INFLUENCE OFAZOSPIRILLUMSPP. ON THE
NITROGEN SUPPLY OFA GRAMINEOUS HOST

CENTRALE LANDBOUWCATALOQUS

imimimi111 I IIIIIIIiimiImiIIIIIIIIII I I
0000 0457 9252

Promotor:

Dr. A.J.B. Zehnder
Hoogleraar in de Microbiologie

Co-promotor:

Dr. J.A. vanVeen
Hoofd Afdeling Bodembiologie,
Bodemvruchtbaarheid

Instituut

voor

/ O / J c ^ 1 , 1440
CHRISTIAN CHRISTIANSEN-WENIGER

INFLUENCE OFAZOSPIRILLUMSPP. ON THE
NITROGEN SUPPLY OFAGRAMINEOUS HOST

Proefschrift
ter verkrijging vandegraadvan
doctor indelandbouw- enmilieuwetenschappen,
op gezag vanderector magnificus,
dr. H.C.vanderPlas,
in hetopenbaar teverdedigen
op woensdag 2oktober1991
des namiddags tevier uurindeaula
van deLandbouwuniversiteit teWageningen

\^--5M8MS$

BIBLIOTHEEK
EÏNDBOUWUNIVERSaSa
WAOENINGEN

The work for this thesis has been accomplished at the EMBRAPA Institute for Soil
Biology, Km 47, Seropedica, Rio de Janeiro 23851, Brazil; at the former Research
Institute ITALand atthe Institute for Soil Fertility Research, both P.O. Box48, 6700
AAWageningen,The Netherlands. Thisworkwasfinancially supported by BorbyhofMönkhagenerhof Plant Breeding Station (Germany), by grant ST2000412 from the
European Community and by the Dutch Agricultural Research Department DLO.

rt:-"ï^')

' W

STELLINGEN1

1.

Hedendaagse akkerbouw heeft een hoog energie verbruik. Om een voldoende
voedselproduktie te garanderen dient de mens óf nieuwe en goedkope energiebronnen te
vinden óf de energiebehoefte van de akkerbouw te verlagen.

2.

Acetyleen-reductie als eenindirecte maatvoor stikstoffixatie isbruikbaar voor de bepaling van
nitrogenase activiteitmaar isnietbruikbaar omdestikstofwinst bijfixatieovereenlange periode
te berekenen.

3.

Bij de 15N isotoop-verdunningsmethode moet men rekening houden met de
isotopenfractionering vandeplantzelfenheeft daarom eenbetrouwbare, niet stikstof-fixerende
plant ter controle nodig.

4.

Grasachtigen hebben tijdens deevolutie geen nauwe band met stikstof-fixerende procaryoten
ontwikkeld zoals desymbiose vanRhizobium metLeguminosen omdat grasachtigen eenzeer
dichte vegetatie vormen waar binnen de rhizosfeer een zeer efficiënte stikstof-tumover
plaatsvindt.

5.

De bestaande rhizosfeer-associatie tussen Azospirillum en grasachtigen moet eerder worden
beschouwd als een parasitair systeem dan als een symbiotisch systeem.

6.

Onderzoek op het gebied van de plant-bacterie associatie vereist voldoende kennis van de
algemene microbiologie, de genetica, de plantenfysiologie en de bodemkunde.

7.

Indien in Nederland gemiddeld 60 kg N per hectare aan minerale stikstof door
luchtverontreiniging indebodemterecht komt,danisonderzoek ophetgebiedvan biologische
stikstof-fixatie 'water naar de zee dragen'.

8.

Ook voor eenmicrobioloog ishetzinvolom eensuikerbiet vanhavertekunnen onderscheiden.

9.

Een kenmerk van rhizosfeer bacteriën is de productie van phytohormonen waarmee zij de
ontwikkeling van de gastheer wortel stimuleren.

10.

Biologische stikstoffixatie isaltijdverbonden met een hoog verbruik van metabolische energie,
omdat gefixeerde N H / uit decel lekt endan door eenaktieve ammoniumtransportketen in de
cel terug moet worden gebracht.

11.

Het steunen van de Europese landbouw met behulp van produktsubsidie isop lange termijn
de duurste en inefficiëntste methode.

12.

Veel milieu-activisten zijn niet bereid te erkennen dat de mens nèt als vroeger de zuurstof
producerende bacterie of de dinosaurus, een absoluut noodzakelijk deel van het milieu
uitmaakt. Het enige verschil is dat de mens pech heeft dit te begrijpen.

Stellingen behorende bij het proefschrift "Influence ofAzospirillum brasilense spp.onthe nitrogen
supply of a gramineous host" van Christian Christiansen-Weniger.
Wageningen, 2 oktober 1991.
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CHAPTER 1
INTRODUCTON

History
Azospirillum spp. was first described by Beijerinck (1922, 1925) as a Gramnegative motile rod. The organism, isolated from a dutch soil, was named first
Azotobacter spirillum and later Spirillum lipoferum. Beijerinck could not prove
unequivocally that this bacterium could fix nitrogen. Only 40 years later Becking
demonstrated clearly that this microorganism was able to utilize 15N2 under 0 2
limited conditions in the presence of yeast extract (Becking 1963). After other
similar bacteria were isolated, Tarand et aL (1978) suggested to combine these
organisms under the genus name Azospirillum. The genus Azospirillum is
described in literature as an obligate aerobic soil bacterium with a temperature
optimum of 35°-37°C (Tarand et aL 1984). The high temperature optimum may
explain, why Azospirillum isfound in tropical or subtropical soils with cell numbers
being hundred to thousand times higher than in soils of a temperate region
(Baldani et aL 1983, De Coninck et aL 1988, Jagnow 1981, Magalhaes et aL
1979). Up to now four species ofAzospirillum are known. Azospirillumlipoferum
and Azospirillum brasilense are the best studied strains. They are reported to be
Gram-negative to Gram-variable rods of vibroid shape with a single polar
flagellum when grown on liquid media. Lateral flagella appear on solid media.
Both strains develop small red colonies on congo-red containing medium.
Characteristics differentiating both strains are the ability of A. lipoferum to use
glucose as sole carbon source and its requirement of biotine for growth. Other
than A. brasilense, A. lipoferum forms pleomorphic structures under alcaline
conditions (Hartmann et aL 1985, Tarand et aL 1978). The characteristics of these
two strains together with Azospirillum amazonense (Magalhaes et aL 1983) are
given in Table 1. A fourth strain, Azospirillumhalopraeferans, a salt tolerant strain
of high temperature preference (40°C), has been described recently (Hartmann
1988, Reinhold et aL 1987).
Interest in Azospirillum has clearly increased after the report of Döbereiner and
Day (1976) that the organism could colonize the rhizosphere of forage grass
Digitaria decumbens, resulting in increased rhizosphere nitrogen fixation. Since
then several other grasses, among them important crops as rice, corn, sorghum
and wheat were found to be potential hosts for Azospirillum spp. (Hegazi et aL
1979, Vlassak and Bohool 1983, Lakshmi Kumari 1976, Lamm and Neyra1981,
Neyra and Döbereiner 1977, Staphorst and Strijdom 1978, Wong and Stenberg
1979).

