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Abstract

Disruption of an open reading frame (ORF) of 840 bp (280 amino acids; ORF280) in an Azospirillum brasilense Tn5 mutant resulted in a
pleiotrophic phenotype. Besides an enhanced N2-fixing capacity and altered expression pattern of a nifH-gusA fusion, growth on the
charged polar amino acids glutamate and arginine was severely affected. ORF280, similar to previously identified ORFs present in
Bradyrhizobium japonicum (ORF277), Paracoccus denitrificans (ORF278) and Rhodobacter capsulatus (ORF277), exhibits in its C-terminus
a significant similarity with the recently defined family of universal stress proteins. ß 2000 Federation of European Microbiological
Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Azospirillum brasilense is a Gram-negative, microaero-
bic, N2-¢xing bacterium associated with the roots of many
plants [1]. NH�4 and O2 regulation of N2-¢xation in A.
brasilense is mediated by a complex regulatory cascade.
NifA, the key transcriptional activator, activates transcrip-
tion of nif operons which contain c54-dependent pro-
moters, preceded by upstream activating sequences [2^4].
In A. brasilense, nifA transcription starts from an uniden-
ti¢ed, partly NtrBC-dependent promoter and is largely
constitutive [5,6]. NifA is present in an inactive form
under conditions incompatible with N2 ¢xation [2,7,8].

The NifA protein of A. brasilense contains a conserved
motif of cysteine residues, which is responsible for the
O2 inactivation of NifA [7,9]. For the regulation of NifA
activity in response to the nitrogen status, a speci¢c PII

protein (glnB) is required [10].
Besides for NifA regulation, PII is involved in attenuat-

ing activity of the NtrBC two-component system: in the
presence of a combined N-source, the deuridylated form
of PII is required for dephosphorylation of NtrC [11]. The
NtrBC system is responsible for the nitrogenase switch-o¡
in response to NH�4 and anaerobiosis [12]. Furthermore,
NtrBC regulates, in concert with the c54 polymerase, genes
involved in N-metabolism (NO3

3 utilization) and a gene,
glnZ, encoding a second PII-like protein (Pz) [11]. The
severely abrogated growth of an A. brasilense PII/Pz dou-
ble mutant suggests that both PII and Pz are necessary for
optimizing nitrogen and carbon metabolism in any condi-
tion [11].

In the present study, we report that Tn5 mutagenesis of
A. brasilense open reading frame (ORF) ORF280 results
in a pleiotrophic phenotype. A. brasilense ORF280 is sim-
ilar to previously identi¢ed ORFs in Paracoccus denitri¢-
cans, Bradyrhizobium japonicum and Rhodobacter capsula-
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tus. The C-terminus of A. brasilense ORF280 was shown
to exhibit a striking similarity to a range of hypothetical
proteins from highly distinct origins that have recently
been classi¢ed as universal stress proteins [13]. To our
knowledge, this study is among the ¢rst reports describing
a phenotype for a member of this newly described protein
family.

2. Materials and methods

2.1. Strains and plasmids

A. brasilense and Escherichia coli strains and the plas-
mids used in this work are listed in Table 1.

2.2. Media and growth conditions

The bacterial strains were grown in Luria Bertani me-
dium supplemented with 2.5 mM MgSO4 and 2.5 mM
CaCl2 (LB*) at 37³C for E. coli strains and at 30³C for
A. brasilense strains. For the A. brasilense Tn5 mutants,
kanamycin was added to a ¢nal concentration of 70 Wg
ml31. A. brasilense wild-type and Tn5 mutants were also
cultivated in NFbHP at 30³C with the appropriate anti-
biotic concentration as described in [14]. Growth of A.
brasilense on di¡erent nitrogen sources was tested on solid
NFbHP supplemented with 5 mM glutamine, arginine,
histidine, serine, lysine or glutamate. Conjugation was per-
formed on D-plates (8 g l31 Bacto Nutrient broth, 0.25 g
l31 MgSO4W7H2O, 1.0 g l31 KCl, 0.01 MnCl2, 2% agar)
and, after conjugation, minimal medium AB (MMAB) [15]
was used for selection of A. brasilense transconjugants.
Antibiotics were used at the following concentration un-
less stated otherwise: tetracycline 10 Wg ml3l, ampicillin 70
Wg ml3l, kanamycin 25 Wg ml3l. Nitrogen-free medium
used in the derepression experiments was MMAB without
NH4Cl.

