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Summary. Azorhizobium caulinodans ORS571 n~id regu- 
lation is partially mediated by the nitrogen regulatory 
gene ntrC. However, the residual nifA expression in ntrC 
mutant strains is still modulated by the cellular nitrogen 
and oxygen status. A second ntrC-homologous region, 
linked to ntrC, was identified and characterized by site- 
directed insertion mutagenesis and DNA sequencing. 
Tn5 insertions in this region cause pleiotropic defects 
in nitrogen metabolism and affect free-living as well as 
symbiotic nitrogen fixation. DNA sequencing and com- 
plementation studies revealed the existence of a bi- 
cistronic operon (ntrYX). NtrY is likely to represent the 
transmembrane 'sensor' protein element in a two-com- 
ponent regulatory system. NtrX shares a high degree 
of homology with NtrC proteins of other organisms and 
probably constitutes the regulator protein element. The 
regulation of the ntrYX and ntrC loci and the effects 
of ntrYX, ntrY and ntrX mutations on nifA expression 
were examined using /?-galactosidase gene fusions. 
NtrY/NtrX were found to modulate nifA expression and 
ntrYX transcription was shown to be partially under 
the control of NtrC. 
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Introduction 

Azorhizobium caulinodans ORS571 (Dreyfus et al. 1988; 
referred to as ORS571 in this report) occupies a unique 
position among the Rhizobiaceae: it can fix nitrogen in 
both stem and root nodules induced on its host, the 
tropical leguminous shrub Sesbania rostrata (Dreyfus 
and Dommergues 1981) and has the capacity to grow 
on dinitrogen (N2) in the free-living state, at an unusual- 

* Offprint requests to: F. de Bruijn, MSU-DOE Plant Research 
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ly high temperature (37 ° C) and Oz concentration (~  
3%; Dreyfus et al. 1983; Gebhardt etal. 1984; see de 
Bruijn 1989). It, therefore, constitutes a unique rhizobial 
strain in which it is possible to compare the regulation 
of nitrogen fixation (nif/fix) and assimilation genes in 
the free-living and symbiotic states (de Bruijn et al. 1987, 
1988, 1990). 

Expression of mf genes in ORS571 has been shown 
to be strictly controlled by the mf-specific regulatory 
gene nifA, both in the free-living and symbiotic states 
(Donald et al. 1986; Pawlowski et al. 1987; Ratet et al. 
1988b). The regulatory circuitry controlling ORS571 
nifA expression has been shown to have elements in com- 
mon with that found in Klebsiella pneumoniae, where 
nifA transcription is controlled by the ntr (nitrogen regu- 
lation) system, consisting of the NtrA, NtrB and NtrC 
proteins (see Gussin etal. 1986; Magasanik 1988; de 
Bruijn et al. 1990). NtrB/NtrC represent a two-compo- 
nent regulatory system (see Albright et al. 1989), com- 
posed of a cytosolic N-sensor protein (NtrB), which 
phosphorylates and thereby activates a DNA-binding 
regulatory protein (NtrC) under N-limiting conditions. 
NtrA (RpoN) is an alternative sigma factor, initiating 
transcription from ntr-controlled promoters in the pres- 
ence of the corresponding regulatory DNA-binding pro- 
teins, e.g. NtrC or NifA (see Gussin et al. 1986; Maga- 
sanik 1988; Th6ny and Hennecke 1989; Albright et al. 
1989; Buck 1990; de Bruijn et al. 1990). The RNA poly- 
merase - NtrA complex recognizes a characteristic pro- 
moter element (-24GG/-12GC; see Th6ny and Hen- 
necke 1989). 

A mutation in the ORS571 ntrC gene causes a severe 
reduction in free-living nitrogen fixation and affects nifA 
transcription. In addition, ORS571 ntrC mutant strains 
are drastically altered in their nitrate utilization capacity 
and symbiotic properties (Pawlowski etal. 1987; de 
Bruijn et al. 1988; Ratet et al. 1989). The latter feature 
is peculiar to ORS571, since in Rhizobium meliloti and 
Bradyrhizobiumjaponicum, ntrC does not modulate sym- 
biotic behavior (Szeto et al. 1987; Martin et al. 1988; 
see de Bruijn et al. 1990). 
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The R. meliloti nifA gene is oxygen-controlled (in- 
duced microaerobically) via the two-component regula- 
tory system FixL/FixJ, consisting of a transmembrane 
02 sensor (FixL) and a transcriptional activator, which 
has been postulated to act independently of NtrA (FixJ; 
David et al. 1988; Hertig et al. 1989; Gillis-Gonzales et 
al. 1991; see de Bruijn and Downie 1991). Expression 
of nifA in B. japonicum is enhanced microaerobically 
due to autoactivation of the fixRnifA operon by NifA 
(Th6ny et al. 1989). The ORS571 nifA promoter is also 
oxygen-controlled via the f ixLJ system and NifA-me- 
diated autoregulation has been suggested (de Bruijn 
etal. 1988; Rater et al. 1989; Kaminski and Elmerich 
1991). Three conserved DNA motifs are present in the 
ORS571 nifA 5' upstream region, which may be involved 
in nitrogen and oxygen control (de Bruijn et al. 1988; 
1990; Nees et al. 1988; Rater et al. 1989), namely a puta- 
tive - 2 4 / -  12 promoter element (-  24GG-N10-GC; see 
Th6ny and Hennecke 1989; presumably involved in ntr 
control), an upstream activating sequence (UAS, GGT- 
Nlo-ACA TGT-N10-ACA is the consensus sequence, 
see Buck 1990), which may interact with NifA and a 
sequence found in the promoters of E. coli genes induced 
during anaerobiosis by the Fnr regulatory protein 
(TTGAT-N~-ATCAA; fnr box, see Spiro and Guest 
1990). 

