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Abstract 
The nitrogenase activity of Azospirillum spp. is efficiently regulated by environmental factors. In A. 

brasilense and A. lipoferum a rapid 'switch off' of nitrogenase activity occurs after the addition of ammonium 
chloride. As in photosynthetic bacteria, a covalent modification of nitrogenase reductase (Fe-protein) is 
involved. In A. amazonense, a non-covalent mechanism causes only a partial inhibition of nitrogenase 
activity after ammonium chloride is added. In anaerobic conditions, nitrogenase reductase is also 'switched 
off' by a covalent modification in A. brasilense and A. lipoferum. Short-time exposure of Azospirillum to 
increased oxygen levels causes a partially reversible inhibition of nitrogenase activity, but no covalent 
modification is involved. Azospirillum spp. show variations in their oxygen tolerance. High levels of 
carotenoids confer a slightly improved oxygen tolerance. Certain amino acids (e.g. glutamate, aspartate, 
histidine and serine) affect growth and nitrogen fixation differently in Azospirillum spp. Amino acids may 
influence growth and nitrogen fixation of Azospirillum in the association with plants. Azospirillum brasilense 
and A. halopraeferens are the more osmotolerant species. They utilize most amino acids poorly and 
accumulate glycine betaine, which also occurs in osmotically stressed grasses as a compatible solute to 
counteract osmotic stress. Nitrogen fixation is stimulated by glycine betaine and choline. Efficient iron 
acquisition is a prerequisite for competitive and aerotolerant growth and for high nitrogenase activity. 
Azospirillum halopraeferens and A. amazonense assimilate iron reasonably well, whereas growth of some A. 
brasilense and A. lipoferum strains is severely inhibited by iron limitation and by competition with foreign 
microbial iron chelators. However, growth of certain iron-limited A. brasilense strains is stimulated by the 
phytosiderophore mugineic acid. Thus, various plant-derived substances may stimulate growth and nitrogen 
fixation of Azospirillum. 

Introduction 

The rhizosphere is a challenging habitat for 
microorganisms and a challenge for ecological 
studies. At the interface of root and soil, the grow- 
ing plant provides macronutrients as well as 
micronutrients and the soil contributes its struc- 
ture, mineral composition, physicochemical proper- 
ties and water regime. Thus, the stage is set for 
a competitive and balanced growth of soil mi- 
croorganisms, which can themselves change the 
habitat (Brock, 1985; Curl and Truelove, 1986; 
Whipps and Lynch, 1986). Growth and multiplica- 

tion, despite competition for nutrients and the ef- 
fects of antagonistic agents, give the best chance to 
escape predators, such as grazing amoebae or 
bdellovibrios (Brock, 1985; Curl and Truelove, 
1986). Microorganisms, which succeed in coloniz- 
ing the root surface and are able to reach the 
endorhizosphere, may be regarded as fortunate 
winners of the game. At these sites, more substrates 
are available and competition may be less severe. 
This is particularly important for the nitrogen- 
fixing ability of plant-associated bacteria, because 
nitrogen fixation is an energy-demanding process 
(Whipps and Lynch, 1983). 
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Table 1. Influence of amino acids on growth and nitrogen fixation of Azospirillum spp. 

( A ) Amino acids as sole sources o f  carbon and nitrogen: 
Amino acid Stimulation of growtha: 
(10 m M )  A. amazonense A. lipoferum A. brasilense A. halopraeferens 

glutamate 19.2 22.3 9.3 3. l 
proline 25.7 28.7 9.9 2.2 
serine 2.7 10.8 1.6 1.3 
alanine 9.5 15.0 8.9 17.6 
histidine 3.7 14.2 1.1 1.2 

(B) Effects o f  amino acids on nitrogen fixation in the presence o f  0.5% malate (Y I :  sucrose)." 
Amino acid Relative nitrogen fixation activitya: 
( 10 m M  ) A. amazonense A. lipoferum A. brasilense A. halopraeferens 

glutamate 0.14 0 0.45 0.73 
proline 0.01 0.14 0.25 0.86 
serine 0.05 0,16 0.73 0.73 
alanine 0.15 0,01 0.08 0 
histidine 0 0 1.47 0.90 

The figures are ratios of growth (A560) (A) and nitrogen fixation (B) in the presence and absence of amino acids. 
The tests were performed in semisolid minimal medium (Albrecht and Okon, 1980) without nitrogen and/or carbon sources added. 
Growth (A560) was measured after 3 days incubation at 30~ (A. halopraeferens: 41~ Nitrogenase activity (acetylene reduction) was 
determined 1 or 2 days after inoculation. 

Numerous factors limit or enhance nitrogen- 
fixing activity. A comparison of the different re- 
sponses of Azospirillum spp. to environmental con- 
ditions may help us to recognize the characteristics 
of different species and strains. The identification of 
specific factors involved in the plant-Azospirillum 
interaction may lead to a better understanding of 
how the plant host and associated bacteria may be 
physiologically interdependent, and so help to im- 
prove the competitiveness of inoculant strains and 
their ability to fix nitrogen. 