2.3. DNA manipulations, cloning and sequence analysis

General cloning techniques were carried out as de-
scribed in [16]. Treatment of DNA with restriction en-
zymes and nucleic acid-modifying enzymes was performed
in accordance with the manufacturer's speci¢cations.
Southern blot analysis of the A. brasilense mutant strains
was performed as previously described [17]. DNA se-
quencing was performed using the dideoxy method (as
described in [16]) on fragments subcloned into pBluescript
phagemid (Stratagene) with T7 Sequencing kit (Pharma-
cia) and Sequenase 2.0 kit (USB United Stated Biochem-
ical) using [K-32 P]dATP (800 Ci mmol31) or [K-35S]dATP
(1000 Ci mmol31) for labeling. Sequence analysis was per-
formed by the programs BLAST and PSI-BLAST [18],
CLUSTALW [19], prodom [20] and pfam [21]. Total
DNA of the A. brasilense Tn5-33 mutant was digested
with EcoRI to completion and hybridized with an internal
1.9-kb PstI DNA fragment derived from Tn5 transposon
(Fig. 1). A 12-kb EcoRI DNA fragment was revealed by
this probe. A gene bank of enriched 12-kb EcoRI DNA
fragments of the strain Sp7: :Tn5-33 was constructed into
pUC18 vector and used to isolate the DNA fragment con-
taining the Tn5 insertion by kanamycin resistance selec-
tion. The physical map of this fragment was determined
and is shown in Fig. 1.

The nucleotide sequence of the £anking regions of the
Tn5 insertion was determined by subcloning both frag-
ments into pBluescript vector using an internal HpaI re-
striction site located within the insertion sequence of the
Tn5 region. Both strands of the 0.5-kb HpaI/EcoRI and
0.9-kb HpaI/SalI fragments were completely sequenced
(Fig. 1).

An A. brasilense Sp7 genomic library [22], constructed
into pLAFR3 cosmid, was screened using a DNA frag-
ment encompassing orf280 from Sp7: :Tn5-33 as a probe.
Cosmid pWT1 carrying a 6-kb SalI DNA fragment was
isolated and transferred by conjugation into the A. brasi-

Table 1
Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference

Strains
A. brasilense
Sp7 Wild-type strain, ATCC 29145 [37]
Sp7: :Tn5-33 Sp7 orf280KmR mutant [23]
Sp7-pFAJ21 Sp7 carrying pFAJ21 plasmid This work
Sp7: :Tn5-33-(pFAJ21) Sp7: :Tn5-33 carrying pFAJ21 plasmid This work
E. coli
XL1-Blue supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac3 FQ[proAB� lacIq lacZvM15 Tn10(tetr)] [16]
S17.1 Thi endA recA hsdR RP4-2-Tc: :Mu-Km: :Tn7 [38]
Plasmids
pUC18 ApR, cloning vector [16]
pBluescript ApR, cloning vector [16]
pFAJ21 ApR, pRAJ275 derivative, contains the A. brasilense nifH promoter fused to the promoterless

gusA gene
[39]

pWT1 TcR, pLAFR3 derivative contains a 6.0-kb DNA fragment from the A. brasilense genome This work
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lense Sp7: :Tn5-33 mutant. This fragment was also used to
complement the sequence of the DNA region containing
orf280.

2.4. L-Glucuronidase and nitrogenase assays

The acetylene reduction assays on whole cells dere-
pressed for nitrogenase were performed as follows. A. bra-
silense strains were initially grown in LB* medium for 24 h
at 37³C with shaking at 250 rpm. Subsequently, 1 ml of
each culture was washed twice with sterile 0.85% NaCl
solution and 30 Wl of each culture was inoculated in 12-
ml £asks containing 5 ml of semi-solid NFb medium [23].
Following an overnight incubation at 30³C, 1 ml of ace-
tylene was added to each £ask. After an additional incu-
bation for 2 h at 30³C, ethylene production was measured
on a gas chromatograph (model CG 3537-D) [23].

