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INTRODUCTION and the biosphere, but during this process losses

Life on earth depends on nitrogen, which is
abundant in the atmosphere, sea, and rocks, but
is not always present in forms which are avail-
able to plants and animals. Plants assimilate
inorganic nitrogen compounds, which are trans-
formed into cell constituents. Animals are de-
pendent on proteins originally synthesized by
plants as their major source of nitrogenous sub-
stances. The inorganic forms of nitrogen used by
plants were originally returned to the environ-
ment by the decay of dead organisms and the
eventual production of ammonium salts and ui-
trates by microorganisms. In this manner nitro-
gen cycles between the chemical environment
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may occur through denitrification, leaching, and
crop removal. Especially under agricultural con-
ditions the amount of nitrogen icmoved is usu-
ally greater than the nitrogen input. Since the
availability of nitrogen to plents limits agricul-
tural production, soil fertility must be main-
tained. Nitrogen can be returned to the soil
through biological nitrogen fixation or by fertil-
izer nitrogen application.

The manufacture of fertilizer nitrogen by the
Haber-Bosch process requires high capital and
energy costs. During 1976 and 1977 developing
countries nroduced 21% and consumed 31% of
the world’s fertilizer nitrogen (77). Also, an im-
balance betwee:: the availability of raw materials
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for ammonia production and the need to develop
agriculture exists among these countries (74).
The high costs of natural gas-based ammonia
plants are additional financial burdens to devel-
oping countries (177).

Tke rising cost of fertilizer nitrogen produc-
tion in developed countries has also caused con-
cern. Uneconomical production of fextilizer ni-
trogen in Europe and the United States has
forced many plants to close down. It has been
estimated that the United States will import
25% of its total ammonic requirement by 1983
(68). Food production would be greatly reduced
if fertilizer nitrogen were not used, and crop
yields are frequently low in developing countries
because fertilizer nitrogen is not usually avail-
able (17).

Legumes have played a major role in food
production throughout history. The unique abil-
ity of these plants to enrich the soil was well
recognized as eexly as Roman times. In 1813 Sir
Humphrey Da- ey proposed that legumes derive
their nitroger. requirements from the atmos-
phere. In 1888 Hellriegel and Wilfarth demon-
strated that legumes fix nitrogen through the
active participation of microorganisms in root
nodules (35, 79). The importance of legumes to
agriculture in tropical (62) as well as temperate
regions (131) has been discussed previously.

Although most legumes have the ability to fix
all of the nitrogen that they require, the total
world area cultivated with these plants has been
apvroximately 10% of the area used for cereal
grasses (76). The production of meat and related
foodstuffs depends in part on the availability of
cereal and forage grasses. Sugar cane, cassava,
and sorghum are also imponant for alcohol pro-
duction to meet the energy requirements of less-
developed countries (89). Biomass production of
woor. and bagasse can be used directly as a
source ef combustibles.

If biological nitrogen fixation could replace
the application of fertilizer nitrogen for the pro-
duction of grass crops even in part, both devel-
oped and developing countries could benefit.
The production of food and in part of energy
could be possible without the application of high
rates of fertilizer nitrogen. Nitrogen fixation in
association with grasses is not a new concept;
interest in this process developed early this cen-
tury (119, 120, 198, 199). Recently, high potential
rates of nitrogen fixation have been reported to
be associated with forage and grain grasses (47,
208). The aim of this review is to evaluate the
literature on associative nitrogen fixation in
grasses and to indicate the areas needing further
inveatigation.
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NITROGEN BALANCE STUDIES: A
MOTIVE FOR EXAMINING THE
POSSIBILITY OF NITROGEN FIXATION
IN ASSOCIATION WITH GRASSES

It has been suggesied that le vels of combined
nitrogen in soil-plant systems increase because
of nitrogen fertilizer application, accretion from
the atmosphere, phoiochemical fixation, and
plant-microbe symbiotic fixation (128). The re-
ported data on nitrogen accumulation in soils
are difficult to interpret; nevertheless, it has
been concludid that nonsymbiotic nitrogen fix-
ation occurs at magnitudes of agronomic signif-
icance (128).

The long-tern: nitrogen balance studies at
Rothamsted, England, have provided convincing
evidence for nitrogen accumulation due to non-
symbiotic nitrogen fixatiou. A part of the total
nitrogen for the annual wheat crop in the per-
manent wheat experiment on Broadbalk is sup-
plied by biological nitrogen fixation (106, 213).
Some evidence for an association between nitro-
gen-fixing bacteria and wheat is available (46,
59, 158). Part of the continuous wheat experi-
ment was fenced off in 1883, and the natural
vegetation was allowed to return. This area, the
wilderness, has gained nitrogen; it has been es-
timated that biological fixation has contributed
34 kg of N per ha ner year \104-10€). Nitrogen-
acc activity in the rhizosphere of roots of plants
common to the site has been reported (99), and
estimates of nitrogen fixation by assays of acet-
ylene reduction with soil cores of plants corre-
lated well with the nitrogen accumulation data
(46). Day et al. (46) reported that nitrogen fixa-
tion by legumes and blue-green algae was negli-
gitle and did not contribute significantly {0 the
nitrogen accumulation at this site.

Nitrogen balance studies in the tropics involv-
ing forests and plant fallows have also provided
evidence for nitrogen accumulation through
nonsymbiotic nitrogen fixation. Accumulations
of nitrogen in the range of 38 to 165 kg of N per
ha per year in standing vegetation of plant fal-
lows have been measured (20, 141). Nitrogen
fixation in the rhizosphere of the roots of these
grasses has been suggested as a mechanism to
explain the substantial nitrogen gains observed
under plant faliows (19, 91, 142). In many parts
of the tropics sugar cane has been grown for
centuries without additions of nitrogen fertil-
izers, and it has been suggested that nitrogen
fixation occurs in association with this crop
(136).

Salt marshes are among the most producdve
ecosystems in the world (103), even though ni-
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trogen input into salt marshes is not sufficient
to support the levels of production observed
(92). Biological nitre- < fixation associated with
roots is considered to be the major source of
nitrogen for the salt marsh grass Spartina alter-
niflora (154).

Salt marshes and rice paddies are similar be-
cause both are regularly cropped aquatic sys-
tems (157). Paddy rice has been grown for cen-
turies in the Far East without application of
nitrogen fertilizers, and a long-term nitrogen bal-
ance study at the International Rice Research
Institute in the Philippines has revealed con-
stant yields of rice without nitrogen fcrtilizers
(211). Although blue-green algae and photosyn-
thetic pbacteria are thought to be important in
the nitregen economy of paddies, nitrogenase
activity associated with the roots of rice has
been measured (11, 100, 107, 211, 215; P. van
Berkum and C. Sloger, Plant Physiol. 63:5478,
1979).

Therefore, it seems that a search for nitrogen
fixation in grasses growing under pioneering con-
ditions and/or in soil where nitrogen is known
to accumulate is justifiable.

MeTHODOLOGY AND PROBLEMS
ASSOCIATED WITH MEASUREMENT
OF NITROGEN FIXATION IN GRASSLES

The limitations of the methods used to mea-
sure nitrogen fixation in grasses have not been
fully recognized. IFor this reason reports of evi-
denc= for and determinations of rates of nitrogen
fixation in association with grass roots car be
seriously criticized. It is crucial to realize that
the backbone of a scientific subject is sound
methodology. This allows objective interpreta-
tion of data and also allows intelligent, rational
hypotheses to be formulated.

There are only a few reports of attempts to
measure directly nitrogen fixation in field-grown
grasses by using incorporation of “N. (51, 64).
Almost all of the existing literature deals with
the measurement of nitrogenase activity by the
indirect acetylene reduction assay procedure. In
many cases the data can be criticized because of
a delay between the removal of the tissues to be
examined from their natural environment and
the measurement for nitrogen fixation. This con-
cern is relevant with all of the methods available
for assessing nitrogen fixation. Therefore, it is
imperative that nitrogen fixation be determined
immediately after samples are removed from
their ecosystems. Also. measurements with un-
disturbed intact plants are desirable.

Nitrogenase is able to reduce a wide range of
substrates besides atmospheric nitrogen (35).
The reduction of acetylene to ethylene specifi-
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cally was proposed as an indirect method to
assay for nitrogenase and has been used widely
(94, 97, 98). Acetylene reduction by grasses has
been measured by using in situ assays (8, 197),
soil cores removed from the field (46, 197), pots
containing greenhouse-grown plants (99, 100),
and excised roots (1, 47, 64, 208). The soil sur-
rounding the roots is usually included in the
assay chamber when the in situ, intact soil core,
and flower pot metiiods are used.

The in situ assay involves placing a metal
cvlinder around one or more field-grown plants
and gently driving the cylinder into the ground
to a depth of 5 cm (8) to 20 cm (197). Either the
leaves of the plants are enclosed (8), or a cover
is sealed to the protruding stem with caulking
compound (197). Acetylene can be generated
inside the device with CaC. anud water (8). Since
the bottoms of the cylinders are not sealed, gas
may leak out. The loss of gas from assay cham-
bers has been monitored by using propane or
propylene as an internal standard (8) or by fol-
lowing the concentration of acetylene (197). For-
mulas for calculating acetylene reduction have
been devised to take the gas loss into account
(8).

In situ assays in which metal cylinders are not
used to contain acetylene around the roots have
been described for aquatic plants, This method
takes advantage of the ability of these plants to
transport air to the roots via lacunae (156, 204;
van Berkum and Sloger, Plant Physiol. 63:S479,
1979). The leaves and stem of a plant are en-
closed in a suitable container (clear plastic cyl-
inder or beg), which is closed at the top with a
seal and sampling port and at. the bottom by
submerging the end below water level (204; van
Berkum and Sloger, Plant Physiol. 63:5479,
1979). Injected acetylerie moves rapidly into the
plant, and ethylene production can be monitored
in the assay chamber or by sampling the hollow
stems Delow the water level (204; van Berkum
and Sloger, Plant Physiol. 63:S479, 1979).

Measurements with soil cores removed from
the field ur with greenhouse-grown plants in
pots or in containers with sediment or artificial
soil are made by enclosing the entire sample in
suitable sealed containers and injecting acety-
lene. The leaves of the plants are cut off (46),
enclosed (7), or allowed to protrude from sealed
assay chambers (197, 203).

There are several serious problems with the
measurement of acetylene reduction by the in
situ and intact assay methods. The in situ soil
core assays are cumbersome, and the measure-
ments are subject to variable interpretation, es-
pecially if soil is included in the incubation.ves-
sels. It is important to comprehend fully the
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limitations of these methods before measure-
ments of acetylene reduction are extrapolated to
nitrogen fixation. Because soil cores of grasses
apparently failed to reduce acetylene immedi-
ately after removal from Brazilian fields,
Abrantes et al. (1) suggested that samples should
be allowed to “equilibrate” for 1 to 3 days after
collection from the field before they are assayed.
Other workers have also advocated this practice.
Recently, van Berkum and Day (203) suggested
that if soil cores of grasses were kept and watered
for several days before they were assayed for
nitrogenase activity, erroneously high estimates
of in situ nitrogen fixation could result. The
observed doubling of the rate of acetylene re-
duction by soil cores of Paspalum notatum after
1 week (47) supports this view.

