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STELLINGEN'

1. Hedendaagse akkerbouw heeft een hoog energie verbruik, Om een voldoende
voedselproduktie te garanderen dient de mens &f nieuwe en goedkope enefgiebronnen te
vinden &f de energiebehoefte van de akkerbouw te verlagen.

2.  Acetyleen-reductie als een indirecte maat voor stikstoffixatie is bruikbaar voor de bepaling van
nitrogenase activiteit maar is niet bruikbaar om de stikstofwinst bij fixatie over een lange periode
te berekenen.

3. Bij de "N isotoopverdunningsmethode moet men rekening houden met de
isotopenfractionering van de plant zelf en heeft daarom een betrouwbare, niet stikstof-fixerende
plant ter controle nodig.

4.  Grasachtigen hebben tijdens de evolutie geen nauwe band met stikstof-fixerende procaryoten
ontwikkeld zoals de symbiose van Rhizobium met Legumincsen omdat grasachtigen een zeer
dichte vegetatie vormen waar binnen de rhizosfeer een zeer efficiénte stikstof-tumover
plaatsvindt.

5. De bestaande rhizosfeer-associatie tussen Azospinlium en grasachiigen moet eerder worden
beschouwd als een parasitair systeem dan als een symbictisch systeem.

6. Onderzoek op het gebied van de plant-bacterie associatie vereist voldoende kennis van de
algemene micrabiologie, de genetica, de plantenfysioclogie en de bodemkunde.

7.  Indien in Nederland gemiddeld 60 kg N per hectare aan minerale stikstof door
luchtverontreiniging in de bodem terecht komt, dan is onderzoek op het gebled van biologische
stikstof-fixatie *water naar de zee dragen'.

8. Ook voor sen microbiolcog is het zinvol om een suikerbiet van haver te kunnen onderscheiden.

9, Een kenmerk van rhizosfeer bacterién is de productie van phytchormonen waarmee zij de
ontwikkeling van de gastheer wortel stimuleren,

10. Biologische stikstoffixatie is altijd verbonden met een hoog verbruik van metabolische energie,
omdat gefixeerde NH,* uit de cel lekt en dan docr een aktieve ammoniumtransportketen in de
cel terug moet worden gebracht.

11.  Het steunen van de Europese landbouw met behulp van produktsubsidie is op lange termijn
de duurste en inefficiéntste methode.

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

' Stellingen behorende bij het proefschrift "influence of Azospirillum brasilense spp. on the nitrogen

supply of a gramineous host* van Christian Christiansen-Weniger.
Wageningen, 2 oktober 1991.
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CHAPTER 1

INTRODUCTON

History

Azaspiriflum spp. was first described by Beijerinck (1922, 1925) as a Gram-
negative motile rod. The organism, isolated from a dutch soil, was named first
Azotobacter spiriflum and later Spirillum lipoferum. Baijerinck could not prove
unequivecally that this bacterium could fix nitrogen. Only 40 years later Becking
demonstrated clearly that this microorganism was able to utilize N, under G,
limited conditions in the presence of yeast extract {Becking 1983). After other
similar bacteria were isolated, Tarand et al. {1978} suggested to combine these
organisms under the genus name Azospiriflum. The genus Azospirillum is
described in literature as an cbligate aerobic soil bacterium with a temperature
optimum of 35°-37°C (Tarand et al. 1984). The high temperature optimum may
explain, why Azospirillurn is found 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 &t al. 1988, Jagnow 1981, Magalhaes et al
1979). Up to now four species of Azospirifflum are known. Azospiriffum fipoferum
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. lipoferurn forms pleomorphic structures under alcaline
conditions (Hartmann et al. 1985, Tarand st al. 1978). The characteristics of these
two strains together with Azospirfium amazonense {(Magalhaes st al. 1983) are
given in Table 1. A fourth strain, Azospirillum halopraeferans, a salt tolerant strain
of high temperature preference (40°C), has been described recently (Hartmann
1688, Reinhold et al. 1987).

Interest in Azospiriffum has clearly increased after the report of Ddbereiner and
Day (1976) that the organism could cclonize 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 Neyra 1881,
Neyra and Ddbereiner 1977, Staphorst and Strijdom 1978, Wong and Stenberg
1979).



Physiology of Azospirillum

Nitrogen fixation

The nitrogenase protein complex was isolated, purified and analyzed from A.
brasilense, A. lipoferum and A. amazonense (Ludden et al. 1978, Ckon et al. 1977,
Song et al. 1985). The nitrogenase of A. brasifense is a three component system
with a Me-Fe protein (dinitrogenase), a Fe protein (dinitrogenase reductase) and
an activating enzyme. Each component isolated by its own does not reduce N,
(Ludden et al., 1978). Activation of the Fe protein requires manganese and ATP.
Purified Mo-Fe protein of A. amazonense is composed of two subunits of 55000
and 50000 daltons. Nitregenase activity of A. amazonense is independent of the
availability of an activation enzyme or of manganese (Song et al. 1985).
Similarities in structure and function of the Azospirifum nitrogenase with the
nitrogenase of N-fixing Rhodospiriffum rubrum was reported by Hartmann et al,
(1986), Kanemoto and Ludden (1284) and Nair et al. (1983). Yet, the genetic
control and expression of Azospirilfum nitrogenase is likely similar to those of
other diazotrophic bacteria (Bozouklian et al. 1986, Pedrosa and Yates 1984,
Singh and Klingmuiller 1988, Sing et al. 1989).

Two physiological characteristics of the nitrogenase activity of Azospirifium are
of prime importance for its performance in the rhizosphere of plants.

1) The nitrogenase of Azospiriium is affected by free oxygen. Nitrogenase
proteins are irreversibly inacivated by any O, Because of the poor protection of
its nitrogenase against the toxic effect of O,, pure cultures of Azospiriffum have a
narrow activity peak at a low oxygen tension of approximately 0.1-0.5 kPa O,. 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 nitrogenasé 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, NH,"™ or NO,, represses the nitrogenase activity of
Azospiriffum (Day and Débereiner 1976, Hasrtmann et al. 1986, Nelson and
Knowles 1987). N,-fixation in all Azospirillum species is completely inhibited at
NH,CI cencentration > 1 mM. Reason for this is a strict feedback regulation of the
nif gene transcription, which is thought to prevent the bacterium to continue the
energy deveuring M,reduction if other scurces 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 Elmerich 1977).