For the determination of the nitrogenase activity at dif-
ferent constant O2 tensions, A. brasilense cells were aerobi-
cally grown under similar conditions as used for the ace-
tylene reduction assay. After washing cells twice with
0.85% NaCl, cells were suspended in nitrogen-free medium
at a cell density of 107 cells ml31. Using a sterile syringe
and needle, 1-ml portions of these suspensions were in-
jected into 25 by 200-mm test tubes tightly stoppered
with rubber caps containing a gas mixture of N2 and
O2. The gas mixture was achieved by £ushing the test
tubes for 20 min with nitrogen and then, using a syringe,
air was readmitted to give the appropriated O2 tensions.
An O2 electrode (ABISS Vak 10) was used to measure the
O2 content in the headspace. Cultures (three independent
replicates) were vigorously shaken at 200 rpm at 30³C and
after 20 h of incubation, the ¢nal O2 tension was meas-
ured.

L-Glucuronidase activity of the culture was determined
quantitatively using the substrate p-nitrophenyl-L-D-glu-

curonide as described previously [24]. Each culture was
assayed in duplicate and the units are expressed as de-
scribed by Miller [16].

Nitrogenase activity was measured by the acetylene re-
duction assay as previously described [23]. Acetylene was
injected in the test tubes to a ¢nal concentration of 10%
after 4 h of incubation. Ethylene production was quanti-
¢ed after 20 h of incubation (total time).

3. Results

3.1. Molecular characterization of the Sp7: :Tn5-33 mutant

We have previously isolated an A. brasilense Tn5 mu-
tant named Sp7: :Tn5-33, characterized by an enhanced
N2-¢xing ability (4-fold higher) as compared to the wild-
type strain [23]. DNA sequencing of the region containing
the Tn5 insertion revealed one ORF of 840 nucleotides
encoding a predicted polypeptide of 280 residues
(ORF280). The region preceding this ORF contains a se-
quence (TCGTCA/TATAAT) showing a striking similar-
ity with 335/310 promoter sequences. The GAGGGA-
GAA sequence located 5 bp upstream of the putative
ATG of this ORF resembles a ribosome-binding site
(Fig. 1). The Tn5 insertion in the mutant was mapped at
position 393 relative to the EcoRI site. A sequence with
interrupted dyad symmetry (vG(25³C) =313.8 kcal), lo-
cated 64 bp downstream the stop codon suggests that
the ORF may be transcribed as a single unit. The complete
nucleotide sequence of the ORF encoding ORF280 has
been submitted to the GenBank Nucleotide Sequence Da-
tabase, under the accession number AF083218 along with
the predicted amino acid sequence.

ORF280 exhibits 39.5% similarity with B. japonicum
ORF277 [25], 42.7% similarity with P. denitri¢cans

Fig. 1. Physical map of the A. brasilense mutated region encompassing orf280. The gray box represents the location and transcription direction of the
ORF encoding ORF280. Tn5 insertion into the ORF is indicated by an arrowhead and the PstI fragment used as a probe is marked (*). The sequenced
region is marked by arrows.

FEMSLE 9197 18-1-00

L.F. Revers et al. / FEMS Microbiology Letters 183 (2000) 23^29 25



ORF278 [26] and 35% similarity with R. capsulatus
ORF277 [27]. Using PSI-BLAST, a whole range of hypo-
thetical proteins from prokaryotes, archaea and eukar-
yotes was found to contain a region of homology with
the C-terminus of ORF280. To illustrate the prevalence
of this sequence region, an alignment of some representa-
tives is shown in Fig. 2. Using a similar PSI-BLAST strat-
egy with the N-terminus did not reveal homology with
proteins in databases.