By design, the in situ and intact assay methods
entail the exposure of both plant and soil to
acetylene. The possible interference of soil with
the measurement of acetylene reduction should
not be ignored. It is well known that soil micro-
organisms produce ethylene under anaerobic
conditions (180). The subsequent oxidation of
ethylene by other soil microorganisms at poten-
tially 50 times the rate of ethylene production
(40) prevents a significant accumulation of this
gas in most soils. However, the inhibition of
ethylene oxidation by acetylene has been re-
ported (48). Therefore, it is evident that the
incubations of soil cores without «cetylene as
controls to monitor endogenous ethylene pro-
duction are valueless. Ethylene production and
nitrogen fixation have similar requirements, and
therefore both can be expected to occur in the
root region. Measurements with '“C;H. have
indicated that substantial errors in estimates of
nitrogen fixation are possible when the total
observed ethylene accumulation is interpreted
as acetylene reduction (213). Witty (213) also
indicated that the degre» of cverestimation may
vary, sc labeled controls should always be used.

Interference with the measurement of nitre-
genase activity in soil cores may also be caused
by poor penetrdtion of acetylene into soil (46,
203). The slow diffusion of ethylene through soil
from sites of nitrogenase activity to sampling
ports has also been reported. Profiles of acety-
lene and ethylene diffusion through cores of
heavy moist soil indicated that long incubation
times were required to saturate the entire sam-
ples with acetylene (203). However, acetylene is
a competitive inhibitor of nitrogen fixation (170),
and its ability to prevent synthesis of ammonia
from nitrogen may be disadvantageous. It has
been suggested that the depletion of nitrogen in
nitrogen-fixing systems causes further induction

vaN BERKUM AND BOHLOOL

MicroBioL. REv.

of nitrogenase (176). David and Fay (43) con-
cluded that, although the biochemical effects of
prolonged incubations of nitrogen-fixing systems
with acetylene are complex, the result is a
marked enhancement of the rate of acetylene
reduction. This is liable to cause an overesti-
mation of nitrogen fixation in the field, indicat-
ing the necessity for short-term assays and the
standardization of experimental conditions for
comparative studies.

Several workers have attempted to modify the
intact assay method to eliminate the problems
caused by gas diffusion through soil. Studies of
acetylene and ethylene movement through steel
cylinders containing various types of soil have
demonstrated that the rate of diffusion is pri-
marily dependent on soil texture (203). Coarse
sandy soil is least resistant to gas diffusion, and
the possibility of monitoring immediate linear
rates of acetylene reduction with grasses from

- such a soil type was demonstrated (203). Hirota

et al. (100) overcame the resistance of gas diffu-
sion through soil with intact plants in desiccators
by displacement of air with a mixture of helium
and acetylene, with rigorous evacuation. Using
this technique, they were able to detect imme-
diate reduction of acetylene with rice.

An alternative approach has been to remove
the soil. Immediate linear rates of acetylene
reduction occurred when intact salt marsh
grasses and rice were removed from organic
sediment without exposing the roots to air (van
Berkum and Sloger, Plant Physiol. 63:5479,
1979). However, the resistance of plant tissues
to the diffusion of these gases has also been
suggested. Profiles of the concentrations of acet-
ylene and ethylene with time in the containers
surrounding the leaves of these aquatic grasses
indicated movement, of the gases into the tissues
before nitrogenase activity could be detected
(van Berkum and Sloger, Plant Physiol. 63:
S479, 1979). A requirenient for these gases to
equilibrate between the sampling port and the
nitrogen-fixing sites before linear rates of acety-
lene reduction are detected has also been dem-
onstrated in soybeans (van Berkum and Sloger,
Plant Physiol. 63:8479, 1979) and in bacterial
cultures (van Berkum, unpublished data).
Therefore, if the aim of an investigation is to
calculate rates of acetylene reduction, we rec-
ommend that results be based on short-term
time course assays to ascertain whether linearity
can be detected.

A major problem associated with the mea-
surement of nitrogenase activity in cores of soil
is determining the location of nitrogen fixation
(197). Almost all of the evidence that nitrogen
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fixation is associated with the roots of grasses is
based on studies in which the rates of acetylene
reduction by preincubated excised washed roots
and by soil were compared (47, 64, 65, 208).
Initially, a correlation between the rate of acet-
vlene reduction by soil cores and by preincu-
bated excised roots from the grasses of the core
samples was suggested (59).

The foremost enigma of the excised root assay
has been the reported initial 8- to 18-h period
before acetvlene reduction begins (136). The
delay before nitrogenase activity by excised
roots commences is inconsistent with the kinet-
ics of acetvlene reduction by all other nitrogen-
fixing systems (202). The picture is further com-
plicated by observations that the duration of
this period of inactivity varies between replicates
(202) with the ontogeny of the plants (202), with
the season (154, 202), and with nitrogen fertilizer
treatment (202). Because it is difficult to inter-
pret measurements of acetvlerie reduction after
along delay, the excised root assay was modified.
An overnight incubation of roots without acet-
vlene at a low partial pressure of oxygen (pO.)
{the preincubation period) permitted immediate
detection of acetvlene reduction (63). Preincu-
bation of excised roots has been adopted as a
routine method to prepare samples for the mea-
surement of nitrogen fixation by grasses (1). The
enormous variability among samples of excised
roots subjected to this form of fixed-time assav
(71, 208) may be explaincd by the large variation
in time before nitrogenase activity commences
between replicates and/or treatments:

Dobereiner et al. (65) suspected that inacti-
vation of nitrogenase by entering O: when roots
were excised from the plants caused the long
delay before the detection of acetvlene reduc-
tion. However, this hvpothesis is inconsistent
with several reported observations. P. notatum
roots which were excised and prepared for mea-
surement of nitrogenase activity in nitrogen did
not reduce acetylene for the initial 12 h of assay
(65). Furthermore, sorghum roots exposed to air
after the preincubation period reduced acetylene
within 2 h of this treatment upon assay (202).
Also, it is becoming evident that excised or intact
roots from some grasses are able to reduce acet-
vlene in air (204; van Berkum and Sloger, Plant
Physiol. 63:S479, 1979). A transitory effect of
entering O, on the nitrogenase activity of Scir-
pus roots which causes initial accelerated rates
of acetylene reduction has been compared with
similar observations in soybeans (van Berkum
and Sloger, Plant Physiol. 63:S479, 1979).

It has been suggested that excised roots as-
sayed after an overnight preincubation period
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indicate the potential rate of nitrogen fixation in
grasses (47. 208). However, the authors who
made this suggestion provided no evidence that
overnight is the length of time requir~< for the
preincubation of excised roots in order to rees-
tablish nitrogenase activity at rates which reflect
the potential of nitrogen fixation by the plants
in the field. On the other hand, it has been
suggested that the potential rate of nitrogen
fixation in grasses may not be realized by the
preincubation of excised roots for any length of
time. Excised sorghum roots preincubated for
longer times had higher rates of acetvlene re-
duction than samples subjected to the usual
overnight preincubation (202). Therefore, the
overnight preincubation period of excised grass
roots and the determination of acetylene reduc-
tion probably is not a measurement of the po-
tential rate of nitrogen fixation by plants.

Studies comparing acetylene reduction mea-
surements with excised roots and with soil cores
have indicated that estimates of nitrogen fixa-
tion vary greatly between the two methods (Ta-
ble 1). The use of the excised root assay results
in higher estimates of nitrogen fixation (15, 145,
197, 202). Furthermore, the rates of acetylene
reduction with soil cores of grasses and with
excised roots from these samples did not corre-
late (197, 203). Subsequently, it was suggested
that the excised root assay causes an overesti-
mation of nitrogen fixation in grasses, because
nitrogen-fixing bacteria proliferated substan-
tially during the incubation time (Table 2).
Therefore, measurements should be made with
methods preventing microbial proliferation.

Abrantes et al. (1) showed that dipping excised
roots in distilled water after thev were excised
allowed higher rates of acetvlene reduction to be
deteeted. They speculated that this treatment
prevented complete inactivation of nitrogenase
by entering oxygen. However, they reported a
delay of 8 to 18 h before initiation of nitrogenase
activitv by roots treated in this way. For this
reason, their hypothesis concerning the relation-
ship between washing and enzyme protection is
inconsistent with reports of immediate and lin-
ear rates of acetvlene reduction by active nitro-
genase (98).

The proliferation ot nitrogen-fixing bacteria
during preincubation of sorghum roots ‘vas pre-
vented by not washing the samples or by incu-
bation at a low temperature (4°C) (202). How-
ever, these treatments also prevented the devel-
opnient of nitrogenase activity during tlie prein-
cubation period (1, 202). Substantial rates of
acetylene reduction were associated with the
wash water which remained in the assay botiles,
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TaABLE 1. Comparison of determinations of nitrogen
fixation by excised preincubated roots and soil coies

of intact grasses
Rate of nitrogen fixation
with:
No. of R Reference
cores Preincu-
Core assay bated root
assay
2" 271.0" 205.0° 65
10° 275.0" 67.0" 1
12° 14.5¢ 74.5" 114
23/ 1.6¢ 68.0¢ 15
at 2.6 154.0" 7
33 200.0° 2100.0* 197
24 27.(r 337.0¢ 203

“ P, notatum. Soil cores were flown from Brazil to
England and kept for 1 to 4 weeks in a greenhouse
before assay.

* Units: nanomoles of C:H, per core per hour.

*D. decurnbens cv. Transvala. Soil cores were as-
sayed from 1 to 3 days after sampling in Brazil.

 Units: nanomoles of C.H, per gram (dry weight)
of roots per hour.

“ Intact assays with C. dactylon, D. decumbens,
Paspalum orbiculare, and Chloris truncata in Hawaii.

! Corn was inoculated with Azospirillum Sp8l in
the United States (greenhouse-grown plants).

¥ Units: grams of N. per hectare per day.

" Intact assays with the following species of green-
house-grown plants inocnlated with Azospirillum in
the United States: Pennisetum clandestinum, C. dac-
tylon, Zoysia japonica, Paspalum virgatum, Steno-
taphrum secundatum, and Distichilis stricta.

' Field-grown corn and sorghum at reproductive
growth stages in Brazil. Cores were assayed immedi-
ately.

! Field-grown sorghum, D. decumbens ¢v. Trans-
vala, P. notatum, and B. nrutica in Brazil. Cores were
assayed immediately afte- -:oliection.

and larp? increases in the numbers of nitrogen-
fixing bucteria were observed in this component
after tae preincubation period of excised roots
(202). Vigorous growth of nitrogen-fixing bacte-
ria was supported by the production of organic
acids through anaerobic metabolism during
preincubation of excised maize roots (143). No
growth occurred with unwashed roots, and the
proliferation of nitrogen-fixing bacteria during
the preincubation period of excised roots re-
sulted from the washing procedure (202). There-
fore, it may be concluded that water from the
washing procedure which adheres to the root
samples enables anaerobic metabolism and the
reported production of organic acids (145) to
take place. The liberation of these substrates
into the water component is responsible for the
reported proliferation of the microflora and the

MicrosioL. REv,

induction of nitrogenase activity when combined
nitrogen is sufficiently depleted to lift repression
(202). Therefore, acetylene reduction by excised
roots after a preincubation period does not re-
flect the ability of grasses to fix atmospheric
nitrogen.

