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ABSTRACT

When Frankia HFPCcI3 was grown in culture at oxygen O, levels
ranging from 2 to 70 kilopascals O,, under nitrogen fixing conditions,
nitrogenase activity adapted to ambient pO, and showed a marked
optimum close to growth pQ,. Vesicles were thin walled at low pO. and
very thick walled at high pO,. Freeze fracture transmission electron
microscopy confirmed that Frankia produces vesicles with outer walls
thickened by multiple lipid-like monolayers, in proportion to ambient
pO:.

Nitrogenase is extremely O, sensitive and the majority of
nitrogen fixing organisms exist in ecological or symbiotic situa-
tions of reduced ambient pO, (5, 16). Frankia occurs as the
nodule symbiont of actinorhizal plants, such as Alnus, Myrica,
and Casuarina, and the response of nitrogenase to O, in these
nodules contrasts strongly with that of legume nodules which
contain Rhizobium (18). In general, Frankia nodules show a
nitrogenase optimum at pO, levels close to atmospheric pO, and
the nodules are well ventilated into the infected cell area (18).
Legume nodules, on the other hand, often display increased
nitrogenase activity at elevated pO, and the nodule structure
provides a significant barrier to O, diffusion (1, 18, 21).

A further contrast between Rhizobium and Frankia is found
in their response to O, in pure culture. Rhizobium is able to fix
nitrogen in vitro only under conditions of very low O, (1, 16,
17), while Frankia in culture appears to be relatively insensitive
to O, and optima for nitrogenase have been recorded at near
atmospheric levels (11, 20).

The apparent key to the difference between Frankia and
Rhizobium is the presence of thick walled vesicles in the former,
both in culture and in symbiosis (20, 22). The vesicle is the
presumptive site of nitrogenase activity and by analogy with the
heterocyst of the cyanobacteria (6, 7, 13) the thick walled vesicle
is considered to be the O, diffusion barrier.

Torrey and Callaham (22) showed that the outer wall of
vesicles is a multilaminated structure with properties similar to
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- many lipid monolayers. More recently Murry et al. (14) have

demonstrated that nitrogenese activity in Frankia can adapt to
a range of subatmospheric O, levels but the site of O, protection
in Frankia, while assumed to reside in the thickened wall, has
not been closely investigated. We therefore investigated the abil-
ity of Frankia to adapt to a much wider range of O, tensions
and studied more closely the site of O, protection.

MATERIALS AND METHODS

Culture Conditions. Frankia strain HFPCcI3, isolated from
root nodules of Casuarina cunninghamiana (23) was incubated
in various pO, atmospheres in 1.1 L serum capped bottles
containing 100 ml of nitrogenfree BAP medium (12) (10 mM Na
propionate as carbon source). Frankia stock culture was added
to the bottles aseptically, bottles capped with a rubber septum
and flushed with appropriate sterile gas mixtures for 6 min at 2
L/min. Bottles were continuously shaken at 90 rpm on an orbital
shaker at 30°C.

Gas Mixtures. Gas mixtures were made up by way of Tylan
mass flow controllers in which O,, N, and CO, were combined
to give mixtures containing 2, 16, and 70 kPa O,, with CO, at
0.2 kPa to facilitate propionate utilization, and the balance of
N,. These were distributed via a sterilized 0.22 um filter mem-
brane to the various bottles. O, electrode analysis of sample
bottles confirmed that at the stirring rate provided the dissolved
O, tension was about 10, 80, and 330% of air saturation, respec-
tively.

Nitrogenase Assay. Nitrogenase activity was measured by
acetylene reduction using 10 kPa acetylene in the gas phase and
assaying for ethylene. Ethylene was detected using a Carle 9500
gas chromatograph fitted with a 1.2 m Poropak T, 60/80 mesh,
column, run at 75°C. Assays were conducted in a continuous
flow cuvette based on the open flow system described by Minchin
et al. (9). The cuvette consisted of a 7 ml glass vial fitted with a
rubber septum stopper, such that the stopper could freely slide
up and down the tube to make a variable volume. In normal
operation the cuvette volume was set at 5 ml with a 4 ml
suspension of bacteria and a 1 ml gas phase above. Input gas was
introduced to the bottom of the vial via a 25 gauge hypodermic
needle and exited via a similar needle in the gas space and thence
into a fine rubber tube, from which gas samples could be re-
moved. The starting assay gas mixture for all assays contained
0.4 kPa O, 0.1 kPa CO,, and 10 kPa acetylene, the balance of
N.. This mixture was pumped continuously by peristaltic pump,
through the thermostated cuvette at 7 ml min~!, such that the
gas bubbled through the culture and exited via a tube where 0.1
ml samples were collected for analysis of O, and ethylene. In
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normal operation, a 4 ml aliquot of concentrated Frankia culture
was transferred in a N, flushed syringe into the cuvette and
analyses of exit gas started immediately. O, concentration was
then increased stepwise by addition of an O,/acetylene mixture
into the input gas reservoir. O, concentration was measured on
0.1 ml samples injected into a Carle 8500 gas chromatograph
fitted with a 1.2 m column of molecular sieve 5A.