3.2. The mutation in orf280 is responsible for the altered
Nif phenotype in the A. brasilense Sp7: :Tn5-33 mutant

The Sp7: :Tn5-33 mutant was isolated by Tn5 site-di-
rected mutagenesis aiming to detect additional nif func-
tions in the DNA sequences £anking the nitrogenase struc-
tural genes (nifHDK) of A. brasilense [23]. The mutant
displays a 4-fold higher nitrogenase activity on semi-solid
NFb medium as compared to the wild-type strain (136
nmol min31 mg31 protein and 32 nmol min31 mg31 pro-
tein, respectively). Complementation of this mutant with
pWT1, carrying orf280, restored nitrogenase activity to
wild-type levels (V30 nmol min31 mg31 protein). This
suggests that the mutation in ORF280 is responsible for
the altered phenotype.

To further characterize the expression of nif genes in
Sp7: :Tn33 mutant, we have analyzed the expression of a
nifH-gusA fusion (pFAJ21) in the A. brasilense mutant.
The plasmid pFAJ21 was conjugated into the wild-type
and mutant strain. nifH expression and nitrogenase activ-
ity of both A. brasilense strains (Sp7(pFAJ21) and
Sp7: :Tn5-33(pFAJ21)) were determined at di¡erent con-
stant O2 tensions. The maximal nitrogenase activity for
both strains was observed at an O2 concentration of
0.5% (Fig. 3). When the O2 concentration exceeded 3%,
N2-¢xation of both mutant and wild-type was completely

abrogated. Therefore, we can conclude that although
Sp7: :Tn5-33 mutant has a higher nitrogenase activity as
compared to the wild-type strain (Fig. 3), both strains
display the same O2 tolerance for the N2-¢xation process.

The e¡ect of O2 on the regulation of nif genes in the
Sp7: :Tn5-33 mutant was evaluated by monitoring the ex-
pression of a nifH-gusA fusion. Compared to the wild-

Fig. 2. Multiple alignment of sequences homologous to the C-terminal region of A. brasilense ORF280. The alignment was constructed by using PSI-
BLAST [18] followed by CLUSTALW [19]. Alignment editing was done using GeneDoc [36]. Black lines below sequences indicate conserved residues in-
teracting with ribose (I), with phosphate (II), and residues in (III) would be located at the dimer interface [29]. Conserved residues are shaded. Black
shading: conserved in all aligned sequences ; dark gray: conserved in at least 80% of the aligned sequences ; light gray: conserved in at least 60% of the
aligned sequences. Identical amino acids are marked at the bottom line by the letter code, 6 indicates a conserved replacement (L, I, M, V). AF016223:
R. capsulatus ORF277; U34353: P. denitri¢cans ORF278; AF083219: A. brasilense ORF280; L07487: B. japonicum ORF277; MJ0577: M. jannaschii ;
AE000991: Archaeolobus fulgidus cationic amino acid transporter; AL035248: Schizosaccharomyces pombe universal stress protein family protein;
AC000132: Arabidopsis thaliana ; P28242: UspA E. coli universal stress protein.

Fig. 3. Expression of the nifH-gusA fusion and acetylene reduction ac-
tivity (ARA) of the A. brasilense wild-type and mutant strains as a func-
tion of the initial O2 concentration. L-Glucuronidase activities expressed
as Miller units (U) are indicated on the left axis, acetylene reduction ac-
tivities (nmol ethylene h31 ml31) are indicated on the right axis. Dashed
lines represent ARA activity in wild-type (a) or mutant strain (b) and
solid lines represent L-glucuronidase activity in wild-type (a) or mutant
strain (b). The values depicted are the means of three independent sam-
ples. S.D.s are represented by vertical bars.
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type, the Sp7: :Tn5-33 mutant showed an approximately
10-fold higher nifH expression at O2 levels up to 3%. Pre-
sumably the O2 level permissive for nitrogenase activity
and nifH-gusA expression in the A. brasilense wild-type
coincide (Fig. 3). In the orf280 mutant, nifH expression
was detected at O2 concentrations (ranging from 3 to
7%) apparently not permissive for nifH expression in the
wild-type background. This can be explained by the higher
absolute L-glucuronidase activities in the mutant as com-
pared to the ones detected in the wild-type. Indeed, be-
cause of this higher L-glucuronidase activity in the mutant,
the detection limit for L-glucuronidase assay is reached at
higher O2 concentrations as compared to the levels where
the detection limit is reached in the wild-type. Based on
these results, we suggest that the mutation in ORF280
gives rise to increased levels of nifH-gusA expression which
result probably in a higher N2-¢xing capacity. The
Sp7: :Tn5-33 mutant was growth-impaired in medium con-
taining glutamate or arginine as a nitrogen source.