An immediate reduction of acetylene by ex-
cised roots from several grasses has been re-
ported (204). No preincubation period was nec-
essary to induce nitrogenase activity, no prolif-
eration of the microflora during the incubation
time was detected, and assays were done at
atmospheric pO.. Because of these observations
it has been suggested that the ability of collected
roots to reduce acetylene immediately upon as-
say in air indicates whether nitrogen fixation is
associated with these roots in the field (202, 204;
van Berkum and Sloger, Plant Physiol. 63:589,
1979; van Berkum and Sloger, Plant Physiol. 63:
S479, 1979). The inability of excised roots to
reduce acetylene immediately upon collection
would indicate that nitrogen fixation is not as-
sociated with them. As a result, a search for
immediate acetylene reduction by excised grass
roots has been proposed, and this procedure can
be recommended as a method to screen for
nitrogen-fixing plants.

CURRENT CONCEPTS OF NITROGEN
FIXATION IN GRASSES

Many different types of diazotrophic bacteria
have been isolated from natural and cultivated
ecosystems (107, 108, 128). Evidence for the
significance of these bacteria in the nitrogen
economy of these environments and their pos-
sible benefit to higher plants is not convincing.
Before 1972, the role of nitrogen fixation and its
importance in the nitrogen economy of different
habitats were usually inferred from the inci-
dence of nitrogen-fixing bacteria. Moere (128)
concluded that estimates of nitrogen fixation
based on counts of nitrogen-fixing bacteria or
determinations of their efficiency in pure cul-
tures are not valid. It has been suggested that
nitrogen fixation by free-living bacteria in culti-
vated land is widespread but generally at low
rates (175). Measurements of acetylene reduc-
tion or incorporation of ’N, into carbohydrate-
or cellulose-amended soils have demonstrated
potentials for nitrogen fixation, which could oc-
cur periodically in nature and account for appre-
ciable gains in nitrogen (18, 37, 49, 69, 75, 93,
122, 124, 151, 165, 185).

Findings of nitrogen accumulation under
grasses (19, 91) and colonization of roots by
bacteria (53, 108) have stimulated interest in
monitoring nitrogen fixation associated with
grass roots. The reported link between photo-
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TaBLE 2, Most-probable numbers of nitrogen-fixing bacteria associated with excised grass roots before and
after the preincubation period

) Reponfed in-
Plant Initial no. of bacteria No. of Z‘f;::}z:ﬁ:;ime prein- °(';‘;°;:c';£:‘ Reference
(-fold)
Com® 3.0 x 10 1.0 X 10’ 30 156
Forage grasses® 1.3 x 10°-2.5 x 10° 1.0 x 10°-1.7 x 10° 8 71
Cormn” 0.15 x 10*~1.3 x 10* 0.19 x 10'_’-3.2 x 10° 665° 145
Sorghum* ’ 0.1 x 10°-8.3 x 10° 0.24 X 10°-3.3 x 10’ 152 202
B. mutica® 1.1 x 10 3.5 x 10° 320 202
D. decumbens* 0.6 x 10* 1.1 x 10 18 202

“ Inoculated with Azospirillum sp. (greenhouse-grown plants).
® The increase was determined from the data presented by Okon et al. (145) (mean of five determinations).

“ Field-grown plants at Km 47, Rio de Janeiro, Brazil.

synthate supply to legume nodules and nitrogen
fixation (85), coupled with the realization that
nonsymbiotic nitrogen fixation in soils is limited
by available energy, has prompted investigations
of the interactions between photosynthesis and
nitrogenase activity in grasses.

Evidence for a Link Between
Photosynthesis and Nitrogenase Activity

Photosynthesis supplies reductants, energy,
and carbon skeletons for the assimilation of ni-
trogen into plants (25). Nitrogen fixation in leg-
umes is dependent on photosynthate supply
from the host to the bacteroids inside the nod-
ules (6, 101, 179). However, the site of nitrogen
fixation is far removed from the site of photo-
synthesis, and, therefore, a link between the two
must be established by translocation of photo-
synthetic products (135). Observations of diurnal
cycles of nitrogenase activity in legumes with
acetylene reduction measurements (22, 98, 178)
have suggested that the rate of nitrogen fixation
is directly related to photosynthesis (23). In leg-
umes this suggestion is supported by measure-
ments of '°N; incorporation after periods of dark-
ness (205), of the distribution of "C-labeled pho-
tosynthate in nodules (6), and of the incorpora-
tion of '*CO; into amino acids produced in the
nodules (152, 153) and by observed increases in
nitrogen fixation and biomass production
through enrichment of the canopy with CO, (96).

A link between photosynthate supply to the
roots and its effect on nitrogen fixation in grasses
has been inferred from diurnal cycle studies of
acetylene reduction and prolonged incubation of
plants in the dark before measurement of nitro-
genase activity (63, 65, 135). Dobereiner et al.
(65) reported that nitrogen fixation by P, nota-
tum was indirectly related to photosynthesis be-
cause no diurnal cycle of nitrogenase activity
was observed, but prolonged incubations of
plants in the dark reduced the rate of acetylene

reduction. In contrast, Dibereiner and Day (63)
reported a pronounced diurnal cycle of acetylene
reduction by P. notatum, with peak activities at
midday and at night. These authors suggested
that solubilization of starch grains in the chlo-
roplasts during the night was responsible for the
peak activity at night (63). The dependence of
nitrogenase activity on plant photusynthesis was
also studied in test tube-grown sorghum seed-
lings. Dobereiner and Day (63) suggested that a
marked diurnal cycle in the rate of acetylene
reduction confirmed the dependence of nitrogen-
ase activity on plant photosynthesis. Diurnal
variations in the rate of acetylene reduction by
Panicum maximum and Leclium perenne have
also been reported (7). The interpretation of
these data has been complicated by reports of
no signficant diurnal variation in acetylene re-
duction by natural grasslands of Hyparrhenia
sp., Andropogon sp., Loudetia simplex, and P.
maximum (9). Contradictory data are also avail-
able for rice (9, 210), and no significant diurnal
variation in aceiylene reduction has been re-
ported for some Wisconsin prairie grasses (194).

The possibility exists that other environmen-
tal factors influence nitrogenase activity, causing
fluctuations in the rate of acetylene reduction,
which may be coincident with the diurnal cycle.
An examination of the parameters influencing
the rate of acetylene reduction is essential for
the interpretation of investigations suggesting a
link between photosynthate supply and the rate
of nitrogenase activity. This view is especially
relevant since many environmental parameters
have been shown to influence the rate of acety-
lene reduction in grasses (10). The diurnal cycle
of nitrogenase activity in Zea mays is influenced
significantly by temperature, as well as by the
light energy received by the plants (10). A posi-
tive correlation between soil temperature during
the day/night cycle and the diurnal cycle of
nitrogenase activity in Sorghum vulgare and

/\
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Brachiaria muticahas also been reported (203).
Also, Gibson (86) has suggested that nitrogen
fixation in legumes responds quickiy to changes
in temperature. The effects of temperature on
the rate of acetyvlene reduction by soil cores
(113), by Azospirillem sp. in pure culture (44,
134), and by preparations of cell-free extracts of
nitrogenase (35) have zlso been demonstrated.
Clearly. the measurements of acetylene reduc-
tion rates during the dav/night cvcle which have
been reported do not indicate that photosyn-
thesis directly drives nitrogen fixation in the
roots of grasses. Measurements of nitrogenase
activity with experiments designed so that light
intensity is the only variable during the diurnal
cvcle are needed. Variations in the rate of nitro-
genase activity under these conditions will prob-
ably be due only to changes in illumination.

There have been attempts to show a relation-
ship between nitrogenase activity and photosyn-
thesis in grasses by using ''CO. feeding (157). A
correlation between the rate of acetvlene reduc-
tion after prolonged incubation of excised roots
and total ''C (respired CO, and alcohol ex-
tracted) was demonstrated. The label was prob-
ably released by the proliferating microbial pop-
ulation during the 35-h incubation of the excised
roots to determine acetylene reduction. S. alter-
niflora has been reported to divert major por-
tions of its net photosynthate into vegetative
reproduction (R. Lytle, Jr., and R. Hull, Plant
Physiol. 63:5189, 1979). Therefore, the adeno-
sine 5'-triphosphate driving nitrogenase activity
by bacteria was probably formed during respi-
ration and growth on stored carbohvdrates,
which derived their label from photosynthesis.
The labeling of stored carbohydrates by ''CO,
feeding mayv also account for the presence of
alcohol-extractable "C. Respiration of stored
carbohvdrates by the excised roots themselves
during the incubation may also have contributed
to the accumulated ''CO.. Nevertheless, the idea
of using isotopic labels to investigate the possible
interrelationship between photosynthesis and
nitrogen fixation in grasses is a worthwhile ap-
proach, Photosynthate provides the carbon skel-
eton for the assimilation of nitrogen into plants
(25); therefore, both ''CO, and "N, feeding of
plants should be used to link photosynthesis and
nitrogen fixation,

C-3 and C-4 Photosynthetic Plants

Photosynthesis is 2 process in which carbon
compounds are manufactured from CO. and wa-
ter in the green tissues of plants, using light
energy. Research into the biochemistry of pho-
tosynthesis has revealed that apart from the
reductive pentose phosphate pathway cvcle (C-
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3), many grasses possess the C-4 dicarboxylic
acid cycle (25). However, some plants have also
been characterized as intermediate between the
C-3 and C-4 pathways (33, 34). Grasses possess-
ing the C-4 dicarboxylic acid pathway of photo-
svnthesis utilize their available nitrogen more
efficiently in producing dry matter and fixing
atmospheric CO. than grasses possessing only
the C-3 pathway (25). Because of this, DDoberei-
ner et al. (65) suggested that the C-4 dicarboxylic
acid pathway of photosynthesis in grasses is
important for the ability of these plants to stim-
ulate nitrogen fixation by bacteria in their root
zones. As the only evidence for their hypothesis,
these authors stated that with the exception of
rice, all of the plants which had been tested
possessed the C-4 dicarboxylic acid pathway.
The importance of the C-4 dicarboxylic acid
in tropical grasses has been generally accepted
(44, 47, 63, 64, 136). This hypothesis is certainly
attractive if the following reasoning is consid-
ered. Azospirillum is the microorganism which
is thought tc be mainly responsible for the ob-
served nitrogen fixation in grasses (135). The
preference of these bacteria for malate and other
organic acids as carbon sources has been docu-
mented (45, 64, 143). In fact, Azospirillum bras-
tlense is not able to utilize glucose and sucrose
as sole carbon sources for growth and nitrogen
fixation (45, 64, 143, 189). Malate is the primary
product of photosynthesis in some (but not all)
of the C-4 grasses (e.g.. Z. mays, Digitaria) (18).
Therefore, it has been suggested that malate
accumulation in the plants and transport of the
excess malate to the roots, in which the bacteria
have been suggested to reside (64, 155}, favor
nitrogen fixation (58, 64, 135). There are indeed
some indications that malate may accumulate in
the roots of Z. mays (138). Also, the oxidation of
malate apparently does not stimulate nitrate
uptake by the roots (138). However, all physio-
logical studies of the role of malate in nitrogen
assimilation in grasses have involved studies
with leaf tissue (135, 139!. As vet, there is no
evidence for the hypothesis that malate accu-
mulation in the roots of C-4 grasses drives nitro-
gen fixation by Azospirtllum sp.