N-metabolism

Azospiriffum is able to grow aerobically on NH,*, NO, or NQ,” as sole nitrogen
sources (Débersiner 1983, Ddébereiner and De Polli 1980). The keyenzymes for
nitrogen assimilation in Azospirilflum are glutamine synthetase and glutamate
synthetase. Nitrogen assimilation via glutamate dehydrogenase, which is common
in procaryctes growing under non nitrogen limited conditions, was found in all
Azospirifium strains when grown on glutamate {Hartmann et al. 1988), but seems
to play a minor role (Westby et al. 1987).
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Table 1: Differences between Azospirilium spp. (from Débereiner 1983; Okon
1982)

A. amazonense A. lipoferum A. brasilense
Growth on medium with
pH above 6.8 very poor good good
Colony type en potato white flat pink pink
agar raised margin raised raised
Tolerance to O, for very low low low
nitrogenase activity
Dissimilation of
NO, --> NO, =" + +
NQ, --> NO,O - + +
Cell width (nm, N, 0.68 + 0.08 1.0 to 1.5° 0.9 * 0.03
grown)
Pclar flagellum + + +
Lateral flagella on - + +
nutrient agar
Pclymorph cells in - + -
alcaline media
Biotin requirement - + -
Use of sucrose + - -
Generation time for 10 h 5-6 h 6h
N, dependent growth
at optimal pQ,
DNA base comp. (mol %  67-68 69-70 69-70

G+0C)

* Explanation of signs: + positive in more than 90% of the strains
+ positive in less than 50% of the strains
- negative
P Celis of A. lipoferum may become even wider and much longer in older
alcaline cultures
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The existence of an active ammonia uptake mechanism across the cell
membrane by NH,” carrier proteins was reported by Hartmann and Kleiner (1982)
using "*C labelled methylamine. NH,* transport across cell membranes was found
in several free living N,-fixing bacteria, such as Azofobacter, Klebsiella and
Ciostridium (Kleiner 1981, 1984). Kleiner (1981, 1984} postulated that
intracellularly formed NH,* 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,". This mechanism is thought to be
the reason why Azospirillum does nct release fixed nitrogen to its environment
(Hartmann et al. 1988).

Nitrate reduction

Assimilatory as well as dissimilatory nitrate reduction occurs in Azospirifium
{Eskew et al. 1977, Magalhaes et al. 1983, Neyra and Van Berkum 1977). Under
low oxygen tensions (PO, < 3 kPa) nitrate appeared to be rapidly reduced to
NO, (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, brasifense lack the nitrite reductase system and accumulate
nitrite under a low oxygen partial pressure O, or at anaerobic conditions
(Magalhaes et al. 1978), In A. 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
Azospiriflum when associated with plants (Bothe et al. 1983). This means that N,
fixation and denitrification are parallel active. At low axygen concentrations and in
alkaline soils both processes may result in a loss of plant available nitrogen
(Neurer et al. 1985).

C-metabolism

Azospirilum 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. fipoferum grow on glycercle 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 Azospiriffum 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. (Ruckdaschel et al. 1988). The
hypothesis that beside IAA other plant growth substances, such as gibberilin or
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cytocinin, are produced by Azospirilfum 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.

Isolation of Azospirillum

Methods for isolation and purification of Azospiriffum spp. were described by
Ddbereiner and Day (1976), and then further modified by Okon et al. {1977),
Albrecht and Ckon (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 micreaerophilic 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). Azospiriflum grows
out to typical small purple colonies (Rodriquez Careres 1982).

Azospirillum-plant interaction

Localisation of Azospiriflum

The different species of Azospirifflum show a distinct host-plant-specification. C,
plants, such as maize and sorghum, are predominantly colonized by A. fipoferum,
whereas C, plants, such as wheat, rice, cat and barley, are mostly host to A
brasilense strains lacking nitrate reductase activity {Baldani and Débereiner 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 &t al. 1985). Significant differences in this
chemotaxis are observed between Azospirillum strains isolated from C,and C,
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 Azospirifium alsa colonizes the
intercellular spaces of the root cortex. However, whether Azospirifium is able to
colonize inner plant tissues as was postulated by Patriquin and Ddébereiner
(1978), or even to infect plant cells as suggested by Tilak and Rao (1987),
remains to be proven.

Influence of Azospirillum on the host plant

Nitrogen fixation of Azospiriflum 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 Azospiriflum cells isolated from roots and the amount of
rhizosphere nitrogenase activity (Bllow and Ddbereiner 1975). Enhancement of



plant growth, nitrogen content and plant yield following Azospiriflum inoculation
have often been reported {Baldani et al. 1983, Baldani et al. 1987, Boddey el al.
1986, Kapulnik et al. 1981, Kapulnik st 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 Azospirilfum 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 cases to be 120% 1o 150% in Azospinifum inoculated 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 N labelled nitrogen, directly by "N, enriched atmospheres as well as
indirectly using the "*N-isotope dilution technique (Boddey et al. 1983) showed
that very small amounts of the fixed nitregen 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
Azospiriflum may be involved in plant growth stimulating effects of Azospirillum.
Nitrate reductase activity supports the nitrate assimilation of the host plant
(Ferreira et al. 1987, Scott et al. 1979). "N-isotope dilution experiments with
nitrate reductase negative mutants of A. brasilense indicated that the nitrate
reductase activity of root associated Azospirilfum enhance the nitrcgen 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 of A. brasilense
than in plants inoculated with nitrate reductase negative mutants.

Indole-acetic acid produced by Azospirillum stimulate root growth and rcot
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 Azospirifflum on root elongation, branching and
root hair differentiation were reported to be comparable to those of a pure [AA
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, physiclegical 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 23145), an isolate from a brazilian soil (Day and
Débereiner 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 (Poa pratenss),




grown under temperate conditions.

Much of the present information on the association of Azospirifflum and 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 ecclogy and activity of Arospiriium 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 of Azespirillum in the rhizosphere of wheat in relation to
mineral nitrogen fertilization and O,-concentrations in soil. As nitrogen fixation of
Azospiriflum 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 Azospiriflum 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 reacticn of root associated A. brasilense on changing
environmental conditions and on the effect of A. brasilense on plant development
and on nitrogen uptake. The influence of the plant itself on the association of A.
brasilense through the production of specific root exudates is described in the
chapters 3 and 4. The influence of plant-phytchormones 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 scils, it was necessary to provide a physiological marker to
A. brasilense, which allowed a selective reisolation. A double antibictic resistance
was chosen as a marker which was introduced to the bacterium by a transposon
(Tnb) inserticn into the genome. Together with the ability of A. brasifense to grow
on N-free medium and to form red colonies in the presence of congo red,
reisolation of the targed A. brasifense cells at a low detection limits was possible
(Chapter &).