To analyze the e¡ect of the mutation in ORF280 on
other physiological properties of A. brasilense, we com-
pared growth of wild-type and mutant in di¡erent media.
The Sp7: :Tn5-33 mutant and the wild-type Sp7 were
grown in liquid minimal medium (NFbHP) supplemented
with NH4Cl or glutamate as nitrogen source. Compared
to the wild-type, growth rate of the mutant slightly de-
creased, when a concentration of 20 mM NH4Cl was
added to the medium (Fig. 4). However, when glutamate
was used as nitrogen source, the growth rate of the
Sp7: :Tn5-33 mutant decreased drastically (Fig. 4). This
behavior of the mutant was further investigated: utiliza-
tion of other amino acids as nitrogen source was analyzed.
The growth rate of the Sp7: :Tn5-33 mutant was not af-
fected on minimal medium when either glutamine, histi-
dine, serine or lysine were used as nitrogen sources. How-

ever, when arginine was used, growth of the mutant was
completely abolished (data not shown).

4. Discussion

Based on the apparently conserved genomic organiza-
tion of ORF277-like proteins in the vicinity of cytcbb3

terminal oxidase complexes [25^27], a role for ORF277-
like proteins, somehow related to the function of this ox-
idase complex, was assumed. However, the fact that
ORF277 of R. capsulatus is required neither for cyto-
chrome oxidase activity nor for respiratory energy produc-
tion [27] raises the question of a possible function of
ORF280, unrelated to the cytcbb3 terminal oxidase com-
plex. In this context, it is worthwhile mentioning that the
A. brasilense orf280 is not located in the vicinity of the
cytNOQP genes ([28], Marchal (personal communica-
tion)).

The homology of the ORF280 C-terminus to regions
present in proteins from eukaryotes, prokaryotes and
archaea is indicative of the physiological importance of
proteins containing this domain. Therefore, we were spec-
ulating that the current knowledge of this domain in other
bacteria could be extrapolated and reveal a clue to the role
of ORF280. In this respect, it is worth noting that struc-
tural genomics revealed that ORF (MJ0577) of Methano-
coccus jannaschii is an oligomeric ATP-binding protein
[29]. The signatures for ATP-binding and dimerization
were designated to the conserved residues in the C-termi-
nal part of the protein (Fig. 2), which shows homology to
ORF280. ORF (MJ0577) of M. jannashii itself did not
have an ATPase activity but required other components
to stimulate ATPase activity. While preparing this manu-
script, the proteins containing this putative domain were
classi¢ed as a new family of universal stress proteins [13]
(for a complete alignment, see pfam [21], prodom [20]).
The only member with a de¢ned phenotype is the E. coli
UspR. UspR is a universal stress protein essential for sur-
vival in stationary phase [30]. UspR was shown to be a
serine and threonine phosphoprotein of which the phos-
phorylated form increases during starvation. Phosphoryla-
tion of UspR was dependent on another autophosphory-
lating phosphoprotein [31]. Though the mode of action of
UspR is still largely unknown, UspR is assumed to regu-
late either directly or indirectly the activity of proteins
which may be super£uous or even detrimental during sta-
sis. uspR mutants are impaired in modulating their C-£ow
through the central metabolic pathways and exhibit dia-
uxic type of growth [32].