This article summarizes recently published and 
unpublished results on the influence of combined 
nitrogen sources (ammonium and amino acids), 
oxygen, osmotic stress and iron limitation on 
growth and nitrogen fixation of different Azo- 
spirillum species and closely related bacteria. The 
reader is also referred to previous reviews on the 
physiology (Okon, 1985a), ecology (Balandreau, 
1986; Okon and Kapulnik, 1986; Patriquin et al., 
1983) and applied aspects (Elmerich, 1984; Okon, 
1985b) of Azospirillum. 

Growth substrates and their influence on nitrogen 
fixation 

Organic acids and sugars. The utilization of sub- 
strates available as plant cell constituents, muci- 

lages and in root exudates is a prerequisite for 
growth in the rhizosphere, colonization of the root 
and finally, nitrogen fixation in association with the 
root. The chemotaxis towards components of root 
exudates and mucilage (Heinrich and Hess, 1985; 
Mandimba et al., 1986; Reinhold et al., 1985) and 
the utilization of organic acids and sugars by Azo- 
spirillum is well documented (Magalhaes et al., 
1983; Reinhold et al., 1987; Tarrand et al., 1978). 
There are species-specific differences in the utiliza- 
tion of sugars; thus A. lipoferum readily utilizes 
glucose and A. amazonense, sucrose, whereas A. 
brasilense and A. halopraeferens cannot grow on 
these substrates efficiently. The physiological basis 
for these differentiating characteristics are the abili- 
ties to take up mono- and disaccharides and utilize 
them along different pathways (Martinez-Drets et 
al., 1984; Martinez-Drets et al., 1985). 

Amino acids. Azospirillum spp. differ in the utiliz- 
ation of amino acids. Azospirillum lipoferum and A. 
amazonense readily used many amino acids as the 
sole sources of carbon, nitrogen and energy (Table 
1A). Nitrogen fixation measured in the presence of 
malate or sucrose was drastically inhibited at high 
concentrations of amino acids. At low concen- 
tration of glutamate, nitrogen fixation in A. 
amazonense was slightly stimulated (Fig. 1). In con- 
trast, A. brasilense andA. halopraeferens grew poor- 
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Fig. 1. Effect of different concentrations of glutamate on the 
total nitrogen fixation activity of A. amazonense YI (zx), A. 
lipoferum SpRG20a ([3), A. brasilense Sp7 (O) and A. halo- 
praeferens (v). Semisolid minimal medium, prepared according 
to Albrecht and Okon (1980), was inoculated with 2% (v/v) 
overnight cultures grown with ammonium as combined nitrogen 
source. After 24 h at 30~ (A. halopraeferens: 41~ the acety- 
lene reduction activity (Burris, 1972) was measured. 

, , 

ly or not at all with amino acids as sole source of 
carbon, nitrogen and energy (exception: alanine), 
and nitrogen fixation was not inhibited at even high 
concentrations of amino acids, e.g. glutamate 
(Table 1, Fig. 1). Accordingly, glutamate is a good 
nitrogen source for A. lipoferum and A. 
amazonense, but a poor nitrogen source for A. 
brasilense and A. halopraeferens (Har.tmann et at., 
1988). The physiological basis for the different ef- 
ficiency of the utilization of glutamate is probably 
the different activities for glutamate uptake, gluta- 
mate dehydrogenase and glutamate transaminases 
(Hartmann et al., 1988). The ability of Azospirillum 
spp. to grow on amino acids as sole sources of 
carbon and nitrogen may be helpful as additional 
taxonomic characteristics and to isolate certain 
species specifically (e.g.A. lipoferum with histidine). 
This ability may also be relevant for their growth 
behaviour in the rhizosphere of particular plants 
and for the establishment of associative nitrogen 
fixation. 

Polymer-substrates and C l-compounds. Azo- 
spirillum can grow and fix nitrogen using polymer 
substrates, such as straw and xylan (Halsall et al., 
1985) and hemicellulose (Ladha et al., 1986). In 
co-culture with cellulose degrading bacteria, Azo- 
spirillum can fix nitrogen (Halsall and Gibson, 
1985). The ability for autotrophic growth is widely 
distributed among Azospirillum (Malik and 
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Schlegel, 1981; Tilak et aL, 1986). Azospirillum 
spp., including the recently described A. halo- 
praeferens, are able to grow on methanol or other 
C1-compounds and to fix nitrogen (Sampaio et al., 
1982; Hartmann, unpublished results). Azo- 
spirillum may also be able to use the methyl groups 
of pectin, a major constituent of plant cell walls. 
Cell-wall degrading enzymes are present in Azo- 
spirillum at rather low activities (Tien et al., 1981). 