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:
- Does Azospiriffum under temperate soil conditions establish cell densities in the
plant rhizesphere which are high enough to cause a significant effect on the

host plant?

- What is the role of competitive bacteria in the association between Azospirilium
and the host plant?

- Does the plant play an active role in the colonization and activity of
Azospirilium?



Does Azospiriflum fix atmospheric nitrogen under the conditions provided by an
active growing root?

How much of the fixed nitrogen is transferred to the host plant?

Does mutant Azospirilfum, which releases substantial amounts of fixed
nitrogen to its environment, enhance the nitrogen supply of the host?

References

Albrecht, S.L. and Ckon, Y. (1980). In: Methods in Enzymolegy (San Pietro ed.), pp. 740-749,
Academic Press, New York.

Albrecht, S.L., Ckon, Y. and Burris, R.H. (1977). Effect of light and temperature on association
between Zea mays and Spirifium /ipoferum. Plant Physiol. 60, 528-531.

Baldani, V.L.D., Baldani, J.I. and Débereiner, J. {1983). Effect of Azospirilfum inoculation on roct
infection and nitrogen incorporation of wheat. Can. J. Microbiol. 29, 924-925,

Baldani, V.L.D., Baldani, JI. and Débereiner, J. {1986). Inoculaticn of field grown wheat with
Azospiriflum spp. in Brazil. Bial. Fertil. Soils 4, 37-40,

Baldani, V.L.D. and Ddbereiner, J. (1980}. Host plant specifity in the infection of cereals with
Azospirifium spp. Soil. Biol. Biochem. 12, 433-439,

Bani, D., Babetio, C., Bazzicalupo, N., Favilli, F., Gallori, E. and Polsinelli, N. (1980). Isclation
and characterization of glutamate synthase mutants of Azospirilium brasilense. J. Gen.
Microbicl. 119, 239-244.

Barak, R., Nur, J. and QOkon, Y. (1983). Detection of chemotaxis in Azospiriffum brasilense, J.
Appl. Bacteriol. 54, 399-403.

Barber, L.E., Russell, S.A. and Evans, H.J. (1976). Acetylense reduction (nitrogen fixation)
associated with corn inaculated with Spiriflum. Appl. Environ. Microb. 32, 108-115.

Barbieri, P., Zanelli, T., Galli, E. and Zanetti, J. (1986). Wheat inoculation with Azospirifium
brasilense Sp. 6 and some mutants altered in nitrogen fixation and indole 3 acetic acid
praduction. FEMS Microbiol. Lett. 36, 87-90.

Barton, L.L., Johnson, G.V. and Miller, Q. (1986). The effect of Azospirillum brasilense on iron
adsorption and tyranslocation by sorghum. J. Plant Nutr. 9, 557-565.

Bashan, Y. and Levanony, J.H. {1985). An improved selection technigue and medium for the
isolation and enumeration of Azosprillum brasilense. Can. J. Microbiol. 31, 947-952.

Bashan, Y. and Levanony, H. (1988). Interaction between Azospirilfum brasilense and wheat root
cells during .

early stages of root colenisation. in: Azospiritfum IV (Klinmuller, W., ed.), pp. 116-173. Springer
Verlag, Berlin.

Becking, J.H. (1963). Fixation of molecular nitrogen by an aerobic Vibrio or Sprififfum sp.
Antonie van Leeuwenhoek J. Microbicl. Serol. 29, 326.

Beijerinck, M.W. (1922). Azolobacter chroococcum als indicator van de vruchtbaarheid van de
grond. Koninklijke Nederlandse Academie van Wetenschappen, gewone Vergadering Afdeling
Nat. 30, 431.438.

Beijerinck, M.W. (1925). Uber ein Spiriflum welches freien Stickstoff binden kann? Zentralbl,
Bakteriol. Parasitkde Abt. ll, 63, 353-359.

Boddey, R.M., Baldani, V.L.D., Baldani, Jl. and Débereiner, J. (1986}. Effect of inoculation of
Azospiriffum spp. on the nitrogen assimilatien of field grown wheat. Plant and Soil 95, 109-121.



9

Boddey, R.M., Chalk, P.U., Victoria, R. and Matsui, €. {(1983). The N isotope dilution technique
applied to the estimation of biclogical nitrogen fixation associated with paspalum notatum in the
field. Soil Biol. Biochem. 15, 25-32.

Bothe, H., Kronenberg, A., Stephan, M.P., Zimmer, W. and Neuer, J, (1983). Nitrogen fixation
and denitrification by a wheat - Azospirilfum association. In: Azospirilium 11, (Klingmdller W., ed.)
pp. 100-114, Springer Verlag, Berlin.

Bozouklian, H., Fogher, C, and Elmerich, C. (1986). Cloning and characterization of the gin A
gene of Azospirilium brasilense Sp 7. Ann, Inst, Pasteur/Microbiol. 137B, 3-18.

Bilow, JW.F. and Débereiner, 4. {1975). Potential for nitrogen fixation in maize genotypes in
Brazil. Proc. Nat. Acad. Sci. 72, 2389-2393,

Charylulu, P.B.B.N., Fourcassie, F., Barbouche, AK, Rondro Harisoa, L., Omar, ANN,
Weinhard, P., Marle, R, and Balandreau, J. (1985). Field incculation of rice using in vitro
selected bacterial and plant genotypes. In: Azospiriflum |l. (Kiingmiller, W, ed)), pp. 163-179,
Springer Verlag, Berlin.

Cohen, E., Okon, Y., Kiegel, J., Nur, J. and Henis, Y. (1980). Increases in dry matter weight and
total nitrogen content in zea mays and Sefaria italica. Plant Physiol. 66, 746-751.

Day, J.N. and Ddbereiner, J. (1978). Physiological aspects of N, fixation by a spirillum from
digitaria roots. Soil Biol. Bicchem. 8, 45-50.

De Conick, K., Horemans, S., Randombage, S. and Vlassak, K. {1988). Occurrence and survival
of Azospiriflum spp. in temperate regions. Plant and Soil 110, 213-218.

De Polli, H., Matsui, E., Dbereiner, J. and Salati, E. {1977). Confirmation of nitrogen fixation in
two tropical grases by '*N, incorporation. Scil Biol. Biochem. 9, 119-123,

Débareiner, J. {1983). Ten years Azospirilium. In: Azospirilium |l {Klingmitier, W., ed)), pp. 9-23,
Springer Verlag, Berlin.