Dobereiner et al. (65) suggested that the pos-
session of the C-4 dicarboxylic acid pathway of
photosvnthesis by tropical grasses favors the
establishment of nitrogen fixation in the roots
because of the ability of these plants to use the
intense radiation in the tropics efficiently. How-
ever, not all C-4 grasses are restricted to tropical
areas (25), and studies of nitrogen fixation with
C-4 grasses in temperate areas have been re-
ported (154, 156, 1&. 204). Furthermore, nitro-
genase activity has oeen recorded in grasses
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which do not possess the C-4 dicarboxylic acid
pathway of photosynthesis; these include rice
(100, 118, 210; van Berkum and Sloger, Plant
Physiol. 63:5479, 1979), wheat (46, 59, 158), and
various other grasses (181).

Many of the reports indicating the importance
of the C-4 dicarboxylic acid pathway and a trop-
ical environment as significant factors for nitro-
genase activity associated with the roots of
grasses are from studies with preincubated ex-
cised roots (47, 63, 64; P. van Berkum and C. A.
Nevra, Plant Phyvsiol. 57:5533, 1976). Studies
involving assays with intact C-4 grasses have
indicated low rates of nitrogenase activity or no
activity (3, 70, 197, 203). Therefore, no significant
information is available to indicate whether
nore efficient photosynthesis supports higher
rates of nitrogen fixation in grasses. Studies com-
paring nitrogen fixation by plants representative
of the different photosvnthetic pathways under
identical conditions will be necessary before this
hypothesis can be confirmed.

Ontogenetic and Seasonal Profiles of
Nitrogen Fixation in Grasses

In legumes useful parameters have been sug-
gested for comparing cvcles in different sym-
biotic systems (93). Apparently, great variability
exists among different species of legumes, but
the parameters appear to be sufficiently con-
stant to enable the prediction of the vield or
fertilizer requirements of a cultivar when the
acetylene reduction assay is used. For this rea-
son there has been interest in monitoring nitro-
genase activity in grasses throughout the life
cycles of the plants, probably to investigate in-
werrelationships between fertilizer nitrogen ap-
plication and nitrogen fixation. These studies
have been done with both the excised root and
intact soil core assay techniques.

Excised roots. Seasonal variations in the
nitrogenase activities of excised roots of Penuii-
setum purpureum and Digitaria decumbens cv.
Transvala have been reported (63). The rocts of
P. purpureum were most active in the hot sum-
mer months during rapid growth of the plant
and decreased after flowering. D. decumbens
apparently had to become established before
maximal rates of nitrogenase activity were ob-
served with excised roots (63). The application
of fertilizer nitrogen did not affect the nitrogen-
ase activities of the excised roots from these two
grasses (63). This observation is contrary to re-
ports of inhibition of nitrogenase activity by
combined nitrogen in legumes (82-84), pure cul-
tures of A. brasilense (144, 145), and other grass
systems (47, 160; P. van Berkum, Ph.D. thesis,
University of London, London, England, 1978).
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A possible reason for the apparent lack of inhi-
bition of nitrogena -¢ activity by combined nitro-
gen may have been the mode of fertilizer nitro-
gen application (20 kg of N per ha every 2 weeks)
in combination with the assay method (excised
roots 2 weeks after nitrogen application). The
excised root assay in relation to plant ontogeny
and fertilizer application is discusser below.

A variation in the nitrogenase activity of ex-
cised corn roots during the life cycle of the plants
has also been reported (208). Maximal activities
were recorded at “the 75% silking stage.” Daoh-
ereiner (58) suggested that the foliar application
of ammonium molybdate increased the nitregen-
ase activity, although no statistical difference
between treated and control plants was reported
(160, 208). Pereira et al. (160) were able to con-
firm that the maximal rates of nitrogenase activ-
ity by excised corn roots occur during the repro-
ductive stage of plant growth. Similar observa-
tions have been made with sorghum, but there
were significant increases in the nitrogenase ac-
tivity of excised roots at anthesis after foliar
applications of molyvbdenum (van Berkum,
Ph.D. thesis).

The nitrogenase activities of excised roots of
corn and sorghum were reduced significantly
throughout the life cycles of these plants by
fertilizer nitrogen application (160; van Berkum,
Ph.D. thesis). Although the rates of acetylens
reduction by excised roots of sorghum plants
which received fertilizer nitrogen were signifi-
cantly lower during the life cycle, the profiles of
the nitrogenase activities by excised roots of the
plants receiving high and low levels of nitrogen
were parallel (van Berkum, I'h.D. thesis).

The rates of acetylene reduction by legumes
are maximal during flowering and reproductive
growth (94, 153). Therefore, the profiles of nitro-
genase activity in grasses during their life cvcles,
measured with preincubated excised roots, have
been used as evidence to support this method of
assay (59). The variations in the nitrogenase
activities of grasses during their life cycles may
also be explained if preincubation of excised
roots is necessary to induce nitrogenase activity
in a proliferating microbial population. The pe-
riod of inactivity in excised roots of sorghum
varied with the ontogeny of the plant and was
shortest at anthesis, when maximal rates of ni-
trogenase activity as measured by fixed-time
assays with preincubated excised roots were re-
corded (202). The variation in the inactive pe-
riod between replicates (202), coupled with non-
linear rates of acetylene reduction upon induc-
tion of nitrogenase (1, 202), probably causes
differences in the mean rates of acetylene reduc-
tion to be recorded with fixed-time assavs when

4
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roots from plants at different stages of develop-
ment are investigated. When roots from low-
nitrogen plants were treated with combined ni-
trogen and fertilizer nitrogen was applied to
plants in the field, the period of no acetylene
reduction by excised sorghum roots was ex-
tended (202). Therefore, the variation before
activity between replicate root samples com-
mences and the nonlinear rate of acetylene re-
duction upon induction of nitrogenase activity
may also explain the apparent inhibitory effect
of combined nitrogen on the nitrogenase activity
which was observed with fixed-time assays with
excised roots. Since growth of the nitrogen-fixing
microflora during the preincubation period of
excised roots has been recorded (145, 202), the
observed seasonal variation in nitrogenase activ-
ity in grasses may be explained by a change in
the ability of the roots to support growth of the
microbial population and nitrogenase activity.
Growth of the bacteria, coupled with a variation
in the relative availability of combined nitrogen
from the decaying excised roots, may explain the
observed profiles of nitrogenase activity with
plant ontogeny and the recorded inhibition of
nitrogen fertilizer application.

Further evidence that combined nitrogen may
play a causative role in the seasonal profile of
nitrogenase activity in sorghum and corn may
be sought from studies interrelating excised root
acetvlene reduction and leaf nitrate reductase
activity. Nitrate is both the inducer and the
substrate for nitrate reductase in plants, and
factors affecting uptake and transport of nitrate
have been shown to alter nitrate reductase ac-
tivity levels and the rate of supply of reduced
nitrogen to plants (127). The levels of leaf nitrate
reductase activity in corn (160) and sorghum
(70; van Berkum, Ph.D. thesis) vary with plant
age. The maximal rates of nitrogenase activity
determined with excised preincubated roots co-
incided with the lower levels of leaf nitrate re-
ductase activity (160; van Berkum, Ph.D. thesis).
Therefore, it may be possible to extrapolate that
the reduced level of leaf nitrate reductase activ-
ity is indicative of lower levels of combined
nitrogen in the plants, including the roots, which
in turn allows a shorter delay before induction
of nitrogenase activity when excised roots are
assaved for acetylene reduction.

Although the excised root assay clearly indi-
cates variations of nitrogenase activity during
plant life cycles, the patterns observed most
probably do not reflect a variation in the nitro-
gen iuput to the plants through biological nitro-
gen fixation. Indeed, it seems more probable that
the variations in the rate of acetylene reduction
during the life cycles of the plants reflect a
change with plant age in the ability of excised
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roots to support both microbial growth and ni-
trogenase activity upon preincubation.

Soil cores. Seasonal variations in nitrogenase
activity determined with acetylene reduction by
soil cores of grasses have also been studied, but
there are few examples relating these variations
to plant ontogeny. Balandreau (7) used an in
situ assay system to measure the rate of acety-
lene reduction during the growth cycle of Z.
mays. The rate of nitrogenase activity reportedly
increased during plani development and after
vegetative growth stabilized. Balandreau (7) hy-
pothesized that at the late vegetative stage of
plant growth the maximum photosynthetic ca-
pacity of the plant is reached, on which the
development of maximal rates of nitrogen fixa-
tion is dependent. No further variation in the
rate of nitrogenase activity during the reproduc-
tive phase of plant growth and no relationship
to plant ontogeny was reported (7).

Seasonal variations in the nitrogenase activi-
ties of seven Wisconsin prairie grasses have also
beer. reported (194). Nitrogenase activity in-
creased in parallel with the growth of the leaves
in two of the grasses tested and declined with
leaf senescence. Tjepkema and Burris (194) sug-
ested that this observation showed that the re-
duction of acetylene is effected by bacteria
which depend on the grass for their energy sup-
ply. However, in five other species tested they
were not able to demonstrate that the reduction
of acetylene was specifically plant associated.
There was no indication of how the seasonal
profile .f nitrogenase activity was related to
plant ontogeny.

A seasonal variation in the nitrogenase activ-
ity of rice has been related to plant ontogeny.
Assays with intact plants have indicated that
maximal rates of acetylene reduction occur dur-
ing the reproductive growth stages (118). Inter-
estingly, excised root assays with rice have also
been reported to show a seasonal variation in
nitrogenase activity, but a relationship between
maximal activity and ontogeny was not reported
(37). The nitrogenase activity of the salt marsh
grass S. alterniflora also varies seasonally (157).

The increase in the rate of nitrogen fixation in
legumes coincides with the onset of the repro-
ductive growth stages (153). Hardy et al. (98)
suggested that the developing pods are a sink for
combined nitrogen which stimulates higher rates
of nitrogen fixation. The maximal rates of acet-
ylene reduction by grasses may also be caused
by flowering, with a mechanism similar to that
suggested for legumes. The limitation to this
hypothesis is the indirect method of assay that
has been used to study the seasonal profiles of
nitrogenase activity in these grasses. At flower-
ing, corn and sorghum root systems are fully



Voli. 44, 1980

developed, which has been suggested to be a
prerequisite for support of maximal rates of ni-
trogenase activity (136). It has also been re-
ported that at flowering the predominant root
type on corn and sorghum supports the highest
rates of acetylene reduction after the preincu-
bation period (van Berkum, Ph.D. thesis). This
may also be a contributing factor to the observed
seasonal profiles of nitrogenase activity in these
grasses. It has been suggested that the highest
rates of nitrogenase activity coincide with the
maximum rates of photosynthesis (7, 194) and
that the decline in nitrogenase activity after the
maximal rates are reached is due to competition
between the ovule and roots for photosynthate
(136). On the other hand, von Biilow and Déb-
ereiner (208) have suggested that nitrogenase
activity in corn roots does not compete for pho-
tosynthate with other plant parts.