Physiology ofAzospirillum
Nitrogen fixation
The nitrogenase protein complex was isolated, purified and analyzed from A.
brasilense,A. lipoferumandA.amazonense (Ludden et al 1978, Okon et al 1977,
Song et aL 1985). The nitrogenase of A. brasilense is a three component system
with a Mo-Fe protein (dinitrogenase), a Fe protein (dinitrogenase reductase) and
an activating enzyme. Each component isolated by its own does not reduce N2
(Ludden et aj., 1978). Activation of the Fe protein requires manganese and ATP.
Purified Mo-Fe protein of A. amazonenseis composed of two subunits of 55000
and 50000 daltons. Nitrogenase activity of A. amazonenseis independent of the
availability of an activation enzyme or of manganese (Song et a[. 1985).
Similarities in structure and function of the Azospirillum nitrogenase with the
nitrogenase of N2-fixing Rhodospirillumrubrum was reported by Hartmann et al.
(1986), Kanemoto and Ludden (1984) and Nair et al. (1983). Yet, the genetic
control and expression of Azospirillum nitrogenase is likely similar to those of
other diazotrophic bacteria (Bozouklian et aL 1986, Pedrosa and Yates 1984,
Singh and Klingmüller 1988, Sing et al. 1989).
Two physiological characteristics of the nitrogenase activity of Azospirillum are
of prime importance for its performance inthe rhizosphere of plants.
1) The nitrogenase of Azospirillum is affected by free oxygen. Nitrogenase
proteins are irreversibly inacivated by any 0 2 . Because of the poor protection of
its nitrogenase against the toxic effect of 0 2 , pure cultures of Azospirillum have a
narrow activity peak at a low oxygen tension of approximately 0.1-0.5 kPa 0 2 . No
activity can be measured at oxygen tensions > 3 kPa and under anaerobic
conditions (Hartmann 1988). Differences in nitrogenase oxygen sensitivity have
been reported for A. lipoferum, A. brasilense and A. amazonense (Hartmann
1988). A shortterm protection of the nitrogenase enzymes against a temporal
oxygen stress, comparable to that of Azotobacter chroococcum (Drozd and
Postgate 1970) was reported by Hartmann et al (1988).
2) Mineral nitrogen, NH4+ or N03", represses the nitrogenase activity of
Azospirillum (Day and Döbereiner 1976, Hartmann et al 1986, Nelson and
Knowles 1987). N2-fixation in ail Azospirillum species is completely inhibited at
NH4CI concentration > 1mM. Reasonfor this is astrict feedback regulation ofthe
nif gene transcription, which is thought to prevent the bacterium to continue the
energy devouring N2-reduction if other sources of nitrogen are available.
Glutamine synthetase, which has a responsible function in bacterial nitrogen
assimilation, was shown to be involved in these regulatory processes (Bani et al
1980, Gauthier and Eimerich 1977).
N-metabolism
Azospirillum is able to grow aerobically on NH4+, N03" or N0 2 ' as sole nitrogen
sources (Döbereiner 1983, Döbereiner and De Polli 1980). The keyenzymes for
nitrogen assimilation in Azospirillum are glutamine synthetase and glutamate
synthetase. Nitrogen assimilation via glutamate dehydrogenase, which is common
in procaryotes growing under non nitrogen limited conditions, was found in all
Azospirillum strains when grown on glutamate (Hartmann et §JL1988), but seems
to play a minor role (Westby et al 1987).

Table 1: Differences between Azospirillum spp. (from Döbereiner 1983; Okon
1982)

Growth on medium with
pH above 6.8
Colony type on potato
agar
Tolerance to 0 2 for
nitrogenase activity
Dissimilation of
N03 - > N02
N0 2 --> N 0 2 0

A. amazonense

A. lipoferum

A. brasilense

very poor

good

good

white flat
raised margin
verylow

pink
raised
low

pink
raised
low

+

+

±

a

Cell width (nm, N2
grown)

0.68 ± 0.08

1.0to 1.5b

0.9 ± 0.03

Polar flagellum

+

+

+

Lateral flagellaon
nutrient agar

-

+

+

Polymorph cells in
alcaline media

-

+

-

Biotin requirement

-

+

-

Use of sucrose

+

-

-

Generation timefor
N2 dependent growth
at optimal p 0 2

10 h

5-6 h

6h

DNA base comp, (mol %
G + C)

67-68

69-70

69-70

a

b

Explanation of signs: + positive in more than 90%of the strains
± positive in lessthan 50% of the strains
- negative
Cells ofA. lipoferum may become even wider and much longer in older
alcaline cultures