ORS571 contains several regions homologous to 
nifA/ntrC in its genome, two of which have been charac- 
terized (Pawlowski et al. 1987). Since the reduced level 
of nifA expression remains under oxygen and nitrogen 
control in ORS571 ntrC mutants (Ratet et al. 1989), the 
presence of additional functional ntrC-homologous or 
related regulatory genes, such as those described for 
Rhodobacter capsulatus (Kranz and Haselkorn 1988), 
has been postulated. Here we report the characterization 
of an nifA/ntrC homologous region (ntrX) by DNA se- 
quencing, as well as by Tn5 and miniMu-lac mutagenesis 
(de Bruijn 1987; Ratet etal. 1988a). ntrX::Tn5 inser- 
tions were found to affect nifA-lac expression, nitrogen 
fixation and assimilation, ntrX was found to be part 
of a bicistronic operon (ntrYJO, which shares homology 
with two-component regulatory systems and itself ap- 
pears to be ntr-controlled. Preliminary reports of these 
results were presented at the 7th and 8th International 
Nitrogen Fixation Congresses in Cologne, FRG, and 
Knoxville, USA (de Bruijn et al. 1988; 1990). 

Materials and methods 

Strains, phages and plasmids. The bacterial strains, 
phages and plasmids used are listed in Table 1. 

Media and chemicals. Media and antibiotic concentra- 
tions used have been described by Pawlowski et al. 
(1987). Nitrogen sources were added to LSO medium 
(Elmerich et al. 1982) to a final concentration of 0.2%. 

DNA isolation and manipulations. These procedures were 
carried out as described by Maniatis et al. (1982) and 
Meade et al. (1982). 

DNA sequence analysis. Appropriate restriction frag- 
ments were subcloned in the polylinker of M13mp18/19 
or pUC18/19 (Yanisch-Perron et al. 1985) and deletion 
clones were constructed using the exonuclease III/nucle- 
ase $1 method described by Henikoff (1984). Sequencing 
reactions were carried out using the chain termination 
method (Sanger et al. 1977, 1980) with TaqI-polymerase 
(Promega) according to the instructions of the manufac- 
turer. The ntrJ(:: MudIIPR46 junction sequence was de- 
termined using the standard M13 primer. DNA se- 
quences and deduced amino acid sequences were ana- 
lyzed using the software package of the University of 
Wisconsin Computer Group (Devereux et al. 1984). The 
'codonpreference' calculation was based on the codon 
usage found in the ORS571 nifA and nifH genes (Ratet 
et al. 1989; Norel and Elmerich 1987). For data bank 
searches, the protein sequence databases NRBF (Na- 
tional Biomedical Research Foundation, Washington, 
USA) and Swiss-Prot (EMBL, Heidelberg, FRG) and 
the nucleic acid sequence databases EMBL data library 
(EMBL, Heidelberg, FRG) and GenBank (IntelliGenet- 
ics, Mountain View, Calif., USA) were used. 

Tn5 mutagenesis, conjugation and gene replacement (ho- 
mogenotization). These experiments were performed as 
described by de Bruijn (1987). 

Construction of Tn5 insertion mutants. The deletion cos- 
raids pLRSCI A3, A12, and A28 (Fig. 1) were mutagen- 
ized with Tn5 and nine new Tn5 insertions within or 
flanking the ntrC and ntrYX regions were introduced 
into the ORS571 chromosome via gene replacement 
(I34, I284, I289, XY126, YX1215, YX1219, X2816, 
I2852; Fig. 1). Tn5 insertion I15 was constructed as de- 
scribed for C6 and C7 (Pawlowski et al. 1987). 

Construction of miniMu-lac gene fusions. Genes were sub- 
cloned in pJRD184 and mutagenized in E. coli 
MC4100(Mucts)(MudIIPR46) as described by Ratet 
et al. (1988 a). After infection of Mu8820(Muc+), Lac + 
colonies (blue on medium containing 5-bromo-4-chloro- 
3-fl-D-indolyl-thiogalactoside, X-Gal) were selected for 
further analysis and the miniMu-lac insertion site was 
mapped by restriction endonuclease analysis. In order 
to construct a ntrC-lac gene fusion, plasmid pPR66 
(Fig. 1) was mutagenized, a Lac + derivative carrying 
MudIIPR46 within the ntrC locus was selected 
(pCmM4; Fig. 7) and shown to be unable to comple- 
ment ORS571C6 for growth on nitrate. An XhoI-Hin- 
dIII fragment of pCmM4, carrying the gene fusion but 
lacking the S-end of Mu (Fig. 7), was subcloned into 
pJRD184, yielding pCmMS4, and cointegrated into the 
chromosome of strains ORS571, YX1219 and X2816 
to generate merodiploid strains (ORS571CmMS4, 
YX1219CmMS4 and X2816CmMS4). To construct a 
ntrJ(-lac fusion, a MudIIPR46 insertion in the 3' end 
of ntrX on pRSX31 (Fig. 1) was selected (pXmM3) and 
a HindIII-J(hoI deletion derivative was generated for sta- 
ble cointegration (pXmMS3; Fig. 7). The DNA se- 
quence of the MudIIPR46 insertion site was determined 
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Table 1. Bacterial strains, phages, and plasmids 

Strain Relevant characteristics" Reference 

A. caulinodans 

ORS571 
ORS571A5, A7 
ORS571C6, C7 
ORS571C46 
ORS57H15 
ORS571134, I284, I289 
ORS57IYX126 
ORS571YX1215, YX1219 
ORS571X2816 
ORS571Y5 
ORS571C46Y5 
ORS57112852 
ORS571A54 
ORS571 CraMS4 
YX1219CmMS4 
X2816CmMS4 
ORS571XmMS3 
ORS571C6XmMS3 

E. coli 

HBI01 
TB1 

MC4100(Mucts) 
(MudIIPR46) 

M8820 (Muc +) 

Plasmid/phage 

pLAFR1 
pRK2013 
pRK290 
pWB5 

pACYC184 
pJRD184 
pUC18/19 
M13mp18/19 
pPR66 
pPR54 

pLRSC1 
pLRSC1A3, 12, 28 
pLRSC1A34 
pLRSCIAI26, 1215, 1219 
pLRSCIA281, 2816 
pRSXI6 
pRSX16-Km ~ 

pWB-Y5 

pRSX31 
pCmMS4 

pXrnMS3 

Wild type; Cb R 
nifA :: Tn5; Cb k, Km R 
ntrC: :Tn5; Cb R, Km R 
ntrC::MudIIPR46, phenotype like ORS571C6; Cb R, Gm R 
Tn5 insertion upstream of ntrC; Cb R, Km R 
Tn5 insertions between ntrC and ntr YX; Cb R, Km R 
Tn5 insertion in ntr Y locus; Cb R, Km R 
ntrY: :Tn5; Cb R, Km R 
ntrX: :Tn5; Cb R, Km R 
ntrY: :KmR; Cb ~, Km R 
ntrY: :Km R, ntrC::MudIIPR46; Cb R, Km R, Gm R 
ORF-2:: Tn5; Cb R, Km R 
nifA + nifA:: MudIIPR46'; Cb ~, Gm R 
ntrC + ntrC:: MudIIPR46'; Cb R, Gm R 
ntrC + ntrC:: MudIIPR46', ntrY::Tn5; Cb R, Km R, Gm R 
ntrC + ntrC: : MudIIPR46', ntrX: : Tn5; Cb R, Km R, Gm R 
ntrX + ntrX:: MudIIPR46'; Cb k, Gm R 
ntrX + ntrX::MudIIPR46', ntrC::Tn5; Cb R, Km R, Gm R 