Very little is known about the cycles of nitro-
gen fixation in grasses, and even less is known
about the interrelationship between this process
and others within the plants. Many interpreta-
tions and extrapolations have been made with
only scanty evidence. Future research should be
more carefully controlled, and only the mea-
sured parameters should be interpreted.

Effect of Soil Moisture on Nitrogenase
Activity

During their studies of nitrogen gains on
Broadbalk at Rothamsted, Day et al. (45) no-
ticed that high rates of nitrogenase activity were
associated with soil cores from wet areas. They
reported that the rate of nitrogenase activity by
the soil cores was positively correlated with soil
moisture and that the rate of acetylene reduction
increased exponentially with linear increases in
soil moisture. Vlassak et al. (206) reported a
similar correlation between soil moisture and
nitrogen fixation in soil cores of grasslands. Day
et al. (46) hypothesized that the level of anaer-
obiosis in soil crumbs and the rhizosphere in-
creases with higher soil moisture ané that the
pO: affects nitrogenase activity. Their hypothe-
sis is supported by observed higher rates of
acetylene reduction by soil cores incubated un-
der N, compared with soil cores incubated under
air (196).

The relationship between soil moisture and
rate of nitrogenase activity is contradicted by a
report of no correlation between the rate of
acetylene reduction by D. decumbens roots and
the soil water content (1). However, this obser-
vation was based on assays with preincubated
excised roots to determine the rate of nitrogen-
ase activity. As explained, this method of assay
includes the washing of roots in distilled water
before the preincubation period. The washing of
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roots is required for bacterial proliferation and
the induction of nitrogenase activity during the
preincubation period. Therefore, by washing the
roots, Abrantes et al. (1) were assaying for nitro-
genase activity under optimal moisture condi-
tions.

The reported positive correlation between soil
moisture and nitrogenase activity supports the
hypothesis that nitrogen fixation associated with
nonnodular plants may be enhanced in wet soils
(196). Nitrogenase activity associated with wet-
land plants has been reported to be widespread
(196} and to be much higher than the nitrogen-
ase activity associated with plants growing in
mesic or dry soils (109). These observations sug-
gest that the growth habitat of grasses is an
important factor for the development of nitrogen
fixation in association with the roots. The im-
portance of a moist environment for nitrogen
fixation in grasses may also explain why the
rates of acetylene reduction with agriculturally
important cereal grasses assayed with soil cores
(46, 197) are generally low and those with salt
marsh plants and paddy rice (100, 204) arc much
higher. It has been suggested that these aquatic
environments and high-moisture soils are low in
available nitrogen due to denitrification and
leaching of nitrates (194). If the effect of excess
water is to deplete the environment of levels of
combined nitrogen inhibitory to nitrogen fixa-
tion, it might be possible to manipulate associ-
ations with dry soil plants to overcome this
problem. e .

Y LR

Plant Breeding

The success with which grass lines are selected
for improved ability to support nitrogenase ac-
tivity and benefit from nitrogen fixation will
ultimately depend on thie reliability of the mea-
surements of these processes. Without a tech-
nique which unequivocally distinguishes the rate
of nitrogen fixation in grasses from other pro-
cesses, the selection of improved varieties is
certainly doomed. Clearly, no reliable method
for measuring nitrogen fixation in grasses for the
selection of desired genotypes has ver been used.
Practical experience with legumes has indicated
that the acetylene reduction assax is not a reli-
able tool for plant selection and measurements
of final yield fail to distinguish between lines
with improved nitrate reductase and lines with
enhanced nitrogen fixation,

Nevertheless, the possibility of plant brexding
for enhancing nitrogen fixation in grasses'h\as
been suggested. Investigations with P. notatum

have revealed that the nitrogen-fixing bacterium"_

Azotobacter paspali specifically associates with
five tetraploid ecocypes (55, 57, 61). Only the 5
tetraploid ecotypas out of 33 stimulated A. pas-

\
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pali growth in the rhizosphere of the rcots. It
has been suggested that other microorganisms
(e.g.. nivcorrhizal fungi) may be involved in the
establishment of this association (136). These
reports are significant because the conclusions
are based not on measurements of acetylene
reduction, but on investigations of the ability of
the plants to stimulate growth of specific bacte-
ria. Unfortunately, further studies of the micro-
bial ecology of this association have not been
reported. It would be interesting to determine
whether the preferertial stimulation of specific
bacteria by roots is at the expense of other
populations within the microbial ecosystem of
the soil. In the case of A. paspali, this knowledge
would be of interest because these bacteria re-
portedly reside cutside the roots and are subject
to competition for space and nutrients. Also,
why do the five tetraploid ecotypes specifically
stimulate this nitrogen-fixing microbe, and what
is the mode of action? An understanding of this
specific association may enable the development
of plants which also stimulate growth of desira-
ble bacteria in the rhizosphere of their roots, If
this achievement is coupled with the develop-
ment of an infection process, true symbioses
between grasses and nitrogen-fixing bacteria
may become a reality.

By using existing techniques to determine ni-
trogen fixation, differences in the ability to stim-
ulate nitrogenase activity in roots have been
found among different varieties and lines of
grasses, Using the excised root assay, von Biilow
and Dobereiner (208) demonstrated that 81 lines
of corn derived from UR-1 had consistently
higher rates of nitrogenase activity. Genotypic
differences have also been found in P. notatum,
P. purpureum, and wheat (47, 59, 63, 64). The
major limitation of these data is the excised root
assay, which was used to determine the rates of
acetvlene reduction. As discussed, the higher
values of acetvlene reduction by excised roots
after the preincubation period probably reflect
the greater ability of some roots to support
growth and subsequently nitrogenase activity by
nitrogen-fixing bacteria during the assay.

15N, Measurements of Nitrogen Fixation in
Grasses

Only data obtained with measurements of the
incorporation of "N from '"N. can be used to
support claims that grasses benefit immediately
from root-associated nitrogen fixation. Ideally,
the plants should be exposed to "N, under nor-
mal growing conditions in the field. The major
limitations to measuring "N incorporation are
the sizes of most o the grasses of interest. To
expose these large plants to "N, would require
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large volumes, so that the expense of these ex-
periments could be prohibitive. Therefore, we
recommend that the acetylene redvction assay
be used to establish ti-+ reproducibility of ""N.
investigations and to assess the repeatibility of
detecting nitrogen-fixation in plants.

De-Polli et al. (51) suggested that the incor-
poration of "*N inte P. notatum and D. decum-
bens confirmed nitrogen fixation by these two
grasses. These data have also been used to sug-
gest that observations of acetylene reduction
with other grasses demonstrate that they benefit
from nitrogen fixation (58. 60, 136). Although
the incorporation of "*N. was demonstrated with
these two grasses, there was a long time between
the eollection of samples from the field and
experimentation (between 4 and 16 days). Fur-
thermore, the enrichment obtained was not ex-
trapolated to rates of nitrogen fixation, and no
comparisons between "N, incorporation and
acetvlene reduction were presented.

Studies with sugar cane seedlings have also
indicated some '*N. incorperation, but no details
of rates of nitrogen fixation have been presented
(167). Although they reported little "N enrich-
ment in the leaves, Ruschel et al. (168) calcu-
lated that sugar eanc seedlings fixed between 0.2
and 23.8 g of N per ha per day. Studies with
undisturbed sugar cane plants in the field
showed no "N enrichment in the leaves or stems
(125).

ECOLOGY OF THE NITROGEN-FIXING
BACTERIA THAT ASSOCIATE WITH
THE ROOTS OF TROPICAL GRASSES

Nitrogen-fixing bacteria are probably among
the most extensively studied soil microorga-
nisms. Despite this, very little is known about
their biology in nature and their contribution to
the structure and function of the habitat that
they occupy. Of all the diazotrophs, only the
svmbionts of leguminous plants, Rhizobium,
have been studied in anyv detail. Howcver, even
with these organisms, most of our knowledge
comes from the study of Rhizobium in its sym-
biotic niche, the root nodule. Very little has been
learned regarding its ecology as a free-living
member of the soil and rhizosphere microflora
(26).

Nitrogen-fixing bacteria of many diverse gen-
era occur in high numbers in the rhizosphere of
the roots of a variety of grasses. Most notable
among them are members of the genera Azo-
spirillum,  Azotobacter, Beijerinckia, and
Derxia. However, the mere presence of these
bacteria, even in high numbers, is not accepted
as being important to the nitrogen economy of
the system.
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The problem has been one of methodology,
for it is difficult to separate the multitude of
factors involved in the interaction between two
organisms within a highly complex environment,
such as soil. It is essential that the ecological
interactions between nitrogen-fixing bacteria in
the soil and the rhizosphere be understood be-
fore progress can be made in manipulating the
system for maximal economic return. Test tubes
do not provide a good model of the natural
habitat of the organisms, because it is impossible
to simulate the plethora of interactions that
operate in nature. Superior strains and improved
mutants manufactured in laboratories may have
little ecological relevance and even less agro-
nomic value. New approaches and methodolo-
gies are needed for the study of the organisms
directly in their natural environment.

Several recent reviews have covered the asym-
biotic and associative nitrogen-fixing bacteria
exhaustively. Here we only consider some of the
important ecological features of the microorga-
nisms in general and focus specifically on Azo-
spirilium in tropical soils and its relationship to
the roots of tropical grasses. For further details
the recent reviews by Day (44), Knowles (113),
and Neyra and Débereiner (136) should be con-
sulted.