The suggested function for ORF280 as a regulatory
stress protein might at least partly explain the pleiotrophic
phenotype of an orf280 mutant. Glutamate has been de-
scribed as a poor N-source for A. brasilense [33]. N-limi-
tation being a stress condition might need activation of
specialized biochemical pathways, possibly mediated via

Fig. 4. E¡ect of nitrogen source on A. brasilense growth rates. Bacterial
strains were aerobically grown in minimal medium supplemented with
20 mM NH4Cl (mam wild-type and ^a^ mutant), 2 mM NH4Cl
(m*m wild-type and ^*^ mutant) or with 20 mM sodium glutamate
(m8m wild-type and ^8^ mutant) as nitrogen source.
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ORF280 for assimilation of these N-sources. However,
since N2-¢xation only occurs during severe N-limitation,
the enhanced N-¢xation capacities in the absence of
ORF280 seem puzzling at ¢rst glance. However, as is
the case in E. coli, ORF280 may not only be responsive
to N-stress but may act as a global stress regulator. If
during the experiment the levels of ¢xed N, obtained by
N2-¢xation, become relative high as compared to the
C-source, the lack of C-skeletons and energy may become
a factor of limitation overruling N-stress. Hence by down-
regulating nitrogenase activity via the activity of ORF280,
the cell lowers ATP consumption and attenuates excess
degradation of scarcely available C-source. Alternatively,
besides its postulated function in stress response, an addi-
tional role for ORF280 in regulating N-metabolism or
N-sensing cannot be excluded. Invoking a role in N-sens-
ing allows explaining the decreased growth on 20 mM
NH�4 of the orf280 mutant. If this mutant does not sense
high NH�4 levels, high metabolic £uxes adapted to high
NH�4 availability will no longer be induced and N2-¢xa-
tion might be upregulated at the maximal level. Further
experiments are under way to distinguish between these
possibilities.

How ORF280 interacts with N2-¢xing regulatory cas-
cade remains elusive. However, the enhanced nitrogenase
is likely a result of the increased nifH expression. There-
fore, it is tempting to assume that ORF280 either directly
or indirectly modulates nifH-regulating proteins. In this
context, a possible candidate is unmistakably the tran-
scriptional activator of nifH, NifA. Future research will
be needed to identify the targets of ORF280 and the mech-
anism of interaction. However, a possible candidate for
interaction with ORF280 would be the NtrBC, PII, Pz

regulatory cascade in view of the fact that this cascade
links N-metabolism and N2-¢xation and that it has a
mode of action based on protein phosphorylation. Inter-
estingly, in A. brasilense, the expression of two NtrBC-
regulated genes, glnZ (Pz) and amtB (ammonium trans-
porter), was derepressed in the presence of aspartate. Since
this upregulation was dependent on NtrC, it has been
assumed that in addition to the general nitrogen status
signalling, the presence of aspartate in£uences the concen-
tration of NtrC-phosphate [11,34]. Furthermore, the re-
cently identi¢ed PAS domains indicate that NtrBC may
have additional redox regulatory functions [35]. Taken
together, the PII, NtrBC, Pz regulatory cascade presum-
ably being a global regulator of N- and C-metabolism [11]
might constitute an ideal target of interaction with stress
responsive systems. Testing the phenotype of double mu-
tants of ORF280 with possible regulatory proteins may
allow to determine at what stage ORF280 interacts with
the N regulatory cascade.

Acknowledgements

We thank F. Pedrosa for providing the opportunity for
L.F.R. to develop part of the experiments in his labora-
tory and A. Schrank for critical reading of the manuscript.
This work was supported by grants from the Brazilian
Nacional Research Counsil (CNPq) and Fundac°a¬o de
Amparo a© Pesquisa do Estado do Rio Grande do Sul.

References

[1] Do«bereiner, J. and Day, J.M. (1976) Associative symbiosis in tropical
grasses: characterization of microorganisms and dinitrogen ¢xing
sites. In: Proceedings of the First International Symposium on Nitro-
gen Fixation (Newton, W.E. and Nyman, C.J., Eds.), pp. 518^538.
Intern. Symp. Nitrogen Fixation.

[2] Elmerich, C., DeZamaroczy, M., Arse©ne, F., Pereg, L., Paquelin, A.
and Kaminski, A. (1997) Regulation of nif gene expression and nitro-
gen metabolism in Azospirillum. Soil Biol. Biochem. 29, 847^852.