Débareiner, J. and Day, J.N. (1976). Associative symbiosis in tropical grasses. Characterization
of microorganisms and dinitogen fixation sites. In: Proceedings of the 1st international
symposium on nitrogen fixation. Vol. 2, Newton State University Press, Pullmann,

Débereiner, J. and De Polli, H. (1980). Diazotrophic Rhizocoanosis. In: Nitroegen fixation
{Seward, W.D.P. and Gailon, J.R., eds.}, pp. 301-331. Academic Pess.

Débereginer, J. Marriel, J.E. and Nery, M. (1976). Ecological distribution of Spiilfum lipoferum
Beijerinck. Can J. Microbiol. 22, 1464-1473.

Drozd, J. and Postgate, J. (1970). Effect of oxygen on acetylene reduction, cytochrome content
and respiratory activity of Azotobacter chroococcum. J. Gen. Microbiol. 63, 63-73.

Eskew, D.L., Focht, D.D. and Ting, J.P. (1977). Nitrogen fixation, denitrification and pleomorphic
growth in a highly pigmented Spirilium lipoferum. Appl. Environ. Microbiol. 34, 582-585.

Ferreira, M.C.R., Fernandes, M.S. and Ddbereiner, J. {1987). Reole of Azospirillum brasilense
nitrate reductase in nitrate assimilation by wheat plants. Biol. Fertil. Soils 4, 47-33,

Gauthier, D, and Elmerich, C. (1977). Relationship between glutamine synthetase and
nitrogenase in Spiriflum lipoferum. FEMS Microbiol. letters 2, 101-104,

Harari, A., Kigel, J. and Okon, Y. {1988). Involvement of fAA in the interaction between
Azospirillurn brasilense and Panicum mileaceurn roots. Plant and Soil 110, 275-282.

Hartmann, A. {1988). Ecophysiclogical aspects of growth and nitrogen fixation in Azospirilium
spp. Plant and Soil 110, 225-238,

Hartmann, A., Fu, H. and Buris, R.H. (1986). Regulation of nitrogenase activity by ammonium
chloride in Azospiniflum spp. J. Bact. 165, 864-870.

Hartmann, A. and Kleiner, D. (1982). Ammonium {methylammonium) transport by Azospirillum
spp. FEMS Micrebiol. Lett. 15, 65-67.

Hatmann, A., Fu, H. and Burris, R.H. (1988). Influence of aming acids on nitrogen fixation
ability and growth of Azospiriflum spp. Appl. Environ. Microbiol. 54, 87-93.

Hartmann, A, Fu, H., Song, $.0. and Burris, R.H. (1985). Comparison of nitrogenase regulation
in A brasilense, A. lipoferum and A. amazonense. In Azospirilum . (Klingmiller, W., ed), pp.
116-126, Springer Verlag, Berlin.

Hartmann, A., Singh, M. and Klingmiller, W. (i1983). Isclation and characterisation of
Azospiriflum mutants excreting high amounts of indole acetic acid. Can. J. Microbial. 29, 916-
923.




10

- Hegazi, N.A., Eid, M. Farag, R.S. and Monib, M. (1979). Asymbiotic N, fixation in the
rhizosphere of shugar cane planted under semi arid cenditions of Egypt. Revue d'ecologie et
biologie de scl 16, 23-37.

- Heinrich, D. and Hess, D. (1985). Chemotactic attraction of Azospiriilum lipoferum by wheat
roots and characterization of some attractants. Can. J. Microbiol. 31, 26-31.

- Ite, Q., Cabrera, B. and Watanabe, |. (1980). Fixation of dinitrogen 15 associated with rice
plants. Appl. Environ. Microbiol. 39, 554-558,

- Jagnew, G. (1981). Growth and survival of Azospirilium lipcferum in soil and rhizosphere as
influenced by ecolegical stress conditions. In: Azospirifium 1. (Klingmaller, W., ed.), pp. 97-101.
Kanemocto, RH. and lLudden, PW. (1984}, Effect of ammenia, darkness and phenazine
methosulfate on whole cell nitrogenase activity and Fe-protein medefication in rhodospiritium
rubrum. J. Bact, 158, 713-720.

- Kapulnik, ¥., Gafny, R. and Okon, Y. (1984). Effect of Azospirilum spp. inoculaticn on root
development and NO, uptake in wheat in hydroponik systems. Can. J. Bot, 63, 627-631.

- Kapulnik, Y, Kiegel, J., Ckon, Y., Nur, J. and Henis, Y. (1981). Effect of Azospirillum incculation
on some growth parameters and nitregen content of wheat, serghum and panicum. Plant and
Soil 61, 65-70.

- Kapulnik, Y, Okon, Y. and Henis, Y. (1985). Changes in root morphology of wheat caused by
Azospiriffum inoculation. Can. J. Microbiol. 31, 881-887.

Kapulnik, Y., Okon, Y. and Henis, Y. {(1987). Yield response of spring wheat cultuvars {kriticum
aestivum and triticum furgidum) to inoculation with Azospirillum brasilense under field
conditions. Biol. Fertil. Soils 4, 27-35.

- Kapulnik, Y., Sarig, S. Nur, J., Oken, Y., Kiegel, J. and Henis, Y. {19B1). Yield increase in
summer cereal crops of Israel in field inoculation with Azospiriflum. Exp. Agric. 17, 179-187.

- Kleiner, D. (1981). The transport of NH, and NH,” across biclogical membranes. Biochem,
Biophys. Acta 632, 41-52.

- Kleiner, D, (1984). Bakterien und Ammonium. Forum Mikrobiol. 7, 13-19,

- Lakshmi-Kurami, M., Kavimendan, S.K. and Subba Rao, N.S. {1976). Occurrence of nitrogen
fixing spirillum in roots of rice, sorghum. maize and other plants. Indian J. Exp. Biol. 14, 638-
639,

- Lamm, R.B. and Neyra, C.A. (1981). Characterization and cyst production of Azospirillum
isolated from selected grasses growing in New Jersey and New York, Can. J. Microbiol. 27,
1320-1325.

- Lin, W., Okon, Y. and Hardy, RW.F. (1983). Enhanced mineral uptake by Zea mays and
Sorghum bicolor roots inaculated with Azospirilium brasilense. Appl. Environ. Microbiol. 45,
1775-1779.

- Ludden, P.W., Okon, Y. and Burris, R.H. (1978}. The nitrogenase system of Spirifium lipoferum.
Biochem. J. 173, 1001-1003.