Distribution and Biogeography

Diazotrophs are widely distributed in nature.
They have been found in a wide variety of
terrestrial and aquatic habitats, ranging from
the polar regions to the tropics. Some of them
have quite narrow ecological distributions, For
example, Beijerinckia is considered to be re-
stricted to the tropics (21, 56), although its pres-
ence in temperate soils and even in the polar
regions has been demonstrated (4, 21, 27). A.
paspali, although capable of free-liviag nitrogen
fixation, has been shown to be restricted ecolog-
ically to the rhizosphere of the roots of some
tetraploid varieties of P. notatum (136). Azo-
spirillum sp. has been isolated from soils and
the roots of a wide variety of plants from tem-
perate and tropical regions (67, 145, 208). Most
investigators consider this organism to be of
special significance only in the tropics (44, 136).
Schroder (171) found nitrogen-fixing spirilla in
all but 2 of 76 soil samples from Germany and
Austria. Dobereiner et al. {(67) reported that less
than 10% of the soils and roots from temperate
regions contained Azospirillum, wheieas more
than 50% of tropical samples were positive, Al-
luvial soils were more favorable for A zospirillum
than eroded hill soils. Although the pH of the
soil was shown to have a strong influence on the
distribution of Azospirillum (pH 7 is optimal),
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sporadic occurrence could be demonstrated in
soils with pH values as low as 4.8,

Taxonomy of Azospirillum

The group of gram-negative nitrogen-fixing
spirilla which was originally named Spiriilum
lipofei um by Beijerinck has been reclassified
into at least two species in the new genus Azo-
spirillum, A. brasilensc and Azospirillum lipo-
ferum. The species are differentiated by physi-
ological criteria and deoxyrihonucleic acid ho-
mology (189), but immunofluorescence and im-
munodiffusion studies have recently indicated
antigenic differences as well (50, 170). A. brasi-
lense contains two subgroups, nir* and nir”,
based on the ability to denitrify nitrite (137).
Both groups possess assimilatory and dissimila-
tory nitrate reductase, but A. brasilense nir~
does not dissimilate nitrite (123). A. lipoferum is
also differentiated from A. brasilense by its abil-
ity to utilize glucose as a sole carbon source and
by its requirement for biotin (189).

Serclogical analyses have revealed differences
between the species and subgroups of Azospiril-
dum (50, 170). Immunodiffusion chowed that at
least one hear-labile gel-diffusable antigen was
common to 27 strains belonging to the different
subgroups o{ Azospirillum, whereas heat-stable
somatic antigens were more specific (50). Strain
and species differences have also been demon-
strated by immunofluorescence, but as cultures
age, their degree of cross-reaction increases (50,
171).

Autecology

Important questions concerning the autecol-
ogy of Azospirillum in soils and rhizospheres
remain unanswered. These questions relate di-
rectly to the nature of the Azospirillum niche in
roots;, the ecological parameters involved in the
establishment of this niche, the performance of
the bacteria in the soil away from its natural
niche, and the fate of specific strains of Azospi-
rillum inoculated into new environments.

The difficulty is again one of methodology.
Immunofluorescence is perhaps the only direct
method for studying specific groups (even
strains) of microorganisms directly in nature (26)
and may provide the only opportunity for the
study of Azospirillum in relation to its niche.

Information already available on the serology
of Azospirillum spp. (50, 170) could be valuable
in asking relevant questions which could be ap-
proached experimentally and would be ecologi-
cally meaningful. Preliminary attempts by
Schank et al. (170) to detect a strain of A.
brasilense in root and rhizosphere preparations
from inoculated field-grown plants have been
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encouraging. However, more quantitative stud-
ies are needed to clarify the role of these bacteria
in the rhizosphere of grasses.

Rhizosphere Competence and the
Specificity of Association

The rhizosphere is an ideal habitat for heter-
otrophic nitrogen-fixing bacteria. The organic
materials available from root cell debris and
soluble root exudates are perhaps sufficient to
satisfy the energy and carbon requirement of the
heterotrophic free-living nitrogen fixers. How-
ever, to be of much significance to plants, these
bacteria must reach very high population den-
sities. In legume systems, a highly integrated
association between the partners has evolved,
whereby the microsymbionts occupy a special-
ized niche inside plant-derived nodules. In the
grass associations the intimacy of the interaction
is not as obvious.

Free-living heterotrophic nitrogen fixers are
undoubtedly quite competent rhizosphere orga-
nisms. They occur in the rhizospheres of a vari-
ety of plants (108, 113, 136). However, the extent
to which nitrogen fixation by the associated
organisms benefits the plants has not been de-
termined.

Asymbiotic nitrogen fixation is probably
closely tied to the growth of the nitrogen-fixing
microorganisms, Thus the amounts of nitrogen
fixed are directly proportional to the growth
responses of the bacteria to particular environ-
mental stimuli.

Very little information is available concerning
the population ecology of asymbiotic nitrogen
fixers in the rhizosphere. The study of this prob-
lem requires a direct approach, whereby the
organism of interest is identified in situ. Prelim-
inary attempts at using immunofluorescence for
autecological studies of asymbiotic nitrogen fix-
ers directly in soil and rhizospheres have been
promising (52, 54, 169, 191), but more detailed
and quantitative studies are needed to under-
stand the population ecology of asymbiotic ni-
trogen fixers in rhizospheres (26).

There would be a great competitive advantage
for both the nitrogen-fixing bacteria and the
plants if a more intimate internal association
could be established. The ideal relationship is
that between rhizobia and their leguminous
hosts, whereby the bacteria multiply to high
populations inside their specialized root nodule
niche on legume roots. Other microorganisms,
such as mycorrhizal fungi and the symbiotic
nitrogen-fixing actinomycete Frankia, may also
occupy inter- and intracellular spaces inside
roots and establish highly integrated mutualistic
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associations with their plant hosts. Gf special
interest are the unidentified “helically lobed”
bacteria that Old et al. (147) have reported inside
collapsed enidermal cells of Ammophila are-
naria and within roots of Z. mays. Entry of
bacteria into epidermal and cortical cells seems
te occur by intercellular penetration of the epi-
dermal cells (78, 148).

Evidence for the occurrence of asymbiotic ni-
trogen-fixing bacteria inside roots has been in-
direct. Azospirillum has been isolated from “sur-
face-sterilized” roots of field-grown grasses (67).
This organism has been shown to be capable of
penetrating roots of P. maximum grown axeni-
cally in Fahraeus slide chambers (201). Diem et
al. (53) reported that nitrogen-fixing bacteria
can be isolated from surface-sterilized rice roots,
but only if the roots are crushed to release the
bacteria.

Débereiner and Day (64) observed that root
pieces exhibiting high acetylene reduction activ-
ity after the preincubation period had cells
which were packed with tetrazolium-reducing
bacteria-like particles. Likewise, Patriquin and
Dobereiner (155) found tetrazolium-reducing
bacteria-like structures in inter- and intracellu-
lar spaces of some plant cells in the cortex,
endodermis, xylem, and stele.

With the exception of the Rhizobium-legume
system, very little has been learned about the
specificity of the associations between nitrogen-
fixing bacteria and plants. A. paspali seems to
be restricted ecologically to the rhizosphere of
some varieties of P. notatum (see above). On the
other hand, Beijerinckia associates with the rhi-
zospheres of a variety of tropical plants, includ-
ing sugar cane, rice, and Cyperus (56). Azospi-
rillum is known to colonize the rhizosphere of
the roots of a wide variety of plants. Baldani and
Débereiner (Soil Biol. Biochem., in press) have
suggested that only specific species are capable
of endosymbiotic associations with particular
host plants. Azospirillum isolates from field-
grown corn roots were always A. lipoferum, and
those from wheat and rice roots were mainly A.
brasilense nir~. Knowledge of the specificity of
association between Azospirillum and various
grasses and cereals may have significant impli-
cations in establishing nitrogen-fixing associa-
tions with selected or genetically manipulated
strains of bacteria.

INOCULATION WITH NITROGEN-
FIXING BACTERIA

The legvme-Rhizobium symbiosis is a good
example of accumulated knowledge being ap-
plied to agriculture. Research has led to the
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development of techniques for inoc *lating plants
with nitrogen-fixing bacteria and fo. the assess-
ment of the performance of the resulting sym-
bioses. The ino~ulation of legumes with Rhizo-
bium was found to be necessary because many
soils were shown to be devoid of particular
strains which were able to nodulate efrectively
the crops to be planted (28). Azospirillum re-
portedly is common in tropical soils, but its
incidence in soils of teinperate countries has
been shown to be much lower (67). The possi-
bility of establishing Azospirillum on roots of
corn (where the incidence of these bacteria is
low) through inoculation has been suggested
(67). It is anticipated tha* inoculating grain and
forage grasses with these bacteria would result
in yield increases through nitrogen fixation (2,
67). The high rates of acetylene reduction with
excised preincubated corn roots (208) and the
reports that Azospirillum spp. are primarily re-
sponsible for this activity (44, 64, 208) have
lended support to this prospect. We wish to
emphasize that Azospirillum spp. have been
isolated from the roots of grasses which reduce
acetylene only after a long delay, during which
time the bacteria proliferate and induce nitro-
genace activity. Whether Azospirillum spp. are
responsitle for the reported measurements of in
situ nitrogenase activity in grasses has not been
demonstrated. Furthermore, there is no evi-
dence that nitrogenase activity by A~ospirillum
is closely coupled to nitrogen assimilation by
grasses. Therefcre, inoculating grasses with
Azospirillum to «Stain agriculturally significant
yield increases through nitrogen fixation is based
on speculation of the importance of these micro-
organisms for nitrogen fixation in grasses, and in
actual praciice might have little or no effect.
Initial observations in Florida indicated that
2 of 40 genotypes responded to an inoculation of
Azospirillum (182, 183). One genotype of D.
decumbens and one of P. maximum yvielded at
163 and 150%, respectively, of the uninoculated
controls in the presence of these bacteria. No
response to inoculation was reported with the
other 38 genotypes tested, which included D.
decumbens, P. maximum, Paspalum sp., Cyno-
don sp., and Cenchrus sp. (183). Fertilizer nitya-
gen application was necessary to induce in-
creases in dry matter in P. maximum, Pennise-
tum americanum, and Cenchrus ciliaris when
inoculated with Azospirillum, but no total nitro-
gen increase was reported (182-184, 190). On
reexamination, D. decumbens did not respond
to the inoculation of Azospirillum (184). Nev-
ertheless, Smith et al. (182) concluded that up
to 40 kg of N per ha can be provided to grasses
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through nitrogen fixation if plants are inoculated
with Azospirillum. However, acetylene reduc-
tion asseys did not correlate well with the yield
responses (184), which could indicate that the
reported dry matter increases because of Azo-
spirillum inoculation may have been the result
of processes other than nitrogen fixation. Total
nitrogen increases with Cynodon dactylon
grown in pots have also been reported when
inoculated with Azospirillum and A. paspali
(12). No genotype-inoculation interaction was
found, inoculated plants responded well to high
fertility, and no measurements for nitrogen fix-
ation were reported (12). C. dactylon inoculated
with Azospirillum and grown in pots reduced
little or no acetylene when intact plants were
assayed (71). The inoculation of corn with Azo-
spirillum did not cause yield increases (3; C.
Sloger and L. D. Owens, Plant Physiol. 61:87,
1978), nor were high~r rates of acetylene reduc-
tion with intact plant assays detected (3, 14, 36;
Sloger and Owens, Plant Physiol. 61:S7, 1978).
Similarly, P. americanum and Sorghum sp. did
not benefit frym the inoculation of A zospirillum
(Sloger and Owens, Plant Physiol. 61:S7, 1978).