Regulation of nitrogenase activity by ammonium 
and oxygen 

The expression of nitrogen-fixing activity is 
under genetic control. Possibly a n/fA-type regu- 
lation, which activates the transcription of the nif- 
genes at nitrogen limiting conditions (Postgate, 
1982), is operating in A. brasilense (Pedrosa and 
Yates, 1984). In addition, the nitrogenase activity 
itself is regulated by environmental factors. An 
effective regulatory control of nitroge 9 fixation 
may have evolved because of the high energy costs 
of nitrogen fixation (Postgate, 1982). 

Ammonium. After the addition of very low con- 
centrations of ammonium, nitrogen fixation is rap- 
idly and reversibly inhibited in Azospirillum spp. 
(Gallori and Bazzicalupo, 1985; Hartmann et al., 
1986; Haian Fu, personal communication). A co- 
valent modification of the nitrogenase reductase of 
A. brasilense and A. lipoferum was demonstrated 
using the quick filtration and extraction procedure 
(Kanemoto and Ludden, 1984) in combination 
with the immuno-blotting technique (Hartmann et 
al., 1986). The modification resembles the situation 
in the photosynthetic bacterium Rhodospirillum 
rubrum, where a 'switch off' of nitrogenase activity 
is caused by an ADP-ribosylation of nitrogenase 
reductase (Pope et al., 1985). In A. amazonense 
(Hartmann et al., 1986; Song et al., 1985) and 
Herbaspirillum seropedicae (Haian Fu, personal 
communication) no evidence for an involvement of 
covalent modification in the 'ammonium switch 
off" was apparent. Probably, the less complete 
inhibitory effect is mediated by a noncovalent in- 
hibitory mechanism in these bacteria. The rapid 
inhibition of nitrogenase activity by ammonium 
and other nitrogen compounds is widely distri- 
buted in N2-fixing bacteria (Heda and Madigan, 
1986; Kush et al., 1985; Reich et al., 1986; Turpin 
et al., 1984; Yoch and Whiting, 1986; Zumft, 1985/ 
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Fig. 2. Covalent and non-covalent regulation of the nitrogenase activity (schematic overview). 

review). However, the appearance of a covalently 
modified nitrogenase reductase during 'switch off" 
has clearly been demonstrated only in a few species 
(Gotto and Yoch, 1985; Hartmann et al., 1986; 
Jouanneau et al., 1983; Kanemoto and Ludden, 
1984) (Fig. 2). The involvement of an activating 
(Saari et al., 1984) and inactivating enzyme 
(Lowery et al., 1986) in the regulation of nitro- 
genase reductase probably improves the fine tuning 
and efficiency of nitrogenase regulation. Azo- 
spirillum brasilense and A. lipoferum have an ac- 
tivating enzyme, which activates modified nit- 
rogenase reductase of Rhodospirillum rubrum (Lud- 
den and Burris, 1976; Ludden et al., 1978; Hart- 
mann and Fu, unpublished). The regulatory system 
of nitrogenase in R. rubruml a close relative to Azo- 
spirillum, appears to be very similar to A. brasilense 
and A. lipoferum. 

levels, no covalent modification occurred (Hart- 
mann and Burris, 1987). The decrease of nitro- 
genase activity during anaerobiosis was not 
accompanied by an increase of the glutamine pool, 
as in the 'ammonium switch olT, and no alteration 
in the activity of glutamine synthetase occurred 
(Hartmann and Burris, 1987). Therefore, a signal 
independent of the nitrogen metabolism can also 
trigger the inactivating enzyme which catalyzes the 
covalent modification of nitrogenase (Fig. 2). A 
decrease in the oxoglutarate level could also 
provide the signal, because this would raise the 
glutamine/oxoglutarate ratio, which is of general 
importance in metabolic control of nitrogen 
metabolism. Thus details in the regulation of 
nitrogenase activcity by the modification system 
are not yet understood. 

Oxygen. After a shift to anaerobic conditions, 
nitrogen fixation of A. brasilense and A. lipoferum 
was inhibited and simultaneously the nitrogenase 
reductase was modified. However, during the rapid 
inhibition of nitrogenase activity by high oxygen 

Release of  nitrogen compounds by Azospirillum 

In an effectively nitrogen fixing association of 
mutual benefit, a carbon-nitrogen interchange 
should occur. The association of Peltigera with the 



cyanobacterium Nostoc provides a good example. 
Sarcosine was found to act as a regulator which 
inhibits glutamine synthetase and stimulates nitro- 
genase activity and ammonium release in Nostoc 
(H~illborn, 1984). For rhizocoenosis with hetero- 
trophic diazotrophs, a similar physiological in- 
teraction has not yet been described. 