- Magalhaes, F.M.N., Baldani, J.I, Souto, §.M., Kuykendall, J.R. and Débereiner, J. (1983). A new
acid tolerant Azospirillum species. Ann, Acad. Bras. Cien. 55, 417-430.

- Magalhaes, F.M.N., Neyra, C.A. and Débereiner, J, (1978). Nitrate and nitrite reductase negative
mutants of N, fixing Azospiriflum spp. Arch. Microbiol, 117, 247-252.

- Magalhaes, F.M.N., Patriquin, D. and Débereiner, J. (1979). infection of field grown maize with
Azospiriflum spp. Rev. Bras. Biol. 39, 587-597.

- Maninez-Drets, G., Fabiano, E. and Cardona A, {1985). Carbohydrate catabolism in Azospirillum
amazonense. Appl. Environ. Micrebiol. 50, 183-185.

- Murty, M.G. and Ladha, J.K. {1987). Differential colonisation of Azospirillum lipoferum on roots
of two varieties of rice. Biol. Fertil. Scils 4, 3-7,

- Nair, S.K, Jara. P., Quiviger, B. and Elmerich, C. (1983). Recent developments in the genetics of
nitrogen fixation in Azospirillum. Experimentia Suppl. 48, 29-38.

- Nayak, D.N,, Ladha, J.K. and Watanabe, J. (1986). The effect of marker Azospiriflumn lipoferum
inoculated into rice and its effect on growth, yield and N, fixation of plants studied by acetylene
reduction, N, feeding and *® dilution studies. Biol. Fertil. Scils 2, 7-14.




11

Nelson, LM, and Knowles, R. {1978). Effect of oxygen and nitrate on nitregen fixation and
demineralisation by Azospiriffum brasilense grown in continuous culture. Can. J. Microbiol. 24,
1395-1403.

Neuer, G., Kronenberg, A. and Bothe, H. (1985). Denitrification and nitrogen fixation by
Azospiriffum. Arch. Microbiol. 141, 364-370.

Neyra, C.A. and Débereiner, J. {1977). Nitrogen fixation in grasses. Adv. Agron. 29, 1-38.
Neyra, C.A., Débereiner, J. Lalande, R. and Knowles, R. (1977). Denitrification by N, fixing
Spiriflum lipoferum. Can. J. Microbiol. 23, 300-305,

Neyra, C.A. and Van Berkum, P. {1977). Nitrate reduction and nitrogenase activity in Spirifium
lipoferum. Can. J. Micrabiol, 23, 306-310.

Nur, 1., Oken, Y. and Henis, Y. (1980). An increase in nitrogen content of setaria italica and zea
mays inoculated with Azospirilium. Can. J. Microbiol. 26, 482-486.

Oken, Y. (1982). Azospirillum, physiological properties, mode of association with roots and its
application for the benefit of cereal and forage grass crops. isr. J. Botany 31., 214-220.

Okon, Y., Albrecht, S.L. and Burris, R.H. (1877). Methods for growing Spiritium lipoferum and for
counting it in pure culture and in association with plants. Appl. Environ. Micorbiol. 33, 85-88.
Okon, Y., Houchins, J.P., Albrecht, S.L. and Burris, R.H. (1977). Growth of Spirillum lipoferum at
constant partial pressure of oxygen and its properties of its nitrogenase in cell free axtracts. J.
Gen. Microbicl. 98, 87-93,

Owens, L. (1977). Use of "™N-enriched scil to study N, fixation in grasses. In : genetic
enginearing for nitregen fixation {Hollaender A, ed.)., pp. 473-482, Plenum Press, New York.
Patriquin, D.G. and Débereiner, J. {1978). Light microscopy observations of tetrazolium-
reducing bacteria in the endorhizosphere of maize and other grasses in Brazil. Can. J.
Microbiol. 24, 734-742.

Patriquin, D.G., Ddbereiner, J. and Jain, D.K. (1983). Sites and processes of association
between diazotrophs and grasses. Can. J. Microbicl, 29, 900-915.

Pedrosa, F.O. and Yates, M.G. (1984). Regulation of nitrogen fixation {nif) genes of Azospirillum
brasilense by nif A and ntr gin type gene products. FEMS Microbiol. Lett. 29, 95-101.

Pereira, J.A.R., Cavalcante, V.A., Baldani, |.J. and Débereiner, J. (1988). Field inoculation of
sorghum and rtice with Azospiriffum spp. and Herbaspirilium seropedica. Plant and Soil 110,
369-274.

Reinhold, B., Hurek, T. and Fendrik, J. {1985). Strain specific chemotaxis of Azoespirilium sp. J.
Bacteriol. 162, 190-195.

Reinhold, B., Hurek, T., Fendrik, J., Pot, B., Gillis, M., Kersters, K., Thielemans, D. and Deley, J.
(1987). Azospirillum halopraeferans sp. nov., a nitrogen fixing organism asscciated with the root
roots of Kallar grass {Leptochloa fusca). Int. J. Syst. Bacteriol, 37, 43-51,

Reijnders, L. and Vlassak, K. (1978). Nitrogen fixing Spiriflum species in Belgian Saoils.
Agriculture 24, 329-336,

Reijnders, L. and Vlassak, K. (1979). Conversion of tryptophan to indole acetic acid by
Azospiritium spp. Soil. Biol. Biochem. 11, 547-548,

Rocha, R.E.M., Baldani, J.S. and Débereiner, J. {1981). Specifity of infection by Azospirifium
spp. in plants with C, photosynthetic pathway. In: Asscciative nitrogen fixation, Vol. Il. (Vose,
P.B. and Ruschel, A.P_, eds.), pp. 67-69, CRC Press, Boca Raton.

Redriguez Careres, E.A, (1982), Improved medium for isclation of Azospirilium spp. Appl.
Environ. Microbiol. 44, 990-991.

Ruckdaschel, E., Kittel, B.C., Helsinski, D.R. and Klingmdiller, W. {1988). Aromatic amino acid
aminotransferases of Azospirilium lipoferum and their possible invelvement in AA biosynthesis.
In: Azespirilfum IV (Klingmaller, W., ed.), pp. 49-53, Springer Verlag, Berlin.

Sarig, S., Kapulnik, Y., Nur, |. and Okon, Y. {1984). Response of a non irrigated sorghym
bicolor to Azospirilium inoculation. Expl. Agric. 20, 59-66.