Plant Growth Response to Inoculation
Through Processes Other than Nitrogen
Fixation

The treatment of seeds or seedling roots with
cultures of bhacteria to img.ove plant perform-
ance and crop yield is known as seed or root
hacterization. The value of Rhizobium as an
inoculant for seeds of legumes is well known, but
Azotobacter inoculation as the bacterial fertil-
izer azotobactrin has also been developed. The
bacterium Azotobacter chroococcum has been
used as an inoculant because of its ability to fix
atmospheric nitrogen. Large areas of the Soviet
Union have been treated with this preparation
because it was thought that crops would benefit
and yield increases would result from this prac-
tice (39). Brown (30} indicated that bacterization
of corn, wheat, barley, oats, and rice in Eastern
European countries caused yield increases and
that scientists from other countries confirmed
many of the Soviet observations. Changes in the
rhizosphere microbial population, disease sup-
pression by the inoculants, and production of
plant growth-promoting substances by the in-
oculum are alternative modes of action that have
been suggested as explanations for the observed
yield increases when these bacteria are applied
to crops (30). It has been suggested that the
inoculation of Azotobacter effectively removes
bacteria v/hich produce metabolites with the
potential to retara seedling development (29).

\*;
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Only limited success of disease suppression
through inoculation has been shown (30).

Azotobacter cultures used as inoculants have
been reported to produce gibberellic acid, indole
3-acetic acid, and cytokinin, which promote
seedling and plant growth (16, 32). Gibberellic
acid also increases the levels of endogenous in-
dole 3-acetic acid in plants (150), and root exu-
dation of tryptophan and related sub-tances
may cause indole J-acetic acid synthesis by the
inoculum in the root zone (30). The production
of plant growth hormones by Azotobtacter in
pure cultures (used as inoculant) and by these
bacteria in the root zone has been shown to
cause sgnificant plant growth responses (30). A.
paspali inoculated onto tomato, lettuce, Centro-
sema pubescens, ani P. notatum has also been
shown to significantly improve plant growth
(16). Brown (31) suggested that improvement in
P. notatum pasture growth could be the result
of plant growth-regulating substances produced
by A. paspali rather than nitrogen fixation.

Azospirillum also produces plant growth hor-
mones in pure culture (194). Also, plant growth
responses observed after inoculation of Azospi-
rillum have been explained by hormone produc-
tion by these bacteria (88, 102, 193).

Therefore, we may conclude that the meth-
odology used to study increased plant perform-
ance resulting from the inoculation of nitrogen-
fixing bacteria is complicated and that deduc-
ticns concerning improvements resulting from
nitrogen fixation depend priinarily upon the
quantitative detection of this process. The ap-
plication of nitrogen-free bacterial growth media
to control plots (182-184) acds carbon to the soil
and may tie up part of the available nitrogen,
causing an apparent response in the inoculated
plots. The inoculation of Azospirillum to soils
which contain these bacteria (184) may hide the
detection of any small plant growth response to
inoculation. The production of plant hormones
by the inoculant could also explain yield in-
creases, especially if acetylene reduction mea-
surements do not reflect the response. Ideally,
inoculation studies should involve the applica-
tion of nitrogen-fixing bacteria to experimental
plots, along with application of nitrogenase-less
mutant counterparts to control plots. Plaat
growth horinone production by these mutants
must be identical to hormone production by the
parent strains,

PHYSIOLOGY OF NITROGEN-FIXING
BACTERIA THAT ASSOCIATE WITH
THE ROOTS OF GRASSES

All bacteria which have been isolated from
the roots of grasses able to express nitrogenase
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aré also capable of fixing nitrogen for growth in
pure culture (136). It is for this reason that this
group has been classified as free-living nitrogen-
fixing bacteria (130). By contrast, Rhizobium,
although capable of expressing nitrogenase ac-
tivity in pure cultures, requires a source of con-
bined nitrogen for growth (110, 111, 115, 126,
165). Therefore, the major difference between
Rhizobium and other free-living nitrogen-fixing
bacteria is the ability of the latter group to grow
in pure culture with atmospheric N; as the sole
nitrogen source.

There are many reports of associations be-
tween free-living nitrogen-fixing bacteria and
reots of plants (108, 136). Since this review is
concerned with aspects of associative nitrogen
fixation in grasses, descriptions of the physiology
of nitrogen-fixirg bacteria are restricted to those
bacteria for which nitrogen-fixing associations
with grass roots have been suggested.

In some cases roots of grasse:, have been
shown to support acetylene reduction, and nitro-
gen-fixing bacteria have been cultured from
these samples (13, 53, 64, 72, 99, 208, 209). How-
ever, the isolation of nitrogen-fixing bacteria in
pure culture does not prove that an isolate fixes
nitrogen or is solely responsible for nitrogenase
activity in grass roots. If these were the criteria
for demonstrating the causative bacteria for
acetylene reduction by roots, then Rhizobium
would not have been discovered until a few years
ago. Therefore, it is quite possible that nitrogen-
fixing bacteria which associate with grass roots
but require a combined nitrogen source for ni-
trogenase activity in pure culture have been
missed and are still to be discovered. The com-
plication with associative nitrcgen fixation in
grasses is the absence of any obvious structure
housing the bacteria responsible for nitrogen
fixation.

Because of problems with the identification of
bacteria responsible for nitrogen fixation in as-
sociation with grasses, isolations have usually
been made with enrichment cultures of roots.
By comparing the rates of acetylene reduction
by roots and the numbers of bacteria, Doberei-
ner et al. (65) concluded that A. paspali is re-
sponsible for associative nitrogen fixation in P.
notatuni. Studies of nitrogenase activity, dry
matter, and total nitrogen accumulation related
to numbers of bacteria with several P. notatum
genotypes demonstrated that a potential for ni-
trogen fixation in this grass depended on the
presence of A. paspali (47).

Débereiner and Day (64) and von Biilow and
Débereiner (208) demonstrated correlations be-
tween surface-sterilized excised roots and en-
richment culture acetylene-reducing activity.
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Using this method, they concluded that Azo-
spirillum are the bacteria respo:sible for most
of the nitrogenase activity inside grass roots
(136). Since it has been shown that the bacieria
must proliferate for nitrogenase activity to be
established in excised roots (202), it is obvious
that the success with which root surfaces are
sterilized is absolutely critical. In none of the
descriptions reporting the isolation of nitrogen-
fixing bacteria from inside roots has the surface
sterility of the roots been demonstrated une-
quivocally. Nevertheless, Azospirillum spp.
have attracted most of the attention as the bac-
teria respousible for nitrogen fixation in grasses
because of their suggested location in relation to
roots (64, 159) and because of their wide distri-
bution (67). Therefore, our discussion on thc
physiology of nitrogen-fixing bacteria is confined
to A. paspali, A. brasilense, and A. lipoferum.

Carbon Metabolism and Oxygen Supply

As discussed before, it is thought that nitrogen
fixation by bacteria in the region of the roots
derives energy from translocated photosynthate.
Photosynthate may also provide carbon skele-
tons which serve a purpose in the assimilation
of fixed nitrogen into bacteria and therefore may
be precursors of the nitrogenous compounds re-
leased to the plants. Salts of malic, succinic,
lactic, and pyvruvic acids have been shown to
support vigorous growth and acetylene reduc-
tion in pure cultures by all of the bacteria under
discussion (45, 64, 144). A. paspali and A. lipo-
ferum are also able to utilize glucose and sucrose
as sole carbon sources for growth and nitrogen
fixation (64, 189). By contrast, glucose and su-
crose reportedly are poor substrates for A. bras-
tlense (45, 64, 189). The correlation between
organic acids as potentially good substrates for
Azospirillum and their accumulation in the
roots of C-4 grasses has been emphasized in
support of the suggestion of a symbiotic associ-
ation between these bacteria and grasses (64).

Azospirillum spp. are aerobic bacteria which
require low pO: for the expression of nitrogenase
activity {189). Studies of oxygen vptake by cell-
free extracts of A. brasilense with malate, suc-
cinate, lactate, and pyruvate have indicated that
the tricarboxylic acid cycle is operative in these
organisms (143). The failure to detect enhanced
levels of O, uptake with substances that support
poor growth and nitrogen fixation (hexoses and
their phosphate derivatives) has shown that the
glycolytic and pentose phosphate pathways are
of minor significance in A. brasilense (143). The
tricarboxylic acid cycle is the major route for
adenosine 6'-triphosphate generation in aerobes
(186); respiration by A. brasilense generates
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adenosine 5'-triphosphate (140). and adenosine
5'-triphosphate is required for cperation of the
nitrogenase in this organism (36, 121). The tri-
carboxylic acid cycle has also been shown to be
important for generating reducing power (186).
Electrons from the tricarboxvlic acid cvcle inter-
mediates in A. brasilense are transferred to ox-
idized nicotinaniide adenine dinucleotide (143).
Reduced nicotinamide adenine dinucleotide has
been shown to be one of many possible sources
of electrons for reduction of N. to NH, by nitro-
genase (214). Therefore, these studies suggest
that, provided photosynthate and oxygen are
available to A. brasilense in the roots, the bac-
teria may be able to manufacture the prerequi-
sites for nitrogenase activity. It has been sug-
gested that the pO. is low and that substrate
carbon levels are limiting at the sites of nitrogen
fixation in the roots (64). The efficiency of nitro-
gen fixation by A. brasilense increased with
decreased carbon supply (45, 64) and with low
pO: (144). Using these observations, Dobereiner
and Day (64) speculated that the symbiotic grass
svstem has a high efficiency for nitrogen fixation,
similar to legume-Rhizobium symbioses.

The bacteroids in the nodules of legumes gen-
erally do not grow (23). Considerable increases
in nitrogen fixation occur as the life cycles of
leguine symbioses progress (153). This implies
that high rates of nitrogen fixation in legumes
are possible with predominantly nongrowing
bacteroids in the nodules. Little is known about
the interaction between growth and nitrogen
fixation by Azospirillum in association with
grassroots. However, an oxygen deficiency limits
the growth of A. brasilense when N. is the sole
nitrogen source (144). Neyra and Dobereiner
(136) noted that under a limiting O. supply the
reduction in the growth rate of the bacteria was
far greater than the decrease in the rate of
nitrogenase activity. Higher efficiency of nitro-
gen fixation by A. brasilense was explained by
an increase in nitrogenase activity per bacterial
cell, with a concomitant decrease in growth rate
(136). However, all of these inferences are based
on the results of studies with pure cultures, and,
therefore, the relationship between growth and
efficient nitrogen fixation by Azospirillum in
roots of grasses is unknown.

High Oxygen Partial Pressure and
Nitrogenase Activity

Because nitrogenase is sensitive to oxygen, the
process of nitrogen fixation under fully aerobic
conditions is not possible unless this enzyme is
protected. Most studies involving nitrogen fixa-
tion by bacteria under conditions of high pO.
have been done with A. chroococcum and Azo-
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tobacter vinelandii. Azotobacter can fix nitro-
gen in air because of respiratory and conforma-
tional protection of its nitrogenase and because
of the location of this enzyme within the cell
(214). None of these mechanisms has been dem-
onstrated in A. paspali, but they undoubtedly
exist because these bacteria are able to fix nitro-
gen and grow in air (63). Nevertheless, the nitro-
genase activity associated with the roots of P.
notatum is sensitive to changes in pO, (65). The
optimum pO; for nitrogenase activity by P. no-
tatum roots was shown to be similar to that
reported for A. chroococcum in pure culture
(66).