At low levels of glutamate or aspartate, small 
amounts of ammonium are released from N2-fixing 
cultures of A. brasilense and A. amazonense (Hart- 
mann et al., 1988). Glutamate and aspartate, or 
metabolities derived from it, might reduce the ac- 
tivities of ammonium assimilatory enzymes and 
ammonium uptake and foster ammonium release. 
It would be very interesting to find plant-derived 
effectors and the N 2-fixing bacterial partner, which 
respond by releasing substantial amounts of 
ammonium, amino acids or other nitrogen com- 
pounds. A release of nitrogen compounds in lab- 
oratory batch cultures of A. lipoferum (Volpon et 
al., 1981), A. amazonense and A. halopraeferens 
(Hurek et al., 1987b) has been described. The 
nature of the compounds and the mechanism in- 
volved are not known. Under certain environmen- 
tal conditions, certain strains of Azotobacter chroo- 
coccum release ammonium (Narula and Gupta, 
1986). Further studies on the regulatory properties 
of glutamine synthetase (Gauthier and Elmerich, 
1977), glutamate synthase (Ratti et al., 1985), 
glutamate dehydrogenase (Maulik and Ghosh, 
1986) and ammonium permease (Hartmann and 
Kleiner, 1982; Kleiner and Castorph, 1982) are 
needed in strains isolated from effectively nitrogen 
fixing associations. 

Energy starved cultures of Azospirillum release 
small amounts of ammonium due to an inacti- 
vation of the ammonium permease and a decrease 
in the activities of ammonium assimilatory enzy- 
mes (Hartmann et al., 1984). After the addition of 
malate, ammonium uptake is rapidly reactivated 
and ammonium is taken up again (Hartmann, 
unpublished results). This mechanism of nitrogen 
release might operate in rhizocoenoses, when the 
energy supply is transiently reduced due to environ- 
mental effects on the plant (Whiting et al., 1986) or 
at later growth stages, when the root becomes a 
minor sink for photosynthates (Curl and Truelove, 
1986). 

Ammonium release and constitutive N2-fixation in 
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mutants. Glutamine auxotrophic mutants of A. 
brasilense, defective in glutamine synthetase (Gaut- 
bier and Elmerich, 1977) or glutamate synthase 
(Bani et al., 1980), release ammonium under N2- 
fixing conditions; these mutants have no am- 
monium uptake activity (Hartmann et al., 1984). 
Recently, prototrophic mutants of A. brasilense 
which fix nitrogen constitutively were isolated (Fis- 
cher et al., 1986). In prototrophic mutants of A. 
brasilense resistant to methionine sulphoximine 
(MSX), constitutive N2-fixation occurred but no 
ammonium release was observed (Hartmann, 1982; 
Hartmann et al., 1983). MSX-resistant mutants of 
Anabaena variabilis (Spiller et al., 1986) and Nostoc 
muscorum (Singh et al., 1983) release ammonium 
while fixing nitrogen. Certainly more research on 
this topic is needed. Azotobacter mutants with en- 
hanced nitrogen fixation activity also release some 
ammonium (Gordon and Jacobson, 1983). It may 
be speculated that mechanisms for the release of 
nitrogen compounds are present in bacteria from 
N2-fixing associations, but this property is under 
the physiological control of plant factors. 

Inhibition of  nitrogen fixation by oxygen and 
oxygen protective mechanisms 

Species and strain specific differences in oxygen 
tolerance. All Azospirillum species are characterized 
as microaerobically nitrogen fixing bacteria (Krieg 
and D6bereiner, 1984; Okon et al., 1977). The nar- 
row range of oxygen tolerance obviously limits 
nitrogen fixation in the association with roots 
(Zuberer and Alexander, 1986). A comparison of 
the oxygen tolerance of nitrogen fixation in a well 
mixed chamber (Hochman and Burris, 1981), 
which allowed simultaneous measurements of dis- 
solved oxygen, respiration activity and acetylene 
reduction, revealed an increased oxygen tolerance 
in the order A. brasilense Sp7, A. lipoferum 
SpRG20a and A. amazonense Y1 (Hartmann et al., 
1985). Using the same experimental device, this 
order of oxygen tolerance was also found, when the 
depression of nitrogen fixation in cultures pre- 
grown on ammonium was performed at various 
dissolved oxygen concentrations (Fig. 3). Strain 
specific differences of the efficiency of nitrogen fix- 
ation at different oxygen concentrations were also 
found in chemostat cultures (Hurek et al., 1987a; 
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Fig. 3. Different oxygen tolerance of nitrogen fixation in A. 
brasilense Sp7 (O), A. lipoferum SpRG20a (D) and A. ama- 
zonense Yl Ux). 
Cells growing with ammonium chloride as nitrogen source were 
centrifuged and resuspended in nitrogen free minimal medium. 
Derepression of nitrogen fixation was examined at different 
constant dissolved oxygen concentrations in a rapidly stirred 
chamber equipped with an oxygen electrode (Hartmann and 
Burris, 1986). After the acetylene reduction activity reached a 
constant rate the speific activity was determined. For com- 
parison reasons the highest acetylene reduction rate in each 
strain was set to 100%. The lag period until the acetylene 
reduction rate reached a fairly constant rate was considerably 
prolonged at increasing dissolved oxygen concentrations. The 
dissolved oxygen concentration in equilibrium with l kPa oxy- 
gen equals about 12/~M. 