The existence of an active ammonia uptake mechanism across the cell
membrane by NH 4 + carrier proteins was reported by Hartmann and Kleiner (1982)
using 14C labelled methylamine. NH 4 + transport across cell membranes was found
in several free living N2-fixing bacteria, such as Azotobacter, Klebsiella and
Clostridium (Kleiner 1981, 1984). Kleiner (1981, 1984) postulated that
intracellularly formed NH 4 + does diffuse through cell membranes along with the
pH gradient, but that membrane bound proteins with high affinity for ammonium
will immediately carry back this released NH 4 + . This mechanism is thought to be
the reason why Azospirillum does not release fixed nitrogen to its environment
(Hartmann et aL 1988).
Nitrate reduction
Assimilatory as well as dissimilatory nitrate reduction occurs in Azospirillum
(Eskew et aL 1977, Magalhaes et aL 1983, Neyra and Van Berkum 1977). Under
low oxygen tensions (P0 2 < 3 kPa) nitrate appeared to be rapidly reduced to
N0 2 " (Nelson and Knowles 1978). Neyra et aL (1977) found nitrate reductase as
well as nitrite reductase in nearly all examined strains of A. lipoferum, while
several strains of A. brasilense lack the nitrite reductase system and accumulate
nitrite under a low oxygen partial pressure 0 2 or at anaerobic conditions
(Magalhaes et aL 1978). InA. amazonense nitrite reductase activity was not found
either (Okon 1982).
Scott et aL (1979) demonstrated that under anaerobic conditions nitrate as well
as nitrite can function as electron acceptor which allows for anaerobic nitrogen
fixation (Neyra et aL 1977). Denitrification was demonstrated to occur in
Azospirillum when associated with plants (Bothe et aL 1983). This means that N2
fixation and denitrification are parallel active. At low oxygen concentrations and in
alkaline soils both processes may result in a loss of plant available nitrogen
(Neurer et aL 1985).
C-metabolism
Azospirillum is a heterotrophic organism, which depends on a carbon
metabolism via the citric-acid passway. Various organic acids, such as malic,
succinic, lactic and pyruvic acid can be used by A. brasilense, A. lipoferum and A.
amozonense. A. brasilense and A. lipoferum grow on glycerole in contrast to A.
amazonense. All three strains grow on fructose, galactose and L-arabinose.
Glucose is used by A. lipoferum and A. amazonense, but not by A. brasilense.
Sucrose, D-ribose and xylose are growth subsrates for A. amazonense. None of
the strains grow on manitol as sole carbon and energy source (Tarand et al.
1984, Martinez-Drets et al. 1985).
Auxine production
Azospirillum produces the auxine indole-acetic-acid (IAA) a plant growth
substance, when DL-tryptophan as an essential precursor is present (Reijnders
and Vlassak 1979, Tien et aL 1979). The metabolic pathways of IAA biosynthesis
(Schneider and Wightman 1974) in Azospirillum are not clear. The discovery of
different aromatic amino acid transferases makes it likely that a multiple pathway
is followed via tryptamine and indol-pyruvic acid. (Ruckdäschel et aL 1988). The
hypothesis that beside IAA other plant growth substances, such as gibberilin or

cytocinin, are produced by Azospirillum as well (Tien et aL. 1979) could not be
substantiated. Recently, Zimmer and Bothe (1988) reported the production of a
yet unspecified substance with a stimulating effect on the development of wheat
roots.
IsolationofAzospirillum
Methods for isolation and purification of Azospirillum spp. were described by
Döbereiner and Day (1976), and then further modified by Okon et al (1977),
Albrecht and Okon (1980) and Bashan and Levanony (1985). In all these methods
azospirilli are first enriched in semisolid (0.2% agar) nitrogen free mineral medium
with 0.5% DL malic acid ,socalled NfB medium (Albrecht and Okon 1980). The
nitrogen fixing microaerophilic Azospirillum with a considerable aerotaxis and a
good motility will form a growth band typically 0.5 to 1.5 cm beneath the agar
surface. This band is commonly referred to as subsurface pellicle. Isolation is
performed on NfB plates, supplemented with congo red (4 g/l).Azospirillum grows
out to typical small purple colonies (Rodriquez Careres 1982).

Azospirillum-plant interaction
Localisation ofAzospirillum
The different species of Azospirillum show a distinct host-plant-specification. C4
plants, such as maize and sorghum, are predominantly colonized byA.lipoferum,
whereas C3 plants, such as wheat, rice, oat and barley, are mostly host to A.
brasilense strains lacking nitrate reductase activity (Baldani and Döbereiner 1980,
Rocha et aL 1981). A specific chemotactical response of Azospirillum strains to
various amino acids, sugars and organic acids is reported as well (Barak et aL.
1983, Heinrich and Hess 1985, Reinhold et aL 1985). Significant differences in this
Chemotaxis are observed between Azospirillum strains isolated from C4and C3
plants (Reinhold et aL 1985).
The nature of the association between Azospirillum and its host plant is still a
matter of debate. Scanning electron micrographs showed Azospirillum settling
with high densities on the root surface, closely bound with fibrillar material
(Whallon et aL 1985, Murty and Ladha 1987). By using immuno-gold labelling,
Bashan and Levanony (1988) demonstrated that Azospirillum also colonizes the
intercellular spaces of the root cortex. However, whether Azospirillum is able to
colonize inner plant tissues as was postulated by Patriquin and Döbereiner
(1978), or even to infect plant cells as suggested by Tilak and Rao (1987),
remains to beproven.
InfluenceofAzospirillumon thehostplant
Nitrogen fixation of Azospirillum attached to roots was measured both in
excised root samples and in undisturbed growing plants. (Albrecht et al 1981,
Charylulu et aL. 1985, Watanabe and Lin 1984). A correlaton was found between
the number of Azospirillum cells isolated from roots and the amount of
rhizosphere nitrogenase activity (Bülow and Döbereiner 1975). Enhancement of

plant growth, nitrogen content and plant yield following Azospirillum inoculation
have often been reported (Baldani et aL 1983, Baldani et aL 1987, Boddey et al
1986, Kapulnik et aL 1981, Kapulnik et aL 1987, Pereira et aL 1988, Sarig et aL
1984, Schank et aL 1981). The effects reported for Azospirillum inoculation
appear to be dependent on the type of the host plant, the Azospirillum strain
used, and the environmental conditions of the experiment. For example, data on
the stimulation of dry matter production as a response to Azospirillum inoculation
vary from no significant response (Albrecht 1977, Barber et aL 1976) up to a
stimulation of 80% (Nur et aL 1980). Increase in plant nitrogen content were
reported in some casesto be 120% to 150% inAzospirilluminoculated grasses as
compared to the non-inoculated controls (Cohen et aL 1980, Kapulnik et aL
1981). Whether these positive effects on plant growth are only due to the
nitrogenase activity of the associated Azospirillum is doubtful. Isotope experiments
with 15N labelled nitrogen, directly by 15N2 enriched atmospheres as well as
indirectly using the 15N-isotope dilution technique (Boddey et aL 1983) showed
that very small amounts of the fixed nitrogen are transferred from the bacterium
into host plant material (De Polli et aL 1977, Ito et aL 1980, Nayak et aL 1986,
Owens 1977). Besides nitrogen fixation, other physiological .characteristics of
Azospirillum may be involved in plant growth stimulating effects ofAzospirillum.
Nitrate reductase activity supports the nitrate assimilation of the host plant
(Ferreira et aL 1987, Scott et aL 1979). 15N-isotope dilution experiments with
nitrate reductase negative mutants of A. brasilense indicated that the nitrate
reductase activity of root associated Azospirillum enhance the nitrogen uptake of
wheat (Baldani et aL 1986, Boddey et aL 1986). These results were confirmed by
Ferreira et aL (1987), who showed that the total nitrogen incorporation by wheat
was significantly higher in plants inoculated with wild type strains ofA.brasilense
than in plants inoculated with nitrate reductase negative mutants.
Indole-acetic acid produced by Azospirillum stimulate root growth and root
development, which result in a enhanced nutrient and water uptake of the host
plant (Barton et aL 1985, Reinders and Vlassak 1979, Umalia-Garcia 1980). The
increased uptake of, in particular, nitrate, phosphate and potassium by the plant
was postulated by Okon (1982) as a "sponge effect" of an Azospirillum
inoculation. Effects of associated Azospirillum on root elongation, branching and
root hair differentiation were reported to be comparable to those of a pure IAA
addition (Harari et aL 1988, Kapulnik et aL 1985, Patriquin et aL 1983). Mutants
lacking the capacity to produce auxin were not able to increase root elongation or
lateral root formation (Barbieri 1986). Mutants with an increased production of
auxin did not further affect root development of the host plant (Harari et aL 1988).