Schank, 8.C, Weier, KL. and McRae, |.C. (1981}. Plant yield and nitrogen content of a
Digitgrass in response to Azospirillum inoculation. Appl. Environ, Microbiol. 41, 342-345,
Schneider, E.A. and Wightman, F. {1974). Metabolism of auxine in higher plants. Ann. Rev.
Plant Physiol, 25, 487-531.



12

- Scott, D.B., Scott, C.A. and Dé&bereiner, J. (1979). Nitrogenase activity and nitrate respiration in

- Azospiritium spp. Arch. Microbiol. 121, 141-145.

- 8ingh, M. and Klingmtller, W. (1988). A Tn5 induced Nif A lke mutant of Azospirilium
brasilense. In: Azospirifium |Il. {Klingmiiller, W., ed.), pp. 26-31, Springer Verlag, Berlin.

- Singh, M., Trepathi, A.K. and Klingmiller, W. {1989). Identification of a regulatory nif A type
gene and physiclogical mapping of cloned new nif regions of Azospirillum brasilense. Mol. Gen.
Genet. 219, 235-240.

- Song Seung-Dal, Hartmann, A. and Burris, R.H. {1985). Purification and properties of the
nitrogenase of Azospiriflum amazonense, J. Bact. 164, 1271-1277.

- Staphorst, J.L and Strijdom, B.W. (1978). Diazotrophic bacteria associated with pasture and
field grasses, shugar cane, maize and serghum in south africa. Phytophyllactica 10, 13-16.
Tarand, J.J., Krieg, N.R. and Débereiner, J. {1978). A taxonomic study of the Spirilflum lipoferum
group with description of a new genus, Azospirilium gen. nov. and two species, Azospirilium
lipoferum comb. nov. and Azospirifium brasifense sp. nov. Can. J. Microbiol. 24, 967-980,
Tarand, J.J., Krieg, N.R., and Débereiner, J. (1984), The genus Azospirflum. In: Systematic
Bactericlogy (Krieg R.N. and Holt, J.G., eds)), pp. 94-103, Williams and Wilkins, Baltimore.

- Tien, T.M., Gaskins, M.H. and Hubbell, D.H. (1979). Plant growth substances produced by
Azospirilium brasilense and their effect on the growth of pearl millet (Pennisetum americanum
L.). Appl. Environ. Microbiol. 37, 1016-1024.

- Tilak, K.V. and Subba Rao {1987). Association of Azospirifium brasilense with pearl millet, Biol.
Fertil. Soils 4, 97-102.

- Umalia-Garcia, M., Hubbell, DH., Gaskins, M.H. and Dazzo, F.B. {1980). Association of
Azospirifium with grass roots. Appl. Environ. Microbiol. 39, 219-226.

- Vlassak, R.M. and Bohool, B.B. {1983). Prevalence of Azospiriflum spp. in the rhizosphere of
tropical grasses. Can. J. Microbicl. 29, 649-652,

- Watanabe, |. and Lin, C. (1984}. Response of wetland rice to incculation with Azospirillum
lipoferum and Pseudomonas sp. Soil Sci, Plant Nutr, 30, 117-124.

- Westby, C.A,, Enderlin, C.S., Steinberg, N.A., Joseph, C.M. and Meeks, J.C. (1987). Assimilation
of NH," by Azospirilium brasilense grown under nitrogen limitation and excess. J, Bact. 169,
4211-4214,

- Whallon, J.H., Acker, J. and El-Khawas, H. {1985). Electron microscopy of young wheat roots
inoculated with Azospirilfum. In: Azespirilum I, {Klingmiller, W., ed.), pp. 222-229, Springer
Verlag, Berlin Verlag.

- Wong, P.P. and Stenberg, N.E. {1979). Characterization of Azospiriflum isolated from nitrogen
fixing reots of harvested sorghum plants. Appl. Environ. Microbiol. 38., 1189-1181.

- Zimmer, W. and Bothe, H. {1988). The phytohormeonal interactions between Azospiriium and
wheat. Plant and Soil 110, 239-247.




13
CHAPTER 2

NITROGEN FIXATION OF AZOSPIRILLUM BRASILENSE IN SOIL AND
RHIZOSPHERE UNDER CONTROLLED ENVIRONMENTAL CONDITIONS *

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 C,H, . h' per 2 kg fresh
soil, increasing to 300 nmol C,H, . h* 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 reprassing
influence of free oxygen as compared with free living bacteria. An optimum
nitrogenase activity was observed at 10 kPa O, 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
consegence also a lower nitrogen fixing potential. Subsegent inoculations  with
A.brasilense during plant development did neither increase roct colonisation nor
stimulate associated acetylene reduction. Using the °N dilution method, the
respanse of an A.brasifense 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 *N dilution was
comparable to that in plants inoculated with a non N,fixing Pseudomonas
fluorescens.

Introduction
Nitrogen fixing Azospiriflum species are known to establish succesfully in the

rhizosphere of gramineous plants (Tilak and Rao 1978, Whallon et al. 1985).
Nitregen fixation by root associated Azospirilfum spp. has been reported both

1 Accepted by Biol. Fertil. Seils
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from field and from in vitro experiments, 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 Ddbereiner 1976; Ckon et al. 1977). The nitrogenase
activity of A.brasilense reaches its maximum at 1.7 kPa O, and little or no activity
remains at oxygen tensions of 3 kPa O, and above, whereas no nitrogenase
activity was found under anaerobic conditions. Both NO, and NH,” strongly
influence nitrogen fixation by A.brasilense as well (Day and Ddbereiner 1976;
Nelson and Knowles 1978). Nitrogenase activity is completely inhibited after the
addition of 1 mM NH,” to a N,-fixing Azospirilium culture (Hartmann et al. 1985).
10 mM NOQ, represses the nitrogenase activity of Azospirillum 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
Azospiriffum-plant association, 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 associated Azospirillum to the nitrogen supply of the
host plant is as yet a matter of debate (Kapulnik et al. 1981, Kapulnik and Okeon
1983, Mayak gt 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 transiocated to the host plant can also be quantified. In this
plant-scil system roots of wheat could be kept gnotobictic over the entire period
of growth to exclude competition and cross-reaction with bacteria other then the
introduced A.brasilense cells.

Materials and methods

Growth system

The plant-soil system is described in Figure 1. Each 2 | 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 systermm on a washed
sand being sealed airtight around the stem with a paraffing/lancline seal (5% /
95% ) to keep the root compartment sterile. Sterilised Hoagland nutrient sclution
(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 pm). The oxygen content of the flushing
air was controlied by a continuous flow panel. In an attempt to imitate the organic
carbon exudation by the root, a dialyse tubing system (2 cm diamster, 30 cm
length, 1884 cm?® surface) was placed into the soil or seasand of an unplanted
growth system. A 0.5% sclution of malic acid was circulated continuously at a
flow rate of 3 ml.min™ through the tubing.
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Soils and plants

The soil was an unfertilised loamy sand (0.3 mg kg’ 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.