recA strain for cloning experiments; Sm g 
F' (traC36, proAB, lacF, lacZAMl 5), A(lac, pro), supE, thi, 
reeA, srl:: TnlO (TcR), used for M13 infection and lacZ 
~-complementation 
MC4100(Mutts) lysogen for mini-Mu MudIIPR46 lysate 
production 
Recipient strain for mini-Mu transduction 

cos, Tra-, mob +, IncP; Tc R 
mob +, Tra +, IncN; Km R 
mob +, Tra-, IncP; Tc R 
pRK290 derivative containing nptI and polylinker; Tc R, Km R 

mob +, Tra-, IncW; Tc R, Cm R 
mob-, Tra-, IncN; Tc R, Ap R 
mob-, IncN; used for cloning and plasmid sequencing; Ap R 
used for cloning and single strand DNA sequencing 
6.8 kb XbaI-EcoRI fragment ofpLRSC1 cloned in pJRDi84; Ap R 
ORS571 nifA:: MudIIPR46' fusion cloned in pJRD184 for 
cointegration into the ORS571 chromosome; Tc R, Gm R (ORS571) 
pLAFRI derivative; TcR; ORS571 ntrC-ntrYXregion 
EcoRI deletion derivatives of pLRSC1 
Tn5 insertion in pLRSCIA3 
Tn5 insertions in pLRSC1A 12 
Tn5 insertions in pLRSCIA28 
3 kb EcoRI fragment of pLRSC1 cloned in pACYC184; Tc R 
Fragment carrying the nptH gene of Tn5 cloned in the BglII 
site of pRSX16; Tc R 
Insert of pRSX16 containing the nptII gene of Tn5 subcloned 
in pWB5; Km R, Tc R 
9.4 kb ClaI-SmaI fragment of pLRSC1 cloned in pJRD184; Ap R 
ORS571 ntrC:: MudIIPR46' fusion (pCmM4) subcloned in 
pJRD184 for cointegration into the ORS571 chromosome; 
Tc R, Cm R (E. coli), Gm R (ORS571) 
ORS571 ntrX::MudIIPR46' fusion (pXmM3) subcloned in 
pJRD/84 for cointegration into the ORS571 chromosome; 
Tc R, Cm R (E. coli), Gm R (ORS571) 

Dreyfus et al. (1988) 
Pawlowski et al. (1987) 
Pawlowski et al. (1987) 
P. Ratet, unpublished 
This work and Pawlowski et al. (1987) 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
Ratet et al. (1989) 
This work 
This work 
This work 
This work 
This work 

Boyer and Roulland-Dussoix (1969) 
B. Barrell, unpublished 

Ratet et al. (1988a) 

Casadaban (1975) 

Friedman et al. (1982) 
Ditta et al. (1980) 
Ditta et al. (1980) 
W. Buikema and F.M. Ausubel, 
unpublished 
Chang and Cohen (1978) 
Heusterspreute et al. (1985) 
Yanisch-Perron et al. (1985) 
Yanisch-Perron et al. (1985) 
P. Ratet, unpublished 
Ratet et al. (1989) 

Pawlowski et al. (1987) 
This work 
This work 
This work 
This work 
This work 
This work 

This work 

This work 
This work 

This work 

a The phenotypes of ORS571 mutant strains are listed in Table 2 
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(see Fig. 2) and the ntrJ(-lac fusion was cointegrated in{o 
strains ORS571 and C6, to yield strains ORS571XmMS3 
and C6XmMS3, respectively. 

Construction of  0RS571C46.  Cosmid pLRSCI (Fig. 1) 
was mutagenized with MudIIPR46 (Ratet et al. 1988 a) 
and the resulting pLRSCI :: MudIIPR46 plasmids were 
conjugally transferred to ORS571. Transconjugants were 
selected on gentamycin (MudIIPR46 marker). Due to 
the high degree of instability of pLRSCI :: MudIIPR46 
plasmids in ORS571 (P. Rater, unpublished observa- 
tion), predominantly integrations of these plasmids into 
the chromosome were obtained, A double crossover at 
the resident ntrC locus, resulting in a chromosomal 
ntrC::MudIIPR46 insertion mutation, was identified by 
examining growth on nitrate and ammonium as sole N- 
sources. Thus strain ORS571C46 was obtained, carrying 
an MudlIPR46 insertion immediately adjacent to 
ntrC::Tn5 C7 (Fig. 1). 

Construction of  ORS57I  Y5 and C46Y5. The BglII-SmaI 
fragment of Tn5, containing the neomycin phospho- 
transferase gene lacking its promoter and part of the 
bleomycin resistance gene (Beck et al. 1982; Genilloud 
et al. 1984; see Fig. 1) was inserted into the BglII site 
of pRSX16. The EcoRI insert of the resulting plasmid, 
pRSXI6-Km, was subcloned in pRK290 to form pRK- 
Y5, conjugally transferred to ORS571 and used to con- 
struct a chromosomal ntrY  insertion by gene replace- 
ment (ORS571Y5; Fig. 1). The ORS571C46Y5 double 
mutant was constructed by transferring plasmid pRK- 
Y5 into strain ORS571C46 and selecting for transconju- 
gants resulting from a gene replacement event. 