Outline of this thesis
Most ecological, physiological and genetical studies have been performed with
Azospirillum strains of tropical origin. For example, the best studied A.brasilense
strain is strain Sp 7 (ATCC 29145), an isolate from a brazilian soil (Day and
Döbereiner 1976). In view of a possible application in temperate climates and
realising that bacteria adapt to prevailing climatic conditions, azospirilli were
isolated for this study from wheat, maize and a forage grass {Poapratense),

grown under temperate conditions.
Much of the present information on the association ofAzospirillumand plants is
based on either uncontrolled field experiments or on experiments in artificial
systems without soil or with removed roots. In order to obtain unambiguous
information on the ecology and activity of Azospirillum in the rhizosphere,
experimental approaches are needed which allow for studies with optimal control
of experimental conditions of plant and soils. The objectives of this study were the
investigate the behaviour ofAzospirillumin the rhizosphere of wheat in relation to
mineral nitrogen fertilization and (^-concentrations in soil. As nitrogen fixation of
Azospirillum is strictly dependent on free oxygen, mineral nitrogen and the soil
temperature, nitrogenase activity was determined in a controlled root environment
system. To exclude competition between introduced Azospirillum and the native
microbial rhizosphere population, the root part of the host plant was kept
gnotobiotic over the entire period of plant development.
The growth system that was developed to allow for experiments under these
controlled conditions is described in the chapters 2 and 4. In these chapters
results are presented on the reaction of root associated A. brasilense on changing
environmental conditions and on the effect ofA. brasilense on plant development
and on nitrogen uptake. The influence of the plant itself on the association ofA.
brasilense through the production of specific root exudates is described in the
chapters 3 and 4. The influence of plant-phytohormones on A. brasilense growth
and nitrogenase activity is given in chapter 5.
In order to determine the establishment and the survival of introduced A.
brasilense in natural soils, it was necessary to provide a physiological marker to
A. brasilense, which allowed a selective reisolation. A double antibiotic resistance
was chosen as a marker which was introduced to the bacterium by a transposon
(Tn5) insertion into the genome. Together with the ability of A. brasilense to grow
on N-free medium and to form red colonies in the presence of congo red,
reisolation of the targed A. brasilense cells at a low detection limits was possible
(Chapter 6).
In order to stimulate the transfer of fixed nitrogen from A. brasilense to its host
we isolated mutant strains, which lack its ammonia transport system across cell
membranes and which allow fixed nitrogen to leak out of their cells. A
physiological description of such mutants as well as their introduction to wheat is
reported in chapter 7.
The present study was aimed to answer the following questions:
DoesAzospirillum under temperate soil conditions establish cell densities in the
plant rhizosphere which are high enough to cause a significant effect on the
host plant?
What is the role of competitive bacteria in the association betweenAzospirillum
and the host plant?
Does the plant play an active role in the colonization and activity of
Azospirillum?

DoesAzospirillumfix atmospheric nitrogen under the conditions provided by an
active growing root?
How much ofthe fixed nitrogen istransferred to the host plant?
Does mutant Azospirillum, which releases substantial amounts of fixed
nitrogen to its environment, enhance the nitrogen supply of the host?
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CHAPTER 2
NITROGEN FIXATION OFAZOSPIRILLUM BRASILENSE IN SOILAND
RHIZOSPHERE UNDER CONTROLLED ENVIRONMENTAL CONDITIONS1

Summary
Acetylene reduction activity (ARA) of Azospirillum brasilense, either free living
in soils or associated to wheat roots, was determined in a sterilized root
environment at controlled levels of oxygen tension and with different
concentrations of mineral nitrogen. The nitrogenase activity in an unplanted
inoculated soil remained low at approximately 40 nmol C2H4 . h"1 per 2 kg fresh
soil, increasing to 300 nmol C2H4 . h'1 when malic acid was added as carbon
source via a dialyse tubing system. Nitrogen fixation of A.brasilense in the
rhizosphere of an actively growing plant was much less sensitive to the repressing
influence of free oxygen as compared with free living bacteria. An optimum
nitrogenase activity was observed at 10 kPa 0 2 with relatively high activities
remaining even at an oxygen concentration of 20 kPa. Nitrate as well as ammonia
caused a repression of nitrogenase activity which was less pronounced in the
presence, than in the absence of plants. Highest survival rates of inoculated
A.brasilense and highest rates of acetylene reduction were found in plants treated
with Azospirilli immediately after seedling emergence. Plants inoculated during a
later stage of growth showed a lower bacterial density in the rhizosphere and as a
conseqence also a lower nitrogen fixing potential. Subseqent inoculations with
A.brasilense during plant development did neither increase root colonisation nor
stimulate associated acetylene reduction. Using the 15N dilution method, the
response of an A.brasilense inoculation to plant nitrogen was calculated to be
0.067 mg fixed nitrogen per plant, i.e. 3.3 %of the nitrogen in the root and 1.6 %
in the plant shoot were found to be of atmospheric origin. This 15N dilution was
comparable to that in plants inoculated with a non N2-fixing Pseudomonas
fluorescens.

