
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Anabaena azollae is the N2-fixing agent in the association and
that there is metabolite interaction between the two photo-
synthetic organisms. Additional studies on physiological aspects
of the symbiotic association are in progress.
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