Enzyme assays. Nitrogenase activity was determined us- 
ing the CzH2 (acetylene) reduction assay, as described 
by Pawlowski et al. (1987). Galactosidase activity of 
free-living bacteria was estimated on plates containing 
5-bromo-4-chloro-3-indolyl-fl-D-galactoside (X-Gal) or 
determined by quantitative fi-galactosidase assays, as de- 

127 

i lkb 
U 

E 

~Ikb~ 

Fig. 1. Physical and genetic map of the 
ORS571 ntrBC-ORF-I-ntrYX-ORF2' region. 
nifA/ntrC hybridizing regions are shown in 
black. The start point of the ntrC gene has not 
been determined by DNA sequencing, but is 
based on our studies on Tn5 insertion mutants 
(e.g. C7 and I15) as well as the published 
lengths of ntrC genes from other rhizobia (Sze- 
to et al. 1987; Nixon et al. t986), and is there- 
fore denoted by a dotted line in the expanded 
map. The position and extent of the putative 
ntrB gene (ntrB') are hypothetical and based 
on partial sequence information (unpublished) 
and the position of the Tn5 insertion I15. The 
vertical arrows indicate the positions of Tn5 in- 
sertions and the horizontal arrow (C46) the po- 
sition and orientation of the MudIIPR46 inser- 
tion (Direction and transcription of the lac 
operon). The restriction enzyme designations 
are as follows: B, BamHI; Bg, BgIII; C, ClaI 
(C" is only recognized in E. eoli dam strains); 
E, EcoRI; H, HindIII; M, MluI; P, PstI; P2, 
PvuII; Sp, SphI; S1, SstI; $2, SstII; Xb, XbaI; 
Xh, XhoI 

scribed by Miller (1972) and Pawlowski et al. (1987). 
In situ staining of nodules for fi-galactosidase activity 
was performed by incubating nodule segments in a 1 : 3 
mixture of X-Gal: Z buffer (Miller 1972). 

Plant experiments. Nodulation and symbiotic nitrogen 
fixation were examined as described by Pawlowski et al. 
(1987). 

Results 

Identification and sequencing of  a second 
ntrC-homologous region 

The DNA sequence of an ntrC/nifA homologous region 
on cosmid pLRSCa (ntrJ( ; Fig.1 ; Pawlowski et al. 1987; 
de Bruijn et al. 1988) was determined and the results 
are shown in Fig. 2. In the ntrX region, an open reading 
frame (ORF) was identified, preceded by a second open 
reading frame, which was designated ntrY. Two addi- 
tional ORFs were found flanking the n t rYX  region, des- 
ignated ORF-1 and ORF-2 (see Figs. 1 and 2). The 3' 
region of the ntrC gene was also sequenced. All five 
ORFs represent protein coding regions with a >90% 
probability, as determined by analyzing the sequence 
with the ' testcode' (Fickett 1982) and 'codonpreference' 
(Gribskov et al. 1984) programs (data not shown). 

The ntrY  ORF (positions 2745-5060) encodes a 771 
amino acid (84.26 kDa) protein. It contains three methi- 
onines in its N-terminal region, only one of which is 
preceded by a putative Shine-Dalgarno sequence (posi- 
tions 2729-2733; Shine and Dalgarno 1974). The C-ter- 
minal region of the NtrY shows significant homology 
with the conserved C-termini of sensor proteins of two- 
component regulatory systems (see Fig. 3; Albright et al. 
1989). An analysis of the hydropathy plot of NtrY re- 
vealed three strongly hydrophobic regions, two of which 
(Fig. 4, arrows) share homology with transmembrane 
domains of E. coli and Salmonella typhimurium chemore- 
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1 ~c~cc~c~c~c~cc~cc~c~c~cc~c~cc~c~ 
AcNtrCY F IS IG IF G E D LIP IP iP IG IL ~i HI ? iI IL R 

RmNtrCH G S G F P N G V p P p G L y H R i L K 

61 GACGTGGAA~ATCCGCTGC~CTCGGCCGC~CTCGCAGCC~CGCGGGGCA~CCAGAT CAA~ 

~ v i~ ~ i~ i~ i~ 8 i~ i~ i~ i~ ~ i~ i~ I~ i~ i~ ~ ~ 
E I E I P L L T A A L A A T R G N Q I R 

121 GCAGCGGAG~TGCTCGGTC~GAACCGCAA~ACCCTGCGC~AGAAGATTC~GGACCTCGA~ 
A A E L L G L N R N T L R K K I R D L D 

~ A D L L G L N R N T L R K K 7 R D B D 

181 a~ccaee~e.~Ccec~cca~ecec~aac~ee~caTcrc~Ga:reec~ac~G~ 
7 ~ V T R T $ R ~ 

I ~ V Y R S ~ ~ e 

241 ~ ¢ a c c c r ~ c o e ~ a a ~ o ~ c c ~ c a : ) c G a c ~ c a ~ c ~ r ~ r ~ ¢ ~ c a r r c ~  