Introduction
Nitrogen fixing Azospirillum species are known to establish succesfully in the
rhizosphere of gramineous plants (Tilak and Rao 1978; Whallon et aL 1985).
Nitrogen fixation by root associated Azospirillum spp. has been reported both

1
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from field and from in vitroexperiments, but the results were not consistent (Bothe
et aL 1983; De Polli et aL 1982, Watanabe and Lin 1984). This has been attributed
to the fact that bacterial nitrogenase is strongly affected by the environment, in
particular by the presence of oxygen and mineral nitrogen (Balandreau and
Dommergues 1973; Day and Döbereiner 1976; Okon et aL1977). The nitrogenase
activity of A.brasilense reaches its maximum at 1.7 kPa 0 2 and little or no activity
remains at oxygen tensions of 3 kPa 0 2 and above, whereas no nitrogenase
activity was found under anaerobic conditions. Both N03" and NH4+ strongly
influence nitrogen fixation by A.brasilense as well (Day and Döbereiner 1976;
Nelson and Knowles 1978). Nitrogenase activity is completely inhibited after the
addition of 1 mM NH4+ to a N2-fixingAzospirillumculture (Hartmann et aJL1985).
10 mM N03" represses the nitrogenase activity ofAzospirillum by more than 90%
(Magalhaes et aL 1978).
Biological fixation of nitrogen in a plant-soil system is strictly dependent on
soil oxygen tension and the concentration of mineral nitrogen (Alexander et aL
1987; Alexander and Zuberer 1988). To determine the nitrogen fixation of an intact
Azospirillum-p\antassociation, the oxygen tension as well as the concentration of
available mineral nitrogen in the rhizosphere have to be controlled during the
entire period of determination. This is very important since the relative contribution
of nitrogenase activity of root associatedAzospirillumto the nitrogen supply of the
host plant is as yet a matter of debate (Kapulnik et aL 1981, Kapulnik and Okon
1983, Mayak et aL 1986, Schank et aL 1981). In this paper, we describe a system
which allows an accurate measurement of in situ nitrogenase activity of an
Azospirillum rhizosphere population under controlled conditions of oxygen
tension, nitrogen concentration and temperature. In addition, the amount of fixed
nitrogen which is translocated to the host plant can also be quantified. In this
plant-soil system roots of wheat could be kept gnotobiotic over the entire period
of growth to exclude competition and cross-reaction with bacteria other then the
introduced A.brasilensecells.

Materials and methods
Growth system
The plant-soil system is described in Figure 1. Each 2 I growth container was
filled with 2 kg of either a carefully washed sterile sea- sand or sterile soil. For
rhizosphere experiments wheat plants were grown in this system on a washed
sand being sealed airtight around the stem with a paraffine/lanoline seal (5% /
95% ) to keep the root compartment sterile. Sterilised Hoagland nutrient solution
(Hoagland and Broyer 1936) was supplied to the plants by flooding and
subsequent draining of the growth container. Aeration was carried out with a
aspiration pump via membrane filter (0.2 urn). The oxygen content of the flushing
air was controlled by a continuous flow panel. In an attempt to imitate the organic
carbon exudation by the root, a dialyse tubing system (2 cm diameter, 30 cm
length, 1884 cm2 surface) was placed into the soil or seasand of an unplanted
growth system. A 0.5% solution of malic acid was circulated continuously at a
flow rate of 3 ml.min'1 through thetubing.
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Soilsandplants
The soil was an unfertilised loamy sand (0.3 mg kg'1 Nt, 3.5% OM, 15%
moisture, pH 5,3), sterilized with 4 Mrad y radiation. Sterilized water was added
daily and adjusted to constant weight.

1:Communicating tubes
4: Nutrient solution
7: Sampling port

2: Cotton filter
5:Lanoline seal

3: Growth container
6: Membrane filter

Figure 1: Functional design of a plant growth system for in situ
determination of rhizosphere acetylene reduction under controlled
environmental conditions.
The sea sand (river sediment) used was carefully washed with demineralized
water to eliminate residual mineral nitrogen and heat sterilized at 120°C. Spring
wheat, Triticum turgidum vr. "Carasinho" (obtained from the Institute for Plant
Breeding SVP,Wageningen) was used as plant material. This cultivar develops an
effective association with A.brasilense (Christiansen- Weniger, unpublished
results). Seeds were surface sterilised by shaking in a 1.5% solution of Nahypochloride during 15 min. and pregerminated on trypton-soya agar to check for
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sterility. Surface sterile seedlings were transferred after 8 days to the growth
containers and sealed immediately with the lanoline-parafine seal. The plants were
grown under a regime of 12 hours day at 20°C and 12 hours night at 15°C.
Relative humidity was kept at 70%. The nutrient solution was changed every fifth
day.
Bacteria
The bacterium used in all experiments was Azospirillum brasilense Wa3, a
strain isolated from the rhizosphere of a field grown with summer wheat. A
Pseudomonas fluorescens, strain R2f, isolated from the rhizosphere of grassland
(Van Elsas et al 1988) served as a control organism . The bacteria were grown
overnight on Luria-broth medium, washed and resuspended in 0.8% NaCI
solution. For inoculation 30 ml of this cell suspension was injected to each pot.
The total number of inoculated bacteria was approximately 3.108 cells per pot,
which was equal to a final density of 1,5.10s cells per gram fresh soil or sand.
Inoculation with A.brasilense was done at different days after planting (Table 1).
Counting of root associated A.brasilense was performed as follows: Carefully
washed roots were macerated in homogenising tubes, diluted in ten fold steps
and plated out on a solid congo-red containing NFB minimal medium (Bashan
and Levanony 1985).

Table 1: Different inoculation treatments of wheat with Azospirillum
brasilense.Acetylene reduction assay and plant harvest took place at day
49.

I n o c u l a t i o n w i t h 5*10 8 CfUa p l a n t " 1
Day 1
Treatment
Treatment
Treatment
Treatment
a