Nelson and Knowles, 1978). The physiological 
basis for this variation in oxygen tolerance is not 
known. Recently, an oxygen resistant hydrogenase 
was found in A. amazonense Y1, which may contri- 
bute to the oxygen tolerance; A. brasilense and A. 
lipoferum lacked this activity (Fu and Knowles, 
1986). 

Oxygen protection by carotenoids. Carotenoids con- 
tribute to the oxygen tolerance due to their ability 
to quench radical reactions which are initiated by 
toxic oxygen metabolites, thereby preventing auto- 
oxidation reactions (Burton and Ingold, 1984). 
Inhibition of  carotenoid biosynthesis by diphenyl- 
amine in the red-coloured strain. A. brasilense Cd 
reduced the oxygen tolerance of its nitrogen fix- 
ation process (Nur et al., 1981). Carotenoid over- 
producing mutants, obtained from the slightly pink 
wild type A. brasilense Sp7, grew and fixed nitrogen 
at oxygen stress conditions, whereas the wild type 
failed to grow (Hartmann et al., 1983). In oxygen 
controlled, nitrogen-free continuous cultures an 

improved nitrogen fixation activity occurred due to 
carotenoids at oxygen stress conditions (12 ~M dis- 
solved oxygen), although growth and nitrogen fix- 
ation was greatly inhibited (Hartmann and Hurek, 
unpublished results). It is concluded that a high 
level of carotenoids do not extend the optimum for 
nitrogen fixation to higher oxygen levels, but 
provide some limited protection against oxygen 
damage. 

Reversible 'oxygen switch off'. A rapid, and par- 
tially reversible, inhibition of  nitrogenase activity 
by oxygen was observed in Azospirillum spp. (Hart- 
mann and Burris, 1987; Hartmann et al., 1985). A 
similar type of  reversible inhibition of nitrogenase 
activity by oxygen was demonstrated in Azotobac- 
ter spp. (Dingier and Oelze, 1985; Yates and Jones, 
1974), photosynthetic bacteria (Hochman and Bur- 
ris, 1981), cyanobacteria (Stal and Krumbein, 
1985), Klebsiella pneumoniae (Goldberg et al., 1987) 
and anaerobic N2-fixers (Postgate et al., 1985). The 
'oxygen switch olT is probably a general 
phenomenon of  nitrogen fixation and does not 
depend on the presence of the so-called oxygen 
protection protein of Azotobacter (Robson and 
Postgate, 1980; Yates and Jones, 1974). Using anti- 
serum against purified Fez S2-protein (Shetna- 
protein) of A. vinelandii (kindly provided by Dr. F. 
Simpson, Madison WI), no immunologically cross- 
reactive protein could be detected by the immuno- 
blotting technique in Azospirillum spp., R. rubrum 
and K. pneumoniae (Hochman et al., 1987). Gold- 
berg et al., (1987) suggested that at high oxygen 
levels the limited pool of electrons is diverted to- 
wards respiration, thus leaving the nitrogenase 
without a sufficient supply of  reduction equiv- 
alents. 

Respiratory protection. Nitrogen fixation in mu- 
tants of the aerobically nitrogen-fixing A. chroococ- 
cum, which have a reduced respiratory capacity due 
to a lesion in citrate synthase, was restricted to 
microaerobic conditions (Ramos and Robson, 
1985). It is reasonable that respiratory protection is 
only efficient with a highly active tricarboxylic acid 
cycle. A comparison of the activities of citrate syn- 
thase and other TCA-cycle enzymes of Azospirillum 
(Martinez-Drets et al., 1984) with Azotobacter 
(Ramos and Robson, 1985) reveals that respiration 



protection of Azospirillum may indeed be limited by 
the supply of reduction equivalents. Therefore, 
attempts to improve oxygen tolerance of nitrogen 
fixation should focus on an improvement of respir- 
atory capacity, so that enough electrons are avail- 
able to support high respiration rates and high 
nitrogenase activity simultaneously. This may in 
part be accomplished by providing Azospirillum 
with an optimum iron supply, because iron is an 
important constituent in many of the enzymes in- 
volved. In laboratory minimal medium cultures, 
aerotolerant growth of A. brasilense was improved 
by the addition of dihydroxyphenyl iron-binding 
compounds (Das and Mishra, 1984). Similar effects 
were found in other microaerophilic bacteria (Bow- 
dre et al., 1976). Oxygen tolerance of nitrogen fix- 
ation can be regarded as a co-operative property of 
the cell metabolism, where many different mechan- 
isms contribute (Krieg and Hoffman, 1986). 
Therefore, protection against oxygen damage may 
be further improved by increased levels of 
superoxide dismutase or peroxidase, which were 
demonstrated in Azospirillum (Clara and Knowles, 
1985; Nur et al., 1982). The recent isolation of an 
aerotolerant mutant of A. brasilense SpCd (Del 
Gallo et aL, 1987) which was selected in a chemo- 
stat under oxygen stress conditions, demonstrates 
that improvements in oxygen tolerance of Azo- 
spirillum are feasible. However, as expected, the 
efficiency of nitrogen fixation was very low due to 
an increased consumption of malate. 