’ ARA
= ‘\)

(=2}
&3

1: Communicating tubes 2: Cotton filter 3: Growth container
4: Nutrient solution 5: Lanoline seal 6: Membrane filter
7: Sampling port

Figure 1: Functional desizn 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 wvr. "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 Na-
hypochlaride 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 lancline-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 rhizesphere of a field grown with summer wheat. A
Pseudomonas fluorescens, strain R2f, isolated from the rhizesphere 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% NaCl
solution. For inoculation 30 ml of this cell suspension was injected to each pot.
The total number of incculated bacteria was approximately 3.10° cells per pot,
which was equal to a final density of 1,5.10° 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 Azespirillum
brasilense. Acetylene reduction assay and plant harvest took place at day

49.
Inoculation with 5%10% CfU? plant™!
Day 1 Day 15 Day 30 Day 45
Treatment I + + + -
Treatment I1 + - - -
Treatment TI - - + -

Treatment IV - - +

® Cell-forming units

Biochemical assays

Acetylene reduction assay (ARA) of pure bacterial culture was performed in a
semisolid {C.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.brasilense for 48 hours in a batch of NFB medium containing 10 mM NH,CI and
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100 mg/l DL-ryptophan, Produced Indole-acetic-acid (|AA) was determined in the
supernatant after centrifugation by Salkofski color reaction (Tang and Bonhner
1946). Nitrate-reductase activity was qualitatively determined in a semisolid (0.2%
agar) NFB medium with 8 mM NH,NQ, by the method of Nocholas and Nason
(1957).

Acetylene reduction assay

For ARA the pots were transferred to a water bath with a constant temperature
of 23°C. The air outlet was connected to an autosampling gaschromatograph
(Varian 1700), equipped with porapack T column and a FiD detector. Prior to ARA
the Hoagland nutrient solution was removed from the system by flooding and
subsegent draining of each pot with a soluticn of 2 mM MgS0O,, 0.5 mM KH, PO,
0.4 mM Ca (HPO,), and trace elements according to Hoagland. Before assay the
entire systern was continuously flushed for 30 min with a gasmixture of air and at
a flow rate of 2.5 L.h” pot’. The oxygen tensich was chosen dependent on the
experiment in a range from zero to 20 kPa O, and acetylene was added to a final
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 by the 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) 25 mM or 5 mM
KNO, or 3) 25 mM or 5 mM NH,CI. 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 cuiture grown
on Luria broth, washed and resuspended in either nitrogen free or KNO, or NH,CI
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.

"°N dilution technique

In order to determine to which extent the plant benefits from bacterial nitrogen
fixation a "N dilution measurement was carried out. Plants were grown until the
end of grainfiling (70 days). Nutrition was by a half strength MHoagland nutrient
solution with K'’NO, concentration of 0.95 atom% excess "°N . Inoculation took
place soon after planting with either Azospirillum brasilense Wa3 (5.10° CFU per
pot) or with Pseudomonas fluorescens R2f (8,7.10° CFU per pot). Uninoculated
plants were taken as controls. All treatments were carried out with four
replications. In situ nitrogenase activity was measured prior to harvest at 23°C and
at 12 kPa O, 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 Kjeldahi analysis {Bremner and Shaw 1958) and ""N/"°N 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):

*N% in the plant
% N from fixation = 1 - " x 100
N% in the 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.brasifense the nitrogenase activity at a
constant oxygen tension of 2 kPa O, increased constantly during 7 days up to a
rate of 60 nmol C,H,.h".pot’, whereas nitrogenase activity in soil reached its
maximum 4 days after incculation (Fig. 2). In both environments the final
nitrogenase activities reached a low level of appprox. 30-60 nmal C,H,.pot™.h’
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.brasilense as well as bacteria attached to a dialyse system were
strongly influenced by free oxygen with a narrow nitragenase activity peak at 1.7
kPa O, (Fig.3). At oxygen tensions above 5 kPa little activity was observed.
However, in association with an active plant root, N -fixation increased with the
oxygen tensicn up to 15 kPa Q,. 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 C,H, pot’.h" at more than 10 kPa O, 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 O, concentrations.
When A.brasilense was added only a few days before harvest the maximum
nitrogenase activity was relatively low with 200 nmol C,H, pot™.h™ 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 Q, for a rhizosphere association
and at 1.7 kPa O, for plant-free A.brasilense culture .
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Figure 2: Acetylene reduction activity of Azospirilium brasilense in a sterile
environment at a constant oxypen tension of 2 kPa and at 23°C.
Inoculation took piace in & soil and a sea sand with and without a carbon
(malate) addition via a dialyse tubing system.

Mineral nitrogen, ammenia as well as nitrate reduced nitrogen fixation. The
nitrogenase activity of freliving A.brasifense is compietely repressed by a NH,*
concentration above 2.5 mM and it is strongly reduced by 2.5 mM NC, (Table 2).
Similar values were found for the dialyse tubing system. When associated with
Zactively growing roots nitrcgenase activity of introduced A.brasifense is less
sensitive to the presence of mineral nitrogen. When plants were treated with 2.5
mM NH,*, up to 39% of the activity measured under nitrogen free conditions stil
remained. Even at NH,* 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 NG,

The final nitrogenase activities as well as the total number of A 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 C,H,.h" per 10* 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 of increasing oxygen tension on the nitrogenase activity of
Azospirillum 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 day 49
after planting. The influence of oxygen on the nitrogen fixation of batch
grown A.brasilense is given as control (nmol C,H, h"* mI" bacterial cultu-
re).

In the "*N dilution experiment a Pseudomonas fluorescens strain (R2f) was used
as a non-nitrogen-fixing contrel bacterium. P.fluorescens R2f produces, similarly to
A.brasilense, auxin (IAA) when grown on DL-typtophan containing medium and it
also shows nitrate-reductase activity. No N_-fixation was detected when incubated
on a semisolid {0.2% agar) nitrogen free-minimal medium (Table 4).

In comparison to uninoculated control plants, A.brasilense as well as P.
Huorescens caused an increase of root and shoot biomass although not
statistically significant (Table 5).
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Table 2: Acetylene reduction activity (ARA) in wheat roots inoculated with
Azospirillum brasilense at different stages of plant development (Table 1) or attached
to a dialyse tobing system with a constant malate addition. ARA was measured at
day 49 after planting and at different concentrations of NO, and NH,. Pure culture
grown A. brasilense is given as control.