I
II
II
IV

+
+
-

Day 15
+
-

Day 30

Day 45

+

-

+
-

+

Cell-forming units

Biochemical assays
Acetylene reduction assay (ARA) of pure bacterial culture was performed in a
semisolid (0.2%agar) nitrogen free minimal NFB medium (Okon et aL 1977a) with
10% v/v acetylene in the head space. The total bacterial protein was analysed
after cell lysis in 1 N NaOH at 60°C according to Lowry et aL (1951) using
bovine-serum-albumine as standard. Auxin formation was tested by incubating
A.brasilensefor 48 hours in a batch of NFB medium containing 10 mM NH4CIand
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100 mg/l DL-tryptophan. Produced Indole-acetic-acid (IAA) was determined in the
supernatant after centrifugation by Salkofski color reaction (Tang and Bonner
1946). Nitrate-reductase activity was qualitatively determined in a semisolid (0.2%
agar) NFB medium with 8 mM NH4N03 by the method of Nocholas and Nason
(1957).
Acetylenereduction assay
For ARA the pots were transferred to awater bath with a constant temperature
of 23°C. The air outlet was connected to an autosampling gaschromatograph
(Varian 1700), equipped with porapack Tcolumn and a FID detector. Prior toARA
the Hoagland nutrient solution was removed from the system by flooding and
subseqent draining of each pot with asolution of 2 mM MgS04, 0.5 mM KH2 P04,
0.4 mM Ca (HP04)2 and trace elements according to Hoagland. Before assay the
entire system was continuously flushed for 30 min with a gasmixture of air and at
a flow rate of 2.5 l.h"1 pot"1. The oxygen tension was chosen dependent on the
experiment in a range from zero to 20 kPa 0 2 and acetylene was added to afinal
concentration of 10% v/v. Ethylene formed as a product of nitrogenase activity
was determined for each pot separately after approximately 3 hours of incubation.
An ethylene standard was given to uninoculated and unplanted pots. It was
ensured that no ethylene was formed bythe plants themselves.
In order to determine the influence of mineral nitrogen on acetylene reduction
each pot was flooded and subseqently drained with a nutrient solution as
described above, containing either 1) no mineral nitrogen, 2) 2.5 mM or 5 mM
KN03 or 3) 2.5 mM or 5 mM NH4CI. This exchange of nutrients were carried out
12 hours before and a second time immediately before acetylene reducton assay.
Nitrogenase activity of a pure culture of A.brasilense under different conditions
of oxygen and mineral nitrogen was determined using an overnight culture grown
on Luria broth, washed and resuspended in either nitrogen free or KN03 or NH4CI
containing NFB medium. Four ml of this cell suspension were injected into airtight
50 ml serum bottles with pure in the headspace. Air was added in different
amounts to obtain the final concentration of oxygen desired. Of the headspace 10
% was replaced with acetylene and formed ethylene was determined after intense
shaking at 30°C. ARA started after five hours of incubation to enable the bacteria
to form an active nitrogenase system.
15

Ndilution technique
In order to determine to which extent the plant benefits from bacterial nitrogen
fixation a 15N dilution measurement was carried out. Plants were grown until the
end of grainfilling (70 days). Nutrition was by a half strength Hoagland nutrient
solution with K15N03 concentration of 0.95 atom% excess 15N . Inoculation took
place soon after planting with either Azospirillum brasilense Wa3 (5.10s CFU per
pot) or with Pseudomonas fluorescens R2f (8,7.10s CFU per pot). Uninoculated
plants were taken as controls. All treatments were carried out with four
replications. Insitu nitrogenase activity was measured prior to harvest at 23°C and
at 12 kPa 0 2 in the growth system. Plants were divided after harvest in roots,
stems with leaves and pannicle for separate determination of dry weight, N
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content by Kjeldahl analysis (Bremner and Shaw 1958) and 14N/15N ratio by mass
spectrometry (Finnigan MAT 250) according to Bremner (1965). Plant-nitrogen,
originating from the atmosphere was calculated with the equation (Boddey et al.
1983):

15

% Nfrom fixation = 1

15

N% inthe plant
x 100

N% inthe control

Statistical analysis
All experiments were carried out in a randomised block design. Data were
statistically assayed by analyses of variance, using the statistical program Genstat
5, release 1.3 (Genstat 5 Committee, 1987). Standard errors of differences were
calculated by Student t test. All significant differences reported are at a level of P
= 0.05 at least.
Results
In the sea sand inoculated with A.brasilense the nitrogenase activity at a
constant oxygen tension of 2 kPa 0 2 increased constantly during 7 days up to a
rate of 60 nmol C2H„.h"1.pot"1, whereas nitrogenase activity in soil reached its
maximum 4 days after inoculation (Fig. 2). In both environments the final
nitrogenase activities reached a low level of appprox. 30-60 nmol C2H4.pot'1.h"1
after 7 days. A constant supply of additional carbon as malic acid via a dialyse
tubing system resulted in a strong increase of nitrogenase activity within 3 days
after inoculation with final activities up to six-fold the values measured in the same
environment without a carbon addition. There was no significant difference
between soil and sea sand when malic acid were added.
Batch-grown A.brasilenseaswell as bacteria attached to a dialyse system were
strongly influenced by free oxygen with a narrow nitrogenase activity peak at 1.7
kPa 0 2 (Fig.3). At oxygen tensions above 5 kPa little activity was observed.
However, in association with an active plant root, N2-fixation increased with the
oxygen tension up to 15 kPa 0 2 . In plants where inoculation took place in an
early stage of plant growth, the nitrogenase activity in the rhizosphere reached a
maximum of approximately 600 nmol C2H4.pot"1.h"1 at more than 10 kPa 0 2 and it
decreased only slightly at higher oxygen tensions. Inoculation in a later phase of
plant development resulted in much lower levels of nitrogen fixation and
furthermore in a higher sensitivity of the nitrogenase to higher 0 2 concentrations.
When A.brasilense was added only a few days before harvest the maximum
nitrogenase activity was relatively low with 200 nmol C2H4 pof.h" 1 with nearly no
activity at an oxygen level of 20 kPa (Fig. 3). Based on these data all following
acetylene reduction assays were done at 12 kPa 0 2 for a rhizosphere association
and at 1.7 kPa 0 2 for plant-freeA.brasilenseculture .
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Figure 2:Acetylene reduction activity ofAzospirillum brasilense in a sterile
environment at a constant oxygen tension of 2 kPa and at 23°C.
Inoculation took place in a soil and a sea sand with and without a carbon
(malate) addition via a dialyse tubing system.

Mineral nitrogen, ammonia as well as nitrate reduced nitrogen fixation. The
nitrogenase activity of freliving A.brasilense is completely repressed by a NH4+
concentration above 2.5 mM and it is strongly reduced by 2.5 mM N0 3 ' (Table 2).
Similar values were found for the dialyse tubing system. When associated with
2actively growing roots nitrogenase activity of introduced A.brasilense is less
sensitive to the presence of mineral nitrogen. When plants were treated with 2.5
mM NH4+, up to 39% of the activity measured under nitrogen free conditions still
remained. Even at NH4+ concentrations of 5 mM nitrogenase activity was
detectable in the rhizosphere. Relatively high values for nitrogen fixation (40% to
80% of the initial activity) were still present at 2.5 or 5 mM N03".
The final nitrogenase activities as well as the total number ofA.brasilense cells
on the roots were highest in plants inoculated immediately after planting (Table
3). Additional inoculations did not cause a significant increase of neither the
number of surviving bacteria nor the nitrogenase activity. Lower numbers of root
associates and considerably lower nitrogen fixation rates were found when
inoculation took place at a later stage of plant development. The specific
nitrogenase activities, calculated as nmol C2H4.h'1 per 104 cells were in the range
of 2.7 to 3.3 without significant differences between the inoculation treatments.
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Figure 3: Effect ofincreasing oxygen tension onthenitrogenase activityof
AzpspiriUum brasilense, inoculated to wheat at different stages of plant
development (Table 1) or attached to a dialyse tubing system with a
constant malate addition. Acetylene reduction assay took place at day49
after planting. Theinfluence of oxygen onthe nitrogen fixation of batch
grown A.brasilenseis given as control (nmol C2H4 h"1 ml' bacterial culture).