Osmotolerance and osmoregulatory properties 

Metabolic activities of microorganisms are great- 
ly influenced by the availability of water (Brown, 
1976). Soil bacteria have to cope with water stress 
in salt affected soils or when soil becomes dry. Low 
water potentials frequently occur in the rhizosphere 
of plants growing in a dry climate, because of the 
high water need of the transpiring plant. In 
microorganisms which are able to adapt to chang- 
ing water potentials in the environment, compat- 
ible solutes like amino acids, betaines and sugars 
play an important role (Imhoff, 1986; Ken Dror et 
al., 1986; Yancey et al., 1982). The intracellular 
accumulation of these solutes prevents water loss 
from the cell and is compatible with or even pre- 
serves enzymatic functions. In drought or osmotic 
stress conditions various plants, including grasses, 
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accumulate betaines and/or proline (Wyn Jones 
and Storey, 1981). Probably these substances are 
available for microorganisms in the rhizosphere. 

In Azospirillum, osmotolerance is a species- 
specific character and declines in the order A. halo- 
praeferens, A. brasilense, A. lipoferum and A. 
amazonense (Hartmann, 1987; Reinhold et al., 
1987; Tarrand et al., 1978). Nitrogenase activity is 
more sensitive towards salt stress than cellular 
growth on combined nitrogen (Rao and Venkates- 
warlu, 1985). Half-maximal in vitro nitrogenase 
activity of A. amazonense was obtained at 110mM 
NaC1, as was the case with whole cell nitrogen 
fixation (Hartmann, 1987; Hartmann, unpublished 
results). In osmotic stress conditions, growth of A. 
brasilense and A. halopraeferens was stimulated by 
glutamate or proline, whereas no effect was found 
with A. lipoferum or A. amazonense (Hartmann, 
1987). The latter two species efficiently use gluta- 
mate and proline as carbon and nitrogen sources 
(see Table 1). Therefore, A. lipoferum and A. 
amazonense may not be able to use amino acids as 
compatible solutes during osmotic stress. Betaine 
glycine (N,N,N-trimethyl glycine) stimulated nitro- 
gen fixation in A. brasilense and A. halopraeferens 
at otherwise inhibitory osmotic stress (Table 2). 
Even low concentrations of glycine betaine 
(0.1 mM) were sufficient to improve osmotolerance. 
AzospiriUum lipoferum grew efficiently with choline 
and glycine betaine as sole source of carbon and 
nitrogen; accordingly, A. lipoferum could not use 
them as osmoprotectants (Table 2). In contrast, A. 
halopraeferens had a high affinity uptake for 
choline (kM: 16#M), and possibly oxidized it to 
glycine betaine, the most potent osmolyte (Imhoff, 
1986; Yancey et at., 1982) .  Obviously, 
osmotolerant strains scavenge potential osmo- 
protectants such as proline, betaine or choline, 
originating from the plant. To take advantage of 
this relationship, the ability to synthesize betaines 
and proline by the plant partner should be better 
explored and improved cultivars used if possible. 
The halophyte kailar grass (Leptochloa fusca), 
where A. halopraeferens resides in the rhizoplane, 
accumulates high levels of betaine and proline at 
high salinity (Sandhu et al., 1981). Azospirillum 
halopraeferens is characterized by its sodium 
requirement (Hartmann, 1987; Reinhold et al., 
1987). As an adaptation to the sodium-rich alkaline 
soil, certain cellular processes (such as transport of 
amino acids) may require sodium ions. 
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Table 2. Effect of  glycine betaine and choline on growth, nitrogen fixation and osmotolerance of  Azospirillum spp. 

A. amazonense A. lipoferum A. brasilense A. halopraeferens 
Y 1 Sp59b Sp7 Au4 

a) Growth stimulation by o 
betaine glycine 0.95 27 
choline 0.95 37 

b) Effect on nitrogen fixation activity o f  ~ 
betaine glycine 1.02 0 
choline 0.91 0.18 

c) Effect on nitrogen fixation activity at osmotic stress conditions" 
without additions 2.5 2.0 
with I mM betaine glycine 4.0 4.0 
with 1 m M  N,N'-dimethylglycine n.t. n.t. 
with I m M  choline 5.0 4.0 

0.96 1.I 
0.96 1.0 

0.97 0.84 
0.97 0.98 

1.5 2.0 
73 40 

1.5 20 
26 20 

Growth with betaine glycine or choline (10mM) as sole carbon and nitrogen sources was measured in semisolid minimal medium 
after 3 days incubation at 30~ (Au4: 41~ Growth stimulation was calculated as the ratio of A560 in the presence and absence of  
betaine or choline. 
b Nitrogen fixation activity (NA) was determined as acetylene reduction in semisolid minimal media with malate or sucrose (Y1) as 
carbon sources. The figures were calculated as the ratios of  NA in the presence and absence of  betaine or choline (10mM). 
c The following NaC1 concentrations were applied: 
A. amazonense YI, A. lipoferum Sp59b: 0.3 M NaCI; A. brasilense Sp7:0.4 M NaC1; A. halopraeferens Au4:0.6 M NaC1. The specific 
nitrogenase activity (nmoles ethylene h -~ ml ~ (A = 1)) was measured after 24 hours incubation. 