[3] Passaglia, L.M., Schrank, A. and Schrank, I.S. (1995) The two over-
lapping Azospirillum brasilense upstream activator sequences have
di¡erential e¡ects on nifH promoter activity. Can. J. Microbiol. 41,
849^854.

[4] Passaglia, L.M., Nunes, C.P., Zaha, A. and Schrank, I.S. (1991) The
nifHDK operon in the free-living nitrogen-¢xing bacteria Azospiril-
lum brasilense sequentially comprises genes H, D, K, an 353 bp ORF
and gene Y. Braz. J. Med. Biol. Res. 24, 649^675.

[5] de Zamaroczy, M., Liang, Y.Y., Kaminski, A., Arse©ne, F. and El-
merich, C. (1992) Regulation of NifA synthesis and activity in Azo-
spirillum brasilense Sp7. In: New Horizons in Nitrogen Fixation (Pal-
acios, R., Mora, J. and Newton, W.E., Eds.), pp. 423^427. Kluwer
Academic Publishers, Dordrecht.

[6] Liang, Y.Y., Arse©ne, F. and Elmerich, C. (1993) Characterization of
the ntrBC genes of Azospirillum brasilense Sp7: their involvement in
the regulation of nitrogenase synthesis and activity. Mol. Gen. Genet.
240, 188^196.

[7] Liang, Y.Y., Kaminski, P.A. and Elmerich, C. (1991) Identi¢cation
of a nifA-like regulatory gene of Azospirillum brasilense Sp7 expressed
under conditions of nitrogen ¢xation and in the presence of air and
ammonia. Mol. Microbiol. 5, 2735^2744.

[8] Zhang, Y.P., Burris, R.H., Ludden, P.W. and Roberts, G.P. (1997)
Regulation of nitrogen ¢xation in Azospirillum brasilense. FEMS
Microbiol. Lett. 152, 195^204.

[9] Fischer, H.M. (1994) Genetic regulation of nitrogen ¢xation in rhi-
zobia. Microbiol. Rev. 58, 352^386.

[10] Arse©ne, F., Kaminski, P.A. and Elmerich, C. (1996) Modulation of
NifA activity by PII in Azospirillum brasilense : Evidence for a regu-
latory role of the NifA N-terminal domain. J. Bacteriol. 178, 4830^
4838.

[11] de Zamaroczy, M. (1998) Structural homologues PII and PZ of Azo-
spirillum brasilense provide intracellular signalling for selective regu-
lation of various nitrogen- dependent functions. Mol. Microbiol. 29,
449^463.

[12] Zhang, Y., Burris, R.H., Ludden, P.W. and Roberts, G.P. (1994)
Posttranslational regulation of nitrogenase activity in Azospirillum
brasilense ntrBC mutants: ammonium and anaerobic switch-o¡ oc-
curs through independent signal transduction pathways. J. Bacteriol.
176, 5780^5787.

FEMSLE 9197 18-1-00

L.F. Revers et al. / FEMS Microbiology Letters 183 (2000) 23^2928



[13] Makarova, K.S., Aravind, L., Galperin, M.Y., Grishin, N.V., Tatu-
sov, R.L., Wolf, Y.I. and Koonin, V.E. (1999) Comparative genomics
of the Archaea (Euryarchaeota) : Evolution of conserved protein fam-
ilies, the stable core, and the variable shell. Genome Res. 9, 608^
628.

[14] Machado, H.B., Funayama, S., Rigo, L.U. and Pedrosa, F.O. (1991)
Excretion of ammonium by Azospirillum brasilense mutants resistant
to ethylenediamine. Can. J. Microbiol. 37, 549^553.

[15] Vanstockem, M., Michiels, K.W., Vanderleyden, J. and Van Gool,
A.P. (1987) Transposon mutagenesis of Azospirillum brasilense and
Azospirillum lipoferum : physical analysis of Tn5 and Tn5-Mob inser-
tion mutants. Appl. Environ. Microbiol. 53, 410^415.

[16] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Clon-
ing: a Laboratory Manual. Cold Spiring Harbor Lab. Press, New
York.
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