Microscopy. Vesicles were viewed under dark field microscopy
using a Reichert-Jung Polyvar photomicroscope. Vesicle bright-
ness and apparent wall thickness was estimated on an arbitrary
0 to 5 scale in which 0 was a vesicle with wall brightness
(thickness) equal to hyphae, and 5 was a vesicle in which wall
brightness (thickness) is equivalent to 0.3 diameters (Fig. 2). Up
to 100 vesicles were compared to a prepared visual scale and
scored for apparent thickness.

Freeze fracture specimens were frozen in suspension and frac-
tured under liquid N, in a pre-nicked plastic tube (2) and
subsequently replicated in a cold block freeze fracture apparatus
(3). Replicas were cleaned in chromic acid and photographed in
a Philips EM301 transmission electron microscope.

RESULTS

Nitrogenase Activity. When Frankia Ccl3 is grown at the wide
range of pO, chosen (2, 16, and 70 kPa Q) in the absence of
combined N,, significant growth occurs on all levels although
growth was significantly better at the intermediate O, level.
Aliquots of the main culture were tested for nitrogenase activity
over a range of O, tensions and confirm that nitrogenase is
present at all pO, levels and show the adaptation of nitrogenase
activity to the ambient O, of the culture (Fig. 1). When grown
at 2 kPa O, nitrogenase is active over a very narrow range of O,
tensions being completely and irreversibly inactivated by levels
above 3.5 kPa O, in the assay mixture. When grown at 70 kPa
0O, (3.5 times atmospheric) the culture shows a broad tolerance
to O in the range 2 to 85 kPa O,. It is notable that maximum
specific activity of nitrogenase (based on total cell protein) is
similar across this wide range of O, levels.

Vesicle Structure. From analogy with the heterocyst, O, pro-
tection in Frankia has been described as a passive barrier local-
ized in the vesicle wall (11). If such a barrier exists, the marked
change in resistance that is implied by the changing pO, optimum
of nitrogenase activity as shown in Figure | must be accompanied
by vast changes in vesicle wall properties.
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FiG. 1. Effect of pO, on nitrogenase activity in Frankia grown at
three O, levels. Frankia was grown at 2, 16, and 70 kPa O, (dO, 10, 80,
and 330% of air saturation) and samples assayed for nitrogenase at
various pO, levels starting from 0.4 kPa O,. O, response curves of
nitrogenase for cultures grown at 2 kPa (A), 16 kPa (), and 70 kPa (®)
are presented. The arrows marked a, b, and c indicate the pO, level at
which the culture was grown.

FiG. 2. Dark field photomicrographs of Frankia vesicles and hyphae
grown at various O, levels. Differences are clear in vesicle brightness due
to increase in wall thickness in cultures grown at 2 kPa O, (top), 16 kPa
O, (middle), and 70 kPa O, (bottom). Vesicles are about 3 um diameter.

Frankia vesicles are 2.5 to 3.5 um in diameter and the bire-
fringence produced by the structured walls in polarized light has
been noted by Torrey and Callaham (22). This light effect is
attributed to the structural layering of the vesicle envelope which
was confirmed by freeze fracture EM (22). We observed a similar
effect but found the vesicles appeared particularly bright under
dark field microscopy. Vesicles from cultures grown at low O,
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Table 1. Apparent Wall Thickness of Frankia Vesicles when Grown at

Various pO, Levels
p0O, Apparent Thickness SE
kPa arbitrary units
2.0 1.38 0.06
16 1.75 0.09
70 3.17 0.11

are marginally brighter than associated filaments while at high
O, the vesicles are dramatically bright with the effect extending
back down the vesicle stalk to the cross wall (Fig. 2). The optical
effects produced in dark field microscopy result from reflection
of light from a lateral source and while the bright image produced
may not accurately define the wall thickness, there is good reason
to believe that it is at least proportional to wall thickness. A
relative scale of apparent thickness was prepared and measure-
ments of 80 or more vesicles in each O, treatment were tabulated
to give the results in Table I which quantifies the result shown
in Figure 2. Similar results were observed under both Nomarski
interference and phase contrast optics but were most clear under
dark field.