lron uptake properties 

Iron is essential for aerobic life and also for 
biological nitrogen fixation. It is an essential com- 
ponent of nitrogenase and many enzymes involved 
in energy metabolism and reactions with oxygen. 
However, ferric iron (Fe 3+ ) is extremely insoluble 
in an aerobic environment; the solubility constant 
of ferric oxyhydroxy polymers is 10 -38. Therefore, 
most microorganisms produce and excrete low 
molecular weight molecules (e.g. catechols, hy- 
droxamates), which can efficiently complex and 
solubilize iron (Neilands, 1984). These chelators 
(siderophores) are taken up by the microorganisms 
in specific high affinity uptake systems, thereby 
assimilating the iron (Braun, 1985; Hider, 1984). It 
became apparent from research with human patho- 
gens that the ability to scavenge iron is crucial for 
competitiveness and infectivity. Also in the rhizo- 
sphere the availability of iron is a major patho- 
genicity factor and exerts a selective pressure on the 
composition of the microbial community (Kloep- 
per et al., 1980; Leong, 1986; Neilands and Leong, 
1986). Siderophores can be extracted from soil 
(Bossier and Verstraete, 1986; Powell et al., 1980) 
and it is therefore probable that competition for 
available iron is also a factor regulating growth of 
microorganisms in soil. In addition, roots of grass- 

es excrete phytosiderophores, such as mugineic 
acid and avenic acid at iron-limiting conditions 
(R6mheld and Marschner, 1986; Sugiura and 
Nomoto, 1984). 

Different iron acqu&ition abilities in Azospirillum. 
The degree of establishment of a potentially bene- 
ficial microorganism, like Azospirillum, in the 
rhizosphere is expected to be influenced by its 
vigour for efficient iron supply in competition and/ 
or co-operation with other microorganisms and the 
plant. The potential for high affinity iron uptake of 
Azospirillum spp. was tested under severe iron 
limiting conditions, using high phosphate mineral 
medium (Albrecht and Okon, 1980) without any 
iron added and supplemented with the artificial 
iron chelator ~'-dipyridyl. Under these conditions, 
E. coli K 12 grew as well as with high iron supply, 
because it excretes the high affinity siderophore 
enterochelin (red colour) to scavenge and assi- 
milate iron (Hider, 1984), but Azospirillum spp. 
were inhibited to various degrees (Fig. 4). In A. 
brasilense, two groups with different iron assimi- 
lation efficiency existed. Azospirillum brasilense 
Sp245 (Fig. 4) and Nig5a (not shown) grew reason- 
ably well at iron stress conditions, whereas A. 
brasilense Sp7 (Fig. 4) and SpCd (not shown) were 
relatively poor iron scavengers. The siderophores 
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F~g,. 4. Growth at iron limiting conditions of E. coli K12 (s A. brasilense Sp245 (o) and Sp7 (O), A. halopraeferens Au4 (v), A, 
lipqferum SpBrl7 (D) and A. amazonense Y[ (A). 

At iron stress conditions (closed symbols), FeCI 3 was omitted from the minimal medium (Albrecht and Okon, 1980) and the artificial 
iron chelator ~'-dipyridyl (100/~M) was added. Growth was performed in 20 ml cultures with shaking at 30~ (Au4: 41~ and was 
measured turbidimetrically at 560 nm. 

of A. lipoferum and A. brasilense were investigated 
recently and amino acid conjugates of the 
phenolate siderophores 2,3-dihydroxybenzoic acid 
and 3,5-dihydroxybenzoic acid were characterized 
(Bachhawat and Gosh, 1987; Saxena et al., 1986). 

Utilization of microbial siderophores. Iron 
chelators, excreted by other microorganisms, can 

be used efficiently as iron carriers by, for example, 
E. coli (Braun, 1985), Rhizobium (Smith and 
Neilands, 1984) and Agrobacterium (Page and 
Dale, 1986) to overcome iron deficiency. The effect 
of foreign fungal and bacterial siderophores on 
growth of Azospirillum spp. was tested on iron- 
depleted minimal-medium plates containing c~c6- 
dipyridyl (Table 3). Microbial siderophores could 
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Table 3. Utilization of  microbial iron chelators by Azospirillum spp. at iron stress conditions. 