301 GGATGTGGTATCAAAATGCCGGCGGGGGCATGCGGGCCTCCGGG~ATGGCGGA 
ORF-I ~ A D 

361 CGAGGCGGAGCAGGCCGGGCTGCGCATACTGGGGGACGTCCTTTCGGCGGCCCAT T CAGC 
E A E Q A G L R I L G D V L S A A H S A 

421 CGGCGACCTCTCGTGCCTCTCTCCCGACCTCCTCGCGCGTATCGCTGACACCTTCCATCT 
G D L S C L S P D L L A R I A D T F H L 

2041 GCTGGCCCCCTGGCACATC~CCATCAACCTTTCGGCCACGGAGGTGGTG~CGCCGGACCT 
L A P W H I A I N L S A T E V V A p D L 

2101 CATCGAGCGGGTGCGCCAG~CGATGGCCTTTCACGGGCTCCCGCCCCAG~GCGTCTGT TT 
I E R V R Q T M A H G L P P Q C V C F 

2161 CGAGCTGACCGAAAGCGCC~TCCTGAACCAGCCCGAGATCGCCATCGAG~CCCTCTCGCG 
E L T E S A I L N Q P E I A I E T L S R 

2221 CCTGCGCGC~CTTGGCTGC~CCACGGCCATCGACGAT TT CGGCACCGGC~ATTCGAGCCT 
L R A L G C T T A D D F G T G Y S S L 

2281 CASCTA~CT6C~SCS~CTG~CC~SSACST~TTG~ATTS~CCGCAOT~TCOTCC~C~ 
S Y L Q R L P M D V L K I D R S F V L D 

2341 CATGGTGGACAACAGCCGT~CGCGGGAGATCGTGCGGGTCATGATCGAGATGGCCCACG$ 
M V D N S R S R E I V R V M I E M A H G 

2401 CCTCGGCATGAGCGTGGTG~CGGAGGGCG~TGAGACCAC~GGCGCCTTGCAGATCCTGC~ 
L G M S V V A E G V E T T G A L Q I L R 

2461 TCAGATGGGCTGCGACCGC~CGCAGGGATTCCTCTTCGGCCGTGCCATGCCGGGGGATG~ 
Q M G C D R A Q G F L F G R A M G D V 

2521 GGCGGGGACCCTGCCGGAG~CACTCGCTCCCACCGGTTA~GTGTGGGGACCGGGAACAAT 
A G T L P E T L A P T G * 

2~81 c~cc~c~c~c~Tc~c~c~cc~c~cc~c~c~c~c~ 
2841 CC~CG~C~C~C~&C~C~C~G~CCC~C~e~c~c~ 

481 CC~GCRGGG~TTsCGC~CT~TC~GG~GCHACGEAGGACCGEAGGGGCARGGGGGCAITCGACGGACCATCCTc G AC 2701NtrY AGGCCCGGA6GACCGGCCC6CGCGTGC~GGCGT~ACACATGAC~CAAGCCGCGT~ T Q A A 