Inthe15N dilution experiment aPseudomonas fluoresceins strain (R2f) was used
asanon-nitrogen-fixing control bacterium. P.fluorescensR2f produces, similarlyto
A.brasilense, auxin (IAA) when grown on DL-typtophan containing medium and it
also shows nitrate-reductase activity. NoN2-fixationwas detected when incubated
on asemisolid (0.2%agar) nitrogen free-minimal medium (Table 4).
In comparison to uninoculated control plants, A.brasilense as well asP.
fluorescens caused an increase of root and shoot biomass although not
statistically significant (Table 5).
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Table 2: Acetylene reduction activity (ÄRA) in wheat roots inoculated with
Azospirillum brasilense at different stages of plant development (Table 1) or attached
to a dialyse tubing system with a constant malate addition. ARA was measured at
day 49 after planting and at different concentrations of N0 3 and NH4. Pure culture
grownA. brasilense is given as control.

(nmolC2H4

h"1plant"1)
NH4C1

KNO3

NoN
added

2,5mM

5mM

2,5mM

5mM

556
(100)d)

377
(67.8)

223
(40.1)

216
(38.9)

62
(11.2)

Inoculation
day1

569
(100)

469
(82.4)

395
(69.4)

222
(39.0)

54
(9.5)

Inoculation
day30

291
(100)

212
(72.9)

118
(40.6)

111
(38.1)

29
(10.0)

Inoculation
day45

208
(100)

85
(40.9)

20
(9.6)

61
(29.3)

13
(6.3)

Malate
b)
addition

325
(100)

14
(4.3)

6
(1.9)

8
(2.5)

8
(2.5)

Pure
Culture

52.6
(100)

4.6
(8.7)

2.8
(5.3)

0
(0)

0
(0)

77.5

79.8

93.4

Inoc.daya)
1,15,30

SED

c)

76

a) Treatments as given in Table 1. Values are means of two
replicates.
b)Values aremeans of sixreplicates.
c) Activity is measured as C2H4 h"1 ml"1 culture, values are means of two
replicates.
d) Data in parantheses represent percentage of activity compared to the
values obtainedwithnomineral nitrogen added.
SED: standard error of difference
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Table 3. Acetylene reduction activity (ARA), total number of root attached bacteria
and the specific nitrogenase activity at wheat roots inoculated withAzospirillum
brasilenseat different stages of plant development (Table 1). ARA and harvest took
place at day 49after planting.

Acetylene
reduction

Total
bacteria

Specific
activity

nmolC2H4
h"1plant"1

log CfUa
plant"1

nmolC2HA
h"1 10 4 CfU

556

6.3

3.1

Inoculation day 1

569

6.28

3.0

Inoculation day 30

241

5.90

3.3

Inoculation day 45

213

5.90

2.7

76

0.17

1.34

Inoc. day 1

15

30

SED
a

Cell-forming units
SED: standard error of differences
Values aremeans of two replicates

Table 4: Auxin (IAA) production, nitrogen fixation and nitrate reductase
activity ofAzospirillum brasilense and Pseudomonas fluorescein.

IAA
production

Nitrogen
fixation

(jug IAA ml" 1
24 h" 1 )

(nmol C2H4 min" 1
mg"1 p r o t e i n )

Azospirillum

5.2

Pseudomonas

1.35

14.4
0

Nitrate
reductase
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ARA was observed in the A.brasilense inoculated pots but not in the controls
and in P.fluorescens treatments. When K15N03 (0.95 atom % excess 15N) as the
sole nitrogen source was applied, 15N dilution occurred in roots and shoots of all
plants including the non-inoculated controls. 15N dilution was in general higher in
roots than in plant shoot material. In comparison to the control plants the
inoculation with A.brasilense as well as with P.fluorescens caused a significant
decrease of the 15N/14N ratio in both roots and shoots. Lowest 15N contents were
found in atreatment of a combined Azospirilli and Pseudomonadsinoculation.

Table 5. Dry weight, nitrogen content, 1SN dilution and acetylen reduction (ARA) of
wheat plants inoculated with Azpspirillum brasilenseor Pseudomonas fluorescein.
K15NO, as sole plant nitrogen source was labelled with 0.95 atom % excess 15N.

Dry
weight
(mg)

15N

Nitrogen
content
(%N)

ARA

dilution
(Atora%15N

(nmolC2H4
hélant"1)

Root

Top

Root

Top

Root

Top

Control

187

159

0.39

1.81

0.860

0.937

0

AZO

242

182

0.31

1.48

0.832

0.924

173

PS

432

183

0.30

1.54

0.836

0.907

0

AZO+PS

429

182

0.23

1.22

0.801

0.879

129

SED

148

46

0.07

0.25

0.01*

0.007*

94.6

Control :Uninoculatedplants
A.
brasilense
P.
fluoresceins
Standarderrorofdifferences (*significantP<0.05)
Valuesaremeansoffourreplicates
AZO
PS
SDS

When using these 15N dilution rates to calculate the amount of plant nitrogen
that comes from a source other than mineral fertilization, both A.brasilense and
P.fluorescens seemed to add extra nitrogen to plants on top of the N03" uptake
(Table 6). The nitrogen gain due to anA.brasilense inoculation was highest in the
plant root (3.25% of the nitrogen), but with only a part of this nitrogen transferred
to the upper plant part. The total nitrogen support by A.brasilense of 0.067 mg N
per plant was half as high as compared to the P.fluorescensinoculation treatment
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(0.128 mg N per plant). When A.brasilense and P.fluorescens were inoculated
together, the nitrogen gain for each plant part was in the range of the additional
effect calculated for each single inoculation (Table6).

Discussion
The increase of nitrogenase activity found in an unplanted soil or sea sand
when malic acid isoffered constantly viaadialysetubing system indicates that ina
natural environment the availability ofacarbon source will bean important limiting
factor for bacterial activity. This mayalso explain the activity peak occurring inthe
soil a few days after inoculation (Fig.2), which is contributing to the release of
easily available organic carbon in the beginning of the experiment, possibly
enhanced by preparation and gamma radiation of the soil. This allows an active
bacterial population, which comes to starvation when this source of substrate is
consumed. This confirms, that the activity of root associated Azospirillum, aswell
asofother rhizosphere bacteria, isdependent onroot carbon exudation (Beckand
Gilmour 1983; Newmann 1985).