The vesicle wall of Frankia has been previously studied by
freeze fracture (22) and freeze substitution TEM (8) and shown
to include an outer multilayered wall which extends down the
stalk of the vesicle. The layers appear as lipid monolayers, and
on fracture face views up to 15 layers have been recorded (22)
each with an estimated thickness of 3.5 to 4.0 nm or a total
thickness of 60 nm. Freeze fracture images of our cultures were
obtained and, while only a small number of fractures exposed
the full thickness of the wall, they did confirm the result shown
by dark field microscopy (Fig. 3). Cultures at 4 kPa O, had an
average of 17 layers in the outer wall and in no case were more
than 20 layers seen. Cultures grown at 40 kPa O, showed the
very dramatic layering first observed by Torrey and Callaham
(22) in cultures grown in air. Five fractures of vesicles at high O,
had an average of 40 lipid layers and maximum of 50. The
multilayered wall extended down the vesicle stalk to the cross
wall and while no particular study was made of the cross wall it
appeared to be unthickened. The freeze fracture results are based
on a small number of measurements which completely exposed
the wall, but despite this they confirm the increasing thickness
of the wall as seen in dark field and identifies this change as an
increase in outer envelope layers.

DISCUSSION

It has been stated (6) that “heterocystous cyanobacteria thus
seem to be the only diazotrophs capable of genuinely aerobic
growth in the dark under nitrogen fixing conditions.” The term
‘aerobic’ in this context presumably means air saturated and in
the light of both previous reports (11, 20) and the results pre-
sented here it is evident that Frankia must be added to this group
of uniquely O, adaptive diazotrophs.

The adaptation of nitrogenase activity to various levels of O,
below atmospheric has been noted before (14) and a number of
workers have assumed that O, protection is a property of the
thick vesicle wall. A remarkable feature of the system is the
enormous range of pO, over which it operates and the inducible
nature of the wall thickening solely in response to O, tension
and provides more direct evidence that the vesicle wall is indeed
the O, diffusion barrier in Frankia. Work in progress indicates
that Frankia adapts rapidly to elevated O, shock by thickening
the walls of both new and existing vesicles. The process takes 16
to 20 h during which synthesis of new nitrogenase enzyme and
wall thickening occur.

The results presented here provide a clear note of warning to
those working with nitrogenase in Frankia: In static cultures
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FiG. 3. Freeze fracture TEM micrographs of Frankia vesicles grown
at 4 kPa O, (top) and 40 kPa O, (bottom). Vesicles are about 3 um
diameter.

Frankia rapidly and progressively adapts to the lowered pO,
produced by respiration coupled with the high diffusion resist-
ance of the unstirred water. We have found that disturbance of
such cultures results in significant loss of nitrogenase as a result
of higher pO, affecting the unadapted culture. Even with stirred
cultures, and more so with static cultures, assays of nitrogenase
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need to be conducted at several O, tensions to establish maxi-
mum activity. This is especially true at low pO, where the O,
profile of nitrogenase is particularly narrow (Fig. 1).

The comparison between cyanobacterial heterocysts and Fran-
kia vesicles is striking. The work reported here combined with
the earlier report (14) show a marked similarity to inducible O,
adaptation in heterocystous cyanobacteria (4, 13, 15). Both cells
have a multilayered wall which in the cyanobacteria is poorly
developed at low O, tension (7).

O, protection provided by the multilayered wall of the Frankia
vesicle provides a uniquely adaptable mechanism which allows
the organism to function over the widest possible range of pO,
levels, and up to at least three times atmospheric. Whereas in
legume nodules it appears that the nodule structure (21) and
presence of hemoglobin (1) are absolute requirements for the O,
environment of Rhizobium bacteroids, the actinorhizal nodule
is relatively aerated (18) and hemoglobin, while present in some
cases, is not essential for nitrogenase activity (19). These results
confirm that Frankia is unique among heterotrophic diazotrophs
in possessing an intrinsic O, protection mechanism, able to adapt
to an enormous range of O, tension and yet maintain a high
specific activity of nitrogenase. Minchin (10) has recently reaf-
firmed the importance of this property of independence from
external O, in considering the possibility of generating unique
symbiotic systems and points to the cyanobacteria as amenable
subjects for a leaf based system. Among root nodule systems
Frankia appears to have properties that make it similarly suitable
for consideration in unique symbioses. In comparison with Rhi-
zobium, which is restricted essentially to one group of angios-
perms and is totally dependent on nodule structure for O,
protection, Frankia forms effective symbioses with a taxonomi-
cally diverse range of angiosperms and is able to control its own
internal O, supply. We believe that these two properties make
Frankia a prime subject for unique symbiotic systems.
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