541 CGTGATCGATTGGCGGCGGCCGGGCCTCGCCTTTCCGGCCATGACGGAGGGGTCCCATCC 
V I D W R R P G L A F P A M T E G S H P 

601 GCCGCTCACGGCGGCCGGAGGTGATCCCCTTCTGGCGCAATGGGCGGCGCGACGGCGCCG 
P L T A A G G D P L L A Q W A A R R R R 

661 CGGCGAGACGATCATCGGCCGGACGCGCGAT CTCACCGGCTATCTGTACGGCTTCTTTT~ 
G E T I I G R T R D L T G Y L Y G F F S 

721 CCACTATGGCGTCGTCACGTTCCTGACCGAACCGGTCATGGTGCATGGGCGCTGGTGGGG 
H Y G V V T L T E P V M V H G R W W G 

781 CCACTTCTGCGTGGACACGCCGGATGCCGAACATGAGTGGACGGCGGTCGAGCGGCAGGC 
H F C V D T P D A E H E W T A V E R Q A 

841 CTTCAAGTGCATCGCCGCCGTGCTGGCGGGGCTGCTGGCCCGCTCGGGCACCGAAGGTCT 
F K C I A A V L A G L L A R S G T E G L 

901 GGTCAGCGAGGCCGCGCGCCGGGCCATGCTGGACACCTCCATCGATGCGGTGAT CGTGGC 
V S E A A R A M L D T S I D A V I V A 

961 CGACGAGGCGGGCGCCATCGTCGAGTT CAACCACGCGGCGGAGGCCATCTTCGGTCACAC 
D E A G A I V E F N H A A E A I F G H T 

1021 GCGCGAGGGGGTGATCGGCCGGCCCATGACCGAGACGATCATCCCGGCCCATTACATCGA 
R E G V I G R P M T E T I I P A H Y I D 

1081 CCGCCA~CGCCAGGGA~ TCATGCGCC~TCTGGCGAC~GGCGAGAAC~ACATCATCC~CCG 
R H R Q G F M R H L A T G E N H I M R R 

1141 GCTCGTCGA~GTGGAGGCGCTGCGGGCGGATGGCAGCGTCTT~PCCGGCCGAACTGACCGT 
L V E V E A L R A D G S V F P A E L T V 

1201 GAACGAGCA~CGCGCCGGTGGGCGCCGCCTGTTCAGCGCCTTCGTCCGCGACATCTCCGA 
N E H R A G G R R L F S A F V R D I S D 

1261 CCGCATCACGTCCCGCCGCGCGCTGGAGCGGCTGGCGTTCACGGACATGCACACCGGGCT 
R I T S R R A L E R L A F T D M H T G L 

1321 CAGCAACCGCACCGGGCTGCTGCGGCTGTGCACCGGACGGCCGACCCGGCCCTCCGGCGC 
S N R T G L L R L C T G R P T R P S G A 

1381 GGTGGTGCTGATGCTGCGCGACCTCGGTGTGGTCAAGACGAGCT TCGGCGACGACTGGGC 
V V L M L R D L G V V K T S F G D D W A 

1441 GGAGCCCATGATCGTGGAGACCGCCAACCTGCTCAGCCGGATGCTGCCGCAGGAGGCGTG 
E P M I V E T A N L L S R M L P Q E A C 

1501 CCTCGGTCGCACCGGCGAGAGCGAGTTCACGGTCGTGACCTGGCAGCCGGGAGCGGCGGC 
L G R T G E E F T V V T W Q P G A A A 

1561 GGAACT CGCGGAAACGCTCATCGGGCGCCTGCGCTCGGCCATCGAGAGCGGCGGCCGGCG 
E L A E T L G R L R S A I E S G G R R 

1621 CTTCTATCTTCGGGTCGGTCTCGGGGTGGTGGAGCGGCCGGGGGATGCCACCTATCTCCT 
F Y L R V G L G V V E R P G D A T Y L L 

1681 GCGGGATGCGGAAATGGCAGCGCGCGACTGCCGGGACGGCCACCTGCTGCACTTCGCCGA 
R D A E M A A R D R D G H L L H F A E 

1741 ACACATGCGGGCGCAGCACCAGCAGCGGCTGGAACTGGAGATGGCCCTGCGGGACGTCAT 
H M R A Q H Q Q R L E L E M A L R D V I 

1801 CCAGCGGCGGACATCGGCGCTCTCGCTCCATTACCAGCCGGTGGTCAGCGCCCGGACCGG 
Q R R T S A S L H Y Q P V V S A R T G 

1861 CGGGCTTGTCGGTT TCGAGGCTCTGGTGCGCTGGTATTCCGAGACGCACGGTCCGGTCTC 
G L V G F E A L V R W Y S E T H G P V S 

1921 GCCCGCATTGTTCGTGCCTCTGGCGGAAGCGGGAGGGTT CGCGGAGCGGCTGGGGGCCTG 
P A L F V P A E A G G F A E R G A W 

1981 GGT CAT CGAGACCGCCATCTCCGCCTGCGCCGGCTGGAATGTCCGCCGGCGCGCGCATGG 
V I E T A I S A C A G W N V R R R A H G 

2761 TTGACCAGGCTTCGGACAACGGACCCATGACGCCGTCCGGCTCGTCCTTCGGCCTGTTCG 
D Q A S D N G P M T P S G S S F G L F A 

2821 CCCCGGCAGTGGTGCTGCT~GCCCTCATCTCGGCTCTCGCCACCTTCCTCATCCTCATGG 
P A V V L L A L I S A L A T F L I L M G 

2881 GCCTCACCCCCGTGGTGCCGACCCATCAGGTGGTCATCAGCGTGCTGCTGGTGAATGCGG 
L T P V V P T H Q V V I S V L L V N A A 

2941 CAGCGGTGC~GATCCTCAG~GCCATGGTCGGCCGCGAGATCTGGCGCATCGCCAAGGCGC 
A V L I L S A M V G R E W R I A K A R 

3001 GGGCGCGCG~GCGCGCCGCCGCCCGGCTGCACATCCGCATTGTCGGCCTGTTCGCGGTGG 
A N G R A A A R L H I R V G L F A V V 

3061 TCTCCGTGG~GCCGGCCATCCTCGTGGCGGTGGTGGCTAGCCTGACGCTCGACCGCGGGC 
S V V P A I L V A V V A S L T L D R G L 

3121 TCGACCGCTGGTTCTCCATGCGCACGCAGGAGATCGTGGCGAGTTCCGTCTCCGTCGCCC 
D R W F S M R T Q E I V A S S V S V A Q 

3181 AGACCTATGTGCGCGAGCACGCCCTGAACATCCGGGGCGACATCCTCGCCATGAGCGCGG 
T Y V R E H A L N R G D I L A M S A D 

3241 ACCTGACGCGGCTGAAGTCGGTCTATGAAGGGGACCGCTCGCGCTTCAACCAGATCCTCA 
L T R L K S V Y E G D R S R F N Q I L T 

3301 CTGCGCAGG~GGCGCTGCGGAACCTGCCGGGCGCCATGCTGATCCGCCGCGACCTCT CGG 
A Q A A L R N L P G A M L I R R D L S V 

3361 TGGTGGAGC~GGCCAACGT~AACATCGGCCGCGAATTCATCGTCCCCGCCAACC~CGCCA 
V E R A N V N I G E F I V P A N L A 

3421 TTGGGGATG~GACGCCGGA~CAGCCGGTGATCTATCTGC~CAATGACGC~GACTATGTGG 
G D A T P D Q P V Y L P N D A D Y V A 

3481 CCGCCGTGG~GCCGCTCAA~GACTATGACGACCTCTATCTCTACGTGGCCCGCCTCATCG 
A V V P L K O Y O O L Y L Y V A R L I O 

3541 ATCCGCGCG~CATCGGCTA~CTGAAGACC~CGCAGGAGA~GCTGGCCGA~TATCGGTCGC 
P E V I G Y L K T Q E T L A D Y R S 

3601 TGGAGGAGC~GCGCT TCGG~GTGCAGGTGGCCTTCGCGC~ CATGTATGC~GT CATCACGC 
E E R R F G V Q V F A L M Y A V I T 

3661 TCATCGTGC~GCTCTCCGC~GTCTGGCT CGGCCTCAACT~CTCCAAGTG~CTGGTGGCGC 
I V L L S A V W L L N F S K W L V A 

3721 CCATCCGCC~CCTCATGTC~GCAGC CGACCATGTGGCGG~AGGCAATCT~GACGTACGCG 
I R R L M S A A D V A E G N L D V R 

3781 TGCCCATCT~TCGGGCCGAAGGCGATCTCGCC~CGCTCG~CGAGACCTT~AACAAGATGA 
P I Y R A E G D L A S L A E T F N K M 

3841 CCCACGAGCTGCGCAGCCAGCGCGAGGCCATCCTCACCG~CCGCGACCA~ATCGACAGCC 
R E ~ R S Q R ~ A L T A R D Q I D S 

3901 GCCGCGGCTTCACGGAAGCCGTGCTTTCCGGTGTCGGCGCGGGCGTCAT ~GGCC~r CGATT 
R R F T E A V L S G V G A G V I G L D 

3961 CGCAGGAGCGCATCACCATCCTCAACCGCTCGGCCGAGCGCCT TTTGGG~CTGTCGGAGG 
Q N R I T I L N R S A E R L L G L S E V 

4021 TGGAGGCCCTGCACCGGCATCTCGCCGAGGTGGTGCCGGAGACGGCGGG~CT CCTGGAAG 
E A L H R H L A E V V P E T A G L L E E 

4081 AGGCCGAGCATGCGCGGCAGCGTAGC~TTCAGGGCAACATCACGCTCAC~CGCGACGGGC 
A E H A R Q R S V Q G N I T L T R D G R 

4141 GTGAGCGCGTCTTCGCGGTCCGTGTCACCACCGAGCAATCGCCCGAGGC~GAGCATGGCT 
E R V F A V R V T T E Q S P E A E H G W 

4201 GGGTGGTGACGCTCGACGACATCACCGAACTCATCTCGGCCCAGCGCAC~TCTGCCTGGG 
V V T L D D I T E L ~ 8 A Q R T S A W A 
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4261 CGGATGTGGCCCGGCGCATCGCCCACGAGATCAAGAACCCGCTCACCCCCATCCAGCTCT 
D V A R R I A H E I K N P L T P I Q L S 