Microaerophily has been reported to be an-
other mechanism by which certain bacteria are
capable of expressing nitrogenase (214). No res-
piratory protection can be afforded by these
microorganisms, but there is evidence of a de-
gree of conformational protection for their nitro-
genase (214). Azospirillum spp. belong to this
group of organisms. The necessity for microaero-
philic conditions for nitrogen fixation by Azo-
spirillum is supported by reports that A. brasi-
lense does not grow with N, as the sole nitrogen
source under aerobic conditions (144). Also, Tar-
rand et al. (189) have discussed the microaero-
philic nature of Azospirillum spp. for nitrogen
fixation, and they included this characteristic as
part of the taxonomy of these bacteria. The
optimum rates of nitrogenase activity by Azo-
spirillum were detected between 0.005 and 0.007
atmospheres (0.507 and 0.709 kPa) of dissolved
0, (36, 133, 144). The observed sensitivity of
nitrogen fixation by Azospirillum to oxygen has
been suggested as a reason why nitrogenase ac-
tivity in grass roots can be detected only at low
pO, (1, 136). It has been suggested that the
apparent oxygen sensitivity of the nitrogenase in
bacteria associated with grass roots is mediated
by poor oxygen protection mechanisms under in
situ conditions (136). Nevertheless, van Berkum
and Sloger (204; van Berkum and Sloger, Plant
Physiol. 63:5479, 1979) demonstrated that im-
mediate reduction of acetylene by excised and
intact roots of salt marsh grasses and rice in air.
The immediate reduction of acetylene by prein-
cubated sorghum roots exposed to air before
assay has also been reported (202). Therefore,
the suggestion that no nitrogenase activity is
associated with excised roots which fail to reduce
acetylene immediately upon assay (202, 204) is
an alternative to suggestions of inactivation of
nitrogenase by oxygen in roots of grasses.
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Effects of Temperature and pH

The optimum temperature for N;-dependent
growth by Azospirillum has bcen reported to be
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between 32 and 40°C and is similar to the optima
reported for other nitrogen-fixing bacteria from
tropical environments (44). The nitrogenase ac-
tivity of Azospirillum is sensitive to tempera-
tures below 18°C (44). The higher incidence of
Azospirillum in tropical areas has been attrib-
uted to the high temperature requirements of
these bacteria (136). Although all Azospirillum
strains reportedly have similar temperature op-
tima for nitrogen fixation, differences in cold
tolerance have been reported (134). However,
the sensitivity of nitrogenase activity in rcots of
grasses to Jow night temperatures has been at-
tributed to effects upon plant growth (136).

Day and Dobereiner (45) reported that the
optimal pH for N:-dependent growth by Azo-
spirillum lies between 6.8 and 7.8. They specu-
lated that nitrogen fixation by Azospirillum oc-
curs at the surface or within the cells of the
roots, where these specific pH requirements can
be met (45). Furthermore, the occurrence of
Azospirillum in soils has been shown to be pH
dependent, but it has been suggested that roots
of grasses offer opiimal conditions to the bacte-
ria, even at low soil pH'’s (67).

The effects of temperature and pH on nitro-
genase activity by A. paspali or in roots of P.
notatum have not been documented.

Interaction of Combined Nitrogen and
Nitrogenase

Ammonia, the product of the reduction of N
by nitrogenase (162), is preferred by all nitrogen-
fixing bacteria as the nitrogen source which pro-
vides more rapid growth than any other sub-
strate (117). A. paspali (63) and A. brasilense
(143, 144) also grow well on ammonia without
fixing nitrogen. Azospirillum promptly converts
to nitrogen fixation, and growth slows when the
cells are transferred from ammonia to nitrogen-
free media (145). Furthermore, a low initial con-
centration of combined nitrogen in large semi-
sclid batch cultures improved growth and nitro-
gen fixation by Azospirillum when small inocula
were used (van Berkum, Ph.D. thesis). Ammo-
nia-grown cells of A. paspali also induced nitro-
genase activity upon transfer of the cells to
nitrogen-free media (63). These observations in-
dicate that arnmonia controls nitrogenase activ-
ity and synthesis in nitrogen-fixing bacteria
which are suggested to associate with the roots
of grasses.

Regulation of nitrogenase activity and synthe-
sis by ammonia has been studied in other free-
living nitrogen-fixing bacteria. Mortenson (129)
has shown that the study of the inhibition of
synthesized nitrogenase is complicated because
synthesis of this enzyme is immediately re-
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pressed upon addition of ammonia to the bac-
teria. The regulation of the synthesis of nitro-
genase has been investigated mostly with Kleb-
siella pneumoniae (174, 188, 200) and A. vine-
landii (90). The first product of the incorpora-
tion of ammonia into bacteria is glutamate, and
this reaction is accomplished by two alternative
pathways. Glutamate dehydrogenase provides
glutamate to the cells when the concentration of
ammonia in the medium is high (>1 mM) (132).
When the level of ammonia is low (<1 mM) or
under nitrogen-fixing conditions, reactions cat-
alyzed by glutamine synthetase coupled to glu-
tamate synthase provide glutamate to the cells
(188, 192), and glutamate dehydrogenase is ino-
perative (174). L-Methionine-pL-sulfoximine
and L-methionine sulfone are inhibitors of these
two enzymes involved in an.monia assimilation
{(90). The simultaneous addition of L-meihio-
nine-pL-sulfoximine or L-methionine sulfone
with an inhibitory level of NH," "0 nitrogen-
fixing cultures of K. pneumoniae or A. vinelan-
dii allowed nitrogenase activity to be detccted,
but in *he absence of these glutamate analogs
nitrogen fixtion ceased (24, 90). The addition of
ammenia to nitrogen-fixing cultures of A. bras-
ilense also represses synthesis of nitrogenase
(36). In the presence of excess ammonia, L-me-
thionine-bL-sulfoximine and L-methionine su!-
fone also lifted repression of nitrogenase synthe-
sis in A. brasilense, and acetylene reduction
could be detected (143). Ammonia repressed
glutamine synthetase and increased adenylyla-
tion of this enzyme in K. pneumoniae and A.
brasilense (24, 143). L-Methionine-bL-sulfoxi-
mine and L-methionine sulfone suppressed ad-
enylylation of glutamine synthetase in both mi-
croorganisms (24, 143), and primarily deade-
nylylated forms were present under nitrogen-
fixing conditions (143). The popular current hy-
pothesis is that the active, deadenylylated form
of glutamine synthetase induces nitrogenase
synthesis and that respiration or conversion of
this enzyme into its inactive adenylylated form
by ammonia causes repression of nitrogenase
synthesis (214), The best evidence implicating
glutamine synthetase in nitrogenase regulation
comes from observations that nitrogenase-dere-
pressed mutants are the result of structural al-
terations in glutamine synthetase (174, 175, 200).
The role cf glutamine syntlietase in the regula-
tion of nitrogenase in A. brasilense has also been
supported by the isolation of mutants similar to
K. pneumoniae (81). However, a direct negative
control by an ammonia-sensing repressor at the
nif operon in K. pneumoniae has also been sug-
gested (5). The control mechanisms for nitrogen-
ase synthesis in A. paspali are not known.
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Assimilatory and dissimilatory nitrate reduc-
tior ard denitrification by A. brasilense have
also be.n demonstrated (72, 133, 137, 140), and
Neyra et al. (137) concluded that studies of
methods to optimize nitrogen fixation and min-
imize denitrification by Azospirillum are impor-
tant. Nelson and Knowles (133) observed that
nitrate inhibited the nitrogenase activity of A.
brasilense, which has been shown to be medi-
ated through active nitrate reduction (123). Ma-
galhaes et al. (123) were able to isolate nitrate
reductase-negative mutants of Azospirillum,
which were able to fix nitrogen in the presence
of 10 mM nitrate. These authors advocated that
inoculation of these mutants onto grasses could
lead to systems capable of nitrogen fixation in
the presence of high nitrate levels in soils.

Dabereiner and Day (63) reported that nitro-
genase activity in A. paspali was not affected by
nitrate and suggested the lack of nitrate reduc-
tase in this organism. However, these workers
did observe inhibition of P. notatum root nitro-
genase activity by nitrate. They suggested that
the roots reduced nitrate to nitrite, which ef-
fluxed out of the roots together with nitrate,
causing the inhibition of nitrogenase activity
(63).

Nitrogenase of Azospirillum brasilense

Studies of the nitrogenase from A. brasilense
have been possible because this enzyme is re-
leased by disruption of the cells with a French
pressure cell and purification methods have been
described (121). A. brasilense has been shown
to have the following three-component nitrogen-
ase system: an Mo-Fe protein, an Fe protein,
and an activating factor for the Fe protein sim-
ilar to that found in Rhodospirillum rubrum
(145). The activity of the nitrogenase of A. bras-
ilense is dependent on the presence of Mn** and
Mg®* (36), and the activating factor for R. rub-
rum activates the Fe protein from A. brasilense
and vice versa (121). The Mo-Fe protein from
A. brasilense did not require activation because
it was active when crossed with the Fe protein
from: K. pneumoniae (121).

H: Evolution and Uptake

The reutilization of evolved hydrogen by hy-
drogenase, producing adenosine 5'-triphosphate
and reducing power, for more efficient nitrogen
fixation in legumes has been suggested (172,
173). The hydrogenase activity in A. brasilense
has also been studied. The levels of activity were
suggested to be sufficient to recycle all of the
hydrogen produced by nitrogenase (159), but the
importance of this function for efficient nitrogen
fixation in grass roots remains to be determined.

\\
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Also, the role of hydrogenase as an oxygen pro-
tection mechanism of nitrogenase in A. lipo-
ferum has been suggested (207).

CONCLUSION

Undoubtedly, nitrogen fixation in association
with grasses cccurs. Grasses may derive nitrogen
from the atmosphere through the participation
of free-living or associated microorganisms by
three mechanisms. First, carbohydrates released
by the decay of plant material may support
growth on N, by free-living bacteria. The nitro-
gen retained in the biomass of this fraction of
the microflora may have long-term enrichment
properties, especially in undisturbed ecosystems.
Second, nitrogen fixation in the root region of
grasses may occur through the release of carbon
compounds from the pltm'fs into the soil. Long-
term nitrogen enyicliment of soii through this
mechanism )ndf occur and may be adequate to
support l&bor-intensive and subsistence farming
under tropical conditions. And third, root-asso-
ciated nitrogen fixation may be closely coupled
to plant metabolism. The highly mechanized
farming practices of developed countries would
be dependent on this form of nitrogen fixation
for maximal economic return if it is to partly or
completely replace nitrogen fertilizer applica-
tion. The Azospirillum-grass associative sym-
biosis has been classified in the third category,
but no evidence in support of this notion has
been ferthcoming. Nitrogen fixation in well-aer-
ated environments has been considered to be
sporadic, difficult, or impossible to reproduce
and to occur at rates insufficient to meet the
requirements of intensive crops (73). However,
it is our opinion that the process of nitrogen
fixation by grasses should be explored in full and
not dismissed at a stage when very little is
known.
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