(nmol C,H, h™! plant™l)

Mo N KNO, NH,C1
added
2,5 mM 5 mM 2,5 mM 5 mM

Inoc. day a 556 377 223 216 62
1,15,30 (10G)4; (67.8) (40.1} (38.9) (11..2)
Inoculation 569 469 395 222 54
day 1 (100) (82.4) (69.4) (39.0) (9.5)
Inoculation 291 212 118 111 29
day 30 (100) (72.9) (40.6) (38.1) (10.0)
Inoculation 208 85 20 61 13
day 45 (1L00) (40.9) (9.6) (29.3) (6.3)
Malate b3 325 14 3 8 8
addition (100) (4.3) (1.9) (2.5) (2.3)
Pure ) 52.6 4.6 2.8 0 0
Culture (100) (8.7) (5.3 (0} (0)
SED 76 a8 77.5 79.8 93.4

a) Treatments as given in Table 1.

replicates.

b) Values are means of six replicates.

Values are means of two

c) Activity is measured as CyH, h™' ml™! culture, wvalues are means of two

replicates.

d) Data in parantheses represent percentage of activity compared to the
values obtained with no mineral 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 with Azospirillum
brasilense at different stages of plant development (Table 1). ARA and harvest took
place at day 49 after planting.

Acetylene Total Specific
reduction bacteria activity
nmol CoH, log CfU? nmol C,H,
h! plant™? plant™? h't 10% ¢cfU
Inoc. day 1, 15, 30 556 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
SED 76 0.17 1.34

8 Cell-forming units
SED: standard error of differences
Values are means of two replicates

Table 4: Auxin (IAA) production, nitrogen fixation and nitrate reductase
activity of Azospirillum brasilense and Pseudomonas fluorescens.

IAA Nitrogen Nitrate
production fixation reductase

(ug 1aA ml™'  (mmeol GyH, min™?
24 h'1y mg! protein)

Azospirillum 5.2 14.4 +

FPseudomonas 1.35 0 +




23

ARA was observed in the A brasilense inoculated pots but not in the controls
and in P.fluorescens treatments. When K'°NO, (0.95 atom % excess '°N} as the
sole nitrogen source was applied, "N dilution occurred in roots and shoots of all
plants including the non-inoculated controls. "N dilution was in general higher in
roots than in plant shoct material. In comparison to the control plants the
inoculation with A.brasifense as well as with P.fluorescens caused a significant
decrease of the ®N/"N ratio in both roots and shoots. Lowest '°N contents were
found in a treatment of a combined Azospirilli and Pseudomonads inoculation.

Table 5. Dry weight, nitrogen content, N dilution and acetylen reduction (ARA) of
wheat plants inoculated with Azospirillum brasilense or Pseudomonas fluorescens.
K"NO, as sole plant nitrogen source was labelled with 0.95 atom % excess *N.

Dry Nitrogen 15N ARA
weight content dilution
(mg) (sN) (Atoms 1N (nmo1G,H,
_— hlplant™)
Root Top Root Top Rooi Top
Control 187 159 0.39 1.81 0.860 0.937 0
AZ0O 242 182 0.31 1.48 0.832 0.924 173
Ps 432 183 0.30 1.54 0.836 0.907 ]
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 : Uninoculated plants

AZO : A. brasilense

PS : P. fluorescens

SDS : Standard error of differences {* significant P<CG.05)
Values are means of four replicates

When using these "N dilution rates to calculate the amount of plant nitrogen
that comes from a source other than mineral fertilization, both A.brasilense and
F.fluorescens seemed to add extra nitrogen to plants on top of the NO, uptake
(Table 6). The nitrogen gain due to an A.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.fluorescens inoculation 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 (Table 6),

Discussion

The increase of nitrogenase activity found in an unplanted scil or sea sand
when malic acid is offered constantly via a dialyse tubing system indicates that in a
natural envirenment the availability of a carbon source will be an important limiting
factor for bacterial activity. This may also explain the activity peak occurring in the
scil 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 Azospirilfum, as well
as of other rhizosphere bacteria, is dependent on root carbon exudation (Beck and
Gilmour 1983; Newmann 1985).

Table §: Relative nitrogen gain in root, stem and leaves and panicle of wheat plants
due to bacterial inoculation as calculated by “*N dilution technique.

Nitrogen gain

(% N of plant N) {(mg N)
AZO PS AZCHPS 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.C066 0.102
Root 3.25 2.83 6.88 0.028 0,037 0.068
Total plant 1.88 3.12 6.39 0.067 0.128 0.205

AZO : Azospirillum brasilenmse
PS : Pseudomonas fluorescens
Values are means of four replicates
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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
of the same plant species (Kortzky et al. 1988).

The results reported here demonstrate that the nitrocgenase enzyme system of
root colonizing A.brasifense is 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 N,fixation in the
rhizosphere of various grasses in natural environments (Alexander et al. 1987;
Zuberer and Alexander 1988; Ddbereiner et al. 1973).

In experiments with excised rice roots the associative nitrogen fixation had an
optimum value at a very low oxygen tension of .25 kPa and decreased to zero
when the oxygen concentration was more than 2.5 kPa O, (Van Berkum and
Sloger 1982). The reason why the nitrogenase activity of associated A.brasilense in
our experiments showed relatively high activities at O, concentrations of 10 kPa Q,
or more might be, that A.brasilense was inoculated to the plant under strictly
monoxenic conditions, excluding the competition with cother 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 roct surface, in the mucigel layer or
in the intercellular spaces of the cortex. That Azospiriffum sp. 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 al. {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 mechan-
ism involved could be the removement of toxic nitrite from the bacterial environ-
ment through the plant’s nitrite reductase system (Ferreira et al. 1987). As A.brasile-
nse forms nitrite by dissimilatory nitrate reduction (Scott et al. 1979}, an accumula-
tion of this metabolite would inhibit bacterial nitrogen fixation {Ddbereiner 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.brasilense develops along
the root immediately occupying all potential attachment places in the rhizesphere,
Cells, added after this first inoculation event may not find suitabla 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.brasife-
nse was 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 pravent the bacteria to penetrate into the cortex tissue. Such a colonization
behaviour may explain the observation, that A.brasilense, when applied to the plant
in relatively low cell numbers (log 6 CFU per plant) by seed coating, is able to