Table 6:Relative nitrogen gain in root, stem and leaves and panicle ofwheat plants
due tobacterial inoculation as calculated by15N dilution technique.

Nitrogen gain
(%N

ofpi antN)

(mgN)

AZO

PS

AZO+PS

AZO

PS

Panicle

1.17

2.89

5.70

0.009

0.026

0.035

Stem,leaves

1.56

3.43

6.35

0.030

0.066

0.102

Root

3.25

2.83

6.88

0.028

0.037

0.068

Totalplant

1.88

3.12

6.39

0.067

0.128

0.205

AZO :Azospirillum
brasilense
PS :Pseudomonas
fluorescens
Valuesaremeansoffourreplicates

AZO+PS
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It has been suggested before, that this dependency on root exudation is the
reason for the variation in rhizosphere nitrogen fixation found in different varieties
ofthe same plant species (Kortzky et aL 1988).
The results reported here demonstrate that the nitrogenase enzyme system of
root colonizing A.brasilenseis protected against inhibitory environmental influences
such as the presence of oxygen and mineral nitrogen. In particular, the negative
effect of oxygen on nitrogenase activity was highly reduced in the root. This is in
contrast with results found in comparable experiments for N2-fixation in the
rhizosphere of various grasses in natural environments (Alexander et aL 1987;
Zuberer and Alexander 1988; Döbereiner et aL 1973).
In experiments with excised rice roots the associative nitrogen fixation had an
optimum value at a very low oxygen tension of 0.25 kPa and decreased to zero
when the oxygen concentration was more than 2.5 kPa 0 2 (Van Berkum and
Sloger 1982). The reasonwhy the nitrogenase activity of associatedA.brasilensein
our experiments showed relatively high activities at0 2 concentrations of 10 kPa 0 2
or more might be, that A.brasilense was inoculated to the plant under strictly
monoxenic conditions, excluding the competition with other rhizosphere bacteria.
This enabled introduced A.brasilense to colonize the inner rhizosphere and to
settle inside root niches, thus being protected against the environmental influences
mentioned. Such niches may be close to the root surface, in the mucigel layer or
in the intercellular spaces of the cortex. That Azospirillumsp. are actually able to
infect and to establish inside the root was demonstrated earlier with immuno-gold
labelling and with electron microscopy by Okon et ai (1983), Murty and Ladha
(1987) and Bashan and Levanony (1988).
Nitrogenase repression by ammonia and nitrate is less pronounced in the
rhizosphere as well, possibly affected by root nitrogen uptake and a reduced
diffusion of mineral nitrogen to places of bacterial colonisation. Another mechanism involved could be the removement of toxic nitrite from the bacterial environment through the plant's nitrite reductase system (Ferreiraet al.1987). AsA.brasilense forms nitrite by dissimilatory nitrate reduction (Scott et aL 1979), anaccumulation of this metabolite would inhibit bacterial nitrogen fixation (Döbereiner and De
Polli 1980; Magalhaes et aL 1978).
The total number of surviving root bacteria and the final nitrogenase activities at
different inoculation treatments should give information about the pattern of root
colonization. It is obvious, that an A.brasilense inoculation several times during
plant growth neither caused an increase of bacterial density on the root nor of
nitrogenase activity as compared to plants inoculated only once early at planting.
This may indicate, that when applied to young plants A.brasilensedevelops along
the root immediately occupying all potential attachment places in the rhizosphere.
Cells, added after this first inoculation event may not find suitable niches to create
a higher degree of root colonization. Lower numbers of rhizosphere bacteria and
significantly reduced nitrogenase activities were found in plants, to which A.brasilensewas inoculated only in a late phase of plant development at day 30 or day 45
after planting. This reduction of bacterial density and nitrogen fixation at late
inoculated plants may be due to senescence and lignification of the root. This
would prevent the bacteria to penetrate into the cortex tissue. Such a colonization
behaviour may explain the observation,thatA.brasilense,when applied to the plant
in relatively low cell numbers (log 6 CFU per plant) by seed coating, is able to
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create an equal rhizosphere population as when applied to a young plantlet by
seedling inoculation with a bacterial suspension of a 100 times higher cell density
(log 8 CFU per plant) (Christiansen-Weniger, in preparation).
Non-N2-fixing P.fluorescens caused a decrease of the 15N/14N ratio in root and
shoot equal or even higher than nitrogen fixingA.brasilensedoes (Tables 5 and6).
It was suggested, that this effect might be caused by the ability of some
Pseudomonasstrains to scavenge traces of combined nitrogen as NH3 or O from
the atmosphere and to simulate inthis way biological nitrogen fixation (Hurek etak
1988; Zolk and Ottow 1975).
The positive effect of an inoculation with A.brasilense as well as with P.
fluorescens on root and shoot dry matter (Table 5) was certainly due to the auxin
production to which both bacterial strains are capable (Table 3, Harari et al 1988;
Malik and Bilal 1988). The reduction of N%in plant tissue confirms this.
The released amount of fixed nitrogen from an A.brasilense rhizosphere
population to the host plant as calculated by 15N dilution technique was very small
(Table 6). The present results make it doubtful whether atmospheric nitrogen
fixation or other mechanisms are responsible for the dilution of 15N in the plantissue. The relatively low level of 15N dilution in the plant shoot further showed that
gained nitrogen was not translocated directly inside the plant, but stayed for the
major part inthe root, probably as bacterial substance. This unequal distribution of
rhizosphere fixed nitrogen between root and upper plant partswas also reported in
earlier papers by Najak et aL(1986) and Kapulnik et al(1987). It is an indication
that root associated nitrogen fixing bacteria do not transfer nitrogen directly totheir
environment but only after dying off. It also confirms the idea, that the known
diazotrophic bacteria do not significantly contribute tothe nitrogen supply of wheat
(Ito et aL 1980; Eskew et al 1981).
In conclusion, plants may provide suitable niches forAzospirillumwhich protect
them against environmental factors such as high oxygen tension and mineral
nutrient concentrations. These niches are occupied by Azospirillum immediately
after inoculation of young developing roots and are less accessible for the bacteria
at later development stages. This may provide a basis for succesful inoculation
procedures of crops. Yet, the nitrogen supplying capacity ofAzospirillumto wheat
isvery low, i.e. almost negligible.
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