4321 CCGCCGAGCGGCTCAAGCGCAAGTTCGGCCGGCACGTGACGCAGGAT CGGGAGAT CTTCG 
A E R L K R K F G R H V T Q D R E i F D 

4381 ACCAGTGCACCGACACCATCATCCGTCAGGTGGGCGACATCGGCCGGATGGTGGACGAGT 
Q C T D T I I R Q V G D G R M V D E 

4441 TCTCCTCCTTCGCCCGGATGCCCAAGCCCGTCGTGGACAGCCAGGACATGTCGGAGAT CA 
S S F A R M P K P V V D S Q D M S E I I 

4501 TCCGCCAGACGGTGTT CCTCATGCGGGTGGGACAT CCCGAGGTGGTGT TTGATTCCGAGG 
R Q T V F L M R V G H P E V V F D S E V 

4561 TGCCGCCCGCTATGCCCGCGCGCTT CGACCGCCGCCT CGT T TCCCAAGCCTTAACGAACA 
P P A M P A R F D R R L V S Q A L T N 

4621 TCCT CAAGAACGCTGCCGAGGCCAT CGAGGCCGTTCCGCCGGACGTACGCGGCCAAGGCC 
L K N A A E A I E A V P P D V R G Q G 

4681 GCATCCGCGTCAGCGCCAATCGGGTGGGTGAGGATCTGGTGATCGACATCATCGACAACG 
I R V S A N R V G E D L V I D I I D N G 

4741 GCACCGGCCTGCCGCAGGAGAGCCGGAACCGTCTTCTGGAACCCTATGTGACGACGCGCG 
T G L P Q E S R N R L L E P Y V T T R 

4801 AAAAGGGCACGGGCCT CGGCCTTGCCATCGTGGGGAAGATCATGGAGGAGCACGGCGGCG 
K G T G L G L A I V G K M E E H G G G 

4861 GCA I CGAGCTGAACGACGCGCCCGAGGGGCGCGGCGCGTGGATCCGT CTCACCCTCAAGG 
I E L N D A P E G R G A W I R L T L K 

4921 CCGAGGGACCGAAGGCGGAACCGACCGATGCCTCAACCAAGGCGACCGGGGCTGCCACGC 
E G P K A E P T D A S T K A T G A A T 

4981 CCGCGGCGCCCGCCGCTTCCGCCATGGCCCGCGATGCGGCTGCCGATTCCGCCGCGCGCG 
A A P A A S A M A D A A A D S A A R 

5041 GCAAGAACG~-~CTGATCCATGGCCCATGACAT CCTGATCGTCGATGACGAGCCCG 
NtrX K N R T * ~ A D I L I V D D AC E P 

5101 ACATCAGCGGCCTCGTCGCCGGCAT CCT GGAGGACGAGGGCTATTCCGCCQGCACCGCCC 
I S G L V A G I L D E G Y S A R T A 

5161 GCGACGCCGATGGCGCGCTGGCCGAGATCGCCGCGCGGCGGCCGAACCTGATCTTCCTCG 
D A D G A L A E 1 A R P N L I F L 

5581 CCGGCAAGGAGCTGACCGCGCGCATGATCCATGCGGCCTCCGCCCGCGCGCAGGGGCCGT 
G K E L T A R M I  A A S A R A Q G P  

5641 TCGTGGTCATCAACGCCGCCGCCATCACCCCCGAGCGCCTCGAATATGAGCTGTTCGGCG 
V V I N A A A I T  E R L E Y E L F G  

5701 TGGAGGAGGGGGAAGGGCGCGAGCGCCATCGCGGCGCGCTGGAAGAGGCGCACGGCGGCA 
E E G E G R E R H  G A L E E A H G G  

5761 CTCTGTTCCTCGACGAGATCGCCGACATGCCGCGCGAGACCCAGAACCGGGTGCTGCGGG 
L F L D E I A D M  R E T Q N R V L R  

5821 TGCTGGTGGAGCAGACCTTCAGCCGCATCGGCAGCAGCGAGAAGGTGCGCGTGGACGTGC 
L V E Q T F  RI S S E K V R V D V  

5881 GCATCATCTCCTCCACCGGGCGTCACCTGGAGGAAGAGATCGCCGCCGGGCGTTTCCGCG 
I I S S T G R H L  E E I A A G R F R  

5941 AGGATCTCTACCACeGCCTTTCGGTGGTGCCGATCCGCGTGCCGCCGCTGGCCGAGCGGC 
D L ~ H R L S V V P I R V P P L A E R R  

6001 GGGAGGACATCCCCGATCTCGTGGATTTCTTCATCGACCTCATCTCTCAGACGACGGGCC 
E D I P D L V D F F I D L I S Q T T G  

6061 TTCAGCGCCGCAAGGTGGGCGAGGATGCCATGGCCGTGCTCCAGTCCCATGACTGGCCGG 
Q R R K V G E D A M A V L Q S H D W P G  

6121 GCAACGTGCGGCAGCTGCGCAACAATGTGGAGCGCCTGCTGATTCTCGCCGGCGGCGAT( 
N V R Q L R N N V E R L L I L A G G D  

6181 CGGATGCGGAGGTGACCGCCTCCATGCTGCCGCCGGACGTGGGTGCGCTGGTGCCCACCC 
D A E V T A S M L P P D V G A L V P T  

6241 TGCCCAACGGCAATGGCGGCGAGCATCTGATGGGCCTGCCGCTGCGTGAGGCCCGCGAAG 
P N G N G G E H L M G L P L R E A R E V  

6301 TGTTCGAGCGCGAATATCTCGCAGCGCAGATTAACCGCTTTGGCGGCAATATCTCGCGTA 
F E R E Y L A A Q  N R F G G N I S R  

6361 CGGCGG--~ATTCGTCGGCATGGAACGCTCGGCCCTGCATCGGAAGCTGAAGGCGCTCGGCG 
A E F V G M E R S A L H R K L K A L G V  

6421 TAGGCTGACGGAGCGGGACGGGATAAGGTTCGCCCCGGCGCGGTGTTGCAGC~CGGCAG 
G e 

6481 CCGq~CGGGAAAACGGGATCGGCATTC~CC~GGGCTT~GTGTCAGGCG~ 

6541 ~TGGTCATGAAGGTCGTGATCTGCGGGGCAGGGCAGGTGGGGTTCGGCATTGCCGAGC 
5221 ACATCTGGCTGCAGGGCAGCCGCCTCGACGGCCTCGAATTGCTGGACATCATCAAGCGCG ORF-2 ~ K V V I C G A G Q V G F G I A E R 

I W L Q G S R L D G L E L L D I I K R E 

5281 AGCACCCCGAGGTGCCGGTGGTGATGAT CT CCGGCCACGGCAACATCGAGACGGCGGTGG 
H P E V P V V M I G H G N I E T A V A 

5341 CCGCCATCAAGCGCGGCGCCTACGACTTCATCGAGAAGCCCTTCAATGCCGACCGGCTGG 
A I K R G A Y D F E K P F N A D R L V 

5401 TGGTCATCACCGAGCGGGCGCTGGAGACGCTGCGGCTGCGCCGCGAGGTACGGGAGCTGA 
V I T E R A L E T L R L R R E V R E L K 

5461 AGCAGCTCACCCAGCCGCACACCATGGTGGGCCGCTCCAGCGT CAT CCAGCAGT TGCGCG 
Q L T Q P H T M V G R S S V I Q Q L R A 

5521 CCACCGTGGACCGAGTCGGCCCCACCAACAGCCGCAT CCTCATCGTCGGCCCCTCGGGCT 
T V D R V G P T N S R I L I V G P S G S 

Fig. 2. DNA sequence of the ORS571 ntrC'-ORF-I-ntrYX-ORF-2' 
region, The 3' end of ntrC extends to position 207, and the amino 
acids identities between ORS571 NtrC (top amino acid sequence) 
and R. meliloti NtrC (bottom amino acid sequence; Szeto et al. 
1987) are indicated by vertical lines. ORF-I extends from position 
353 to 2560, ntrY from position 2745 to 5060, ntrX from position 
5064 to 6427. ORF-2 begins at position 6549. The putative ribo- 

6601 GCCTCGCCAGCGAGCAGAACGACGTCTCCATCGTCGATGCGAGCCCGCGCCGGATCCAGA 
L A S E Q N D V S  V D A S P R R I Q I  

6661 TCGCCACCGACGAGCTCGACGTGCGCGGCGTGGTGGGCCATGGCTCCCATCCGGACGTGC 
A T D Q L D V R G V V G H G S H P D V L  

6721 TGGCCCGTGCCGGCATCGAGCAGGCGGACATGCTGATCGCGGTCACCCTGCATGACGAAG 
A R A G I E Q A D M L I A V T L H D E V  

6781 TGAACATGGTGGCCTGCCAGGTGGGCCATTCGCTGTTCAACGTGCCGACGTCGCCCGCAT 
N M V A C Q V G H  L F N V P T S P A S  

6841 CCGCGCCCAGACCTATCTGCAGCCCGAATGGCGCAGGGGGA 
A P R P I C S P N G A G G  

some-binding sites and the probable N-terminal methionines are 
boxed• Stop codons are indicated by an asterisk. Inverted repeat 
structures are indicated by horizontal arrows. The putative - 2 4 / -  
12 promoter elements (ntr boxes) are highlighted in black. The 
position of the ntr YX-lac fusion is indicated by the horizontal arrow 
at position 6366 

ceptor proteins (Krikos et al. 1983; Russo and Koshland 
1983; data not shown), suggesting that NtrY may be 
a transmembrane protein (see Nixon et al. 1986). 

The ntrX ORF (position 5064-6428) encodes a 455 
amino acid (50.2 kDa) protein, preceded by a putative 
Shine-Dalgarno sequence (positions 5050-5055)• NtrX 
shows a high degree of homology with NtrC proteins 
of different organisms (Fig. 5). Therefore the ntr YX loci 
reveal typical features of a two-component regulatory 
system, in which NtrY would serve as the sensor and 
NtrX as the modulator protein. Upstream of ntrY (be- 
tween ORF-1 and ntrY), two motifs similar to the - 2 4 /  
- 12 consensus sequences found in NtrA-dependent pro- 
moters (-24GG/GC-12; Th6ny and Hennecke 1989) 
were identified (GG-Nlo-GC; positions 2663-2676 and 

2687-2700)• Downstream of ntrX, a palindromic struc- 
ture, possibly representing a transcription terminal sig- 
nal, is present (positions 6454-6490). The polypeptide 
encoded by the 3' part of the ntrC gene shares a high 
degree of homology with NtrC proteins of other rhizo- 
bia, such as R. meliloti (Fig. 2). 

The protein encoded by ORF-] (positions 353-2560; 
protein 1) shows homology with the product of an open 
reading frame within the mercury resistance region of 
plasmid R100 and transposon Tn501 (URF-2; Brown 
et al. 1986). The physiological significance of URF-2 is 
unknown, but it is not involved in conferring mercury 
resistance (Brown et al. 1986). The C-terminal part of 
the ORF-1 product shows strong homology with the 
TnpM protein of transposons Tn21 and Tn501, which 
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Ec EnvZ 
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Rm FixL 
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Bp NtrB 
Ac NtrY 
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Fig. 3. Comparison of the C-terminai amino 
acid sequence of NtrY with those of sensor 
proteins of two-component regulatory systems. 
E. coli EnvZ reacts to the osmolarity of the 
medium (Comeau et al. 1985); E. coli CpxA 
senses the presence of F- cells and in turn ac- 
tivates ArcA (Albin et al. 1986); R. meliloti 
FixL is a putative oxygen sensor (David et al. 
1988); A. tumefaciens VirA activates VirG in 
the presence of acetosyringone or hydroxysyr- 
ingone (Leroux et al. 1987); B. parasponiae 
NtrB is a nitrogen sensor, whose function is re- 
gulated by the GlnB(PII)/GlnD system (Nixon 
et al. 1986; Magasanik 1988). Identical amino 
acids at homologous positions are highlighted 
in black, chemically similar amino acids are 
stippled and boxed. Chemical similarity was de- 
fined according to Gribskov and Burgess 
(1986) 

hydrophobic 
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0 2 0 0  4 0 0  G O 0  

hydrophilic 
Fig. 4. Hydropathy plot of NtrY. The hydropathy profile of NtrY (according to Kyte and Dootlittle 1982) is shown and the putative 
transmembrane regions (see text) are indicated by arrows 

plays a role in transposition (Hyde and Tu 1985; data 
not shown). Tn5 insertions in this locus have a Nif  ÷, 
Fix + and Ntr  + phenotype (I34, I284, I289; Fig. 1; Ta- 
ble 2). Therefore, the significance of  these homologies 
and the possible function of  the protein encoded by 
ORF-I  remain unclear. For the protein encoded by 
ORF-2 (beginning at position 6549), no significant ho- 
mology to any other protein could be found. This ORF 
is also preceded by - 2 4 / - 1 2  type consensus sequences 
(e.g. positions 6510-6523; Fig. 2). 

Construction o f  insertion mutations in the ntrC-ntrYX 
region o f  cosmid pLRSC1  

Ten new Tn5 insertions within or flanking the ntrC and 
n t r Y X  regions were constructed, as described in Materi- 
als and methods (I15, I34, I284, I289, YX126, YXI215, 
YX1219, X2816, I285,2; Fig. 1