Conditions A. amazonense A. lipoferum .4. brasilense .4. brasilense A. halopraeferens 
Y 1 SpBr 17 Sp7 Sp245 Au4 

a) Without additions of  siderophores: 
good growth very poor poor good good growth 

growth growth growth 

b) With the additions o f  siderophores*: 
ferrichrome - 0 - / + + + + 0 
ferrichrysin - 0 - / +  + + + 0 
ferrioxamine B - 0 0 + + 0 
arthrobactin - 0 ( + )  ( + )  0 
coprogen - 0 + + + 0 
fusigen - 0 0 0 0 
schizokinen - ( + )  ( + )  ( + )  ( + )  
aerobactin - 0 0 0 0 

* Microbial iron chelators (5/zg) were added in the centre of  the test plates (minimal medium agar without FeCI 3 but containing 100/~m 
cta'-dipyridyl). The bacteria were pregrown in minimal medium without FeCI 3 and were added in a top agar overlay (0.1 ml culture in 
2.5 ml 0.5% agar). After incubating for 2--4 days, the growth and inhibition zones of  bacterial growth were recorded. - :  inhibition, 
- / + :  inhibition with a zone of growth stimulation around,  0: no effect, (+) :  very weak stimulation, + :  weak stimulation, + + :  good 
stimulation, + + + : very good stimulation. 

usually not be used in this way with A. lipoferum, A. 
halopraeferens and A. amazonense. Again the two 
A. brasilense strains Sp7 and Sp245 showed a dif- 
ferent response pattern (Table 3). This again 
demonstrates the different ability of Azospirillum to 
face the iron problem. The utilization of ferrioxam- 
ine B, the main siderophore of Streptomyces spp., 
by some A. brasilense strains (e.g. Sp245) may con- 
tribute to the successful colonization of a rhizo- 
sphere dominated by Streptomyces. Interestingly, 
the A. brasilense strain with superior iron 
acquisition properties (Sp245) is reported to 
become estabished in the rhizosphere more success- 
fully as compared to the poor performer (Sp7) 
(Baldani et al., 1986). 

mugineic acid was made. Mugineic acid (Fig. 5) 
was isolated from the root exudate of iron-limited 
barley plants (Sugiura and Nomoto, 1984) and was 
kindly provided by Dr Y. Sugiura (Kyoto). Growth 
of A. brasilense Sp7 and Sp245 (Fig. 6) and A. 
brasilense Nig5A (not shown) was considerably 
stimulated by mugineic acid. Other A. brasilense 
strains, A. lipoferum, A. amazonense and A. halo- 
praeferens were not affected by mugineic acid (data 
not shown). To my knowledge, this is the first 
report that rhizosphere bacteria can use phy- 
tosiderophores for their own iron needs. Phy- 
tosiderophores may be important for the successful 
colonization of the root surface and en- 
dorhizosphere by microorganisms. 

Utilization of phytosiderophores. An investigation 
to determine whether Azospirillum spp. could 
utilize iron complexed in the phytosiderophore 

CO0 e CO0 e CO0 e 

lugineic Acid 

Fig. 5. Structure of  mugineic acid, a phytosiderophore isolated 
from exudates of  iron deficient barley plant roots. 

Conclusions 

In addition to the availability of substrates for 
growth, various substances of plant or microbial 
origin may influence the growth of Azospirillum in 
the rhizosphere by specific stimulatory or inhibi- 
tory effects. Plant-derived amino acids can enhance 
and stimulate, or repress, nitrogenase activity of 
certain Azospirillum spp.. Proline and betaines can, 
almost like catalysts, support growth and nitrogen 
fixation of osmotolerant strains ofA. brasilense and 
A. halopraeferens by improving their osmoprotec- 
tion. Siderophores of plant and microbial origin 
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Fig. 6. Stimulation of iron-limited growth by mugineic acid in A. brasilense Sp245 (open symbols) and A. brasilense Sp7 (closed 
symbols). Minimal medium, extracted for iron by the 8-hydroxyquinoline method (Waring and Werkman, 1943), was inoculated (2% 
v/v) with iron-limited overnight cultures. Growth was performed in culture volumes of 10ml in Erlenmeyer flasks with 100 rev. min -~ 
rotary shaking. Conditions: No FeCl~ added (o); 1.3 ,uM FeC13 in 0.02 M HC[ solution added (O); 1.3 #M Fe 3+ -mugineic acid added 
(zx). 

can enhance or  abol ish  growth  o f  Azospirillum spp. 
in the rhizosphere.  The abi l i ty  o f  Azospirillum to 
respond  to these in terac t ions  poss ibly  determines  
whether  it will prol i fera te  fur ther  or  will die out. 
Depend ing  on the env i ronmenta l  condi t ions  (cli- 
mate,  soil type e.g.) these interact ive processes may  
de te rmine  the microb ia l  communi ty  s t ructure  to 
var ious  extents  and  may  also regulate  the Azo- 
spirillum/plant associa t ion ,  its ac tual  n i t rogen fix- 
a t ion  act ivi ty and its con t r ibu t ion  to p lan t  nu- 
tr i t ion.  The p lan t /mic robe  and mic robe /mic robe  

in teract ions  should  be exploi ted by, for example ,  
the p rope r  choice o f  p lan t /bac te r ia l  par tners  in a 
given envi ronmenta l / so i l  s i tuat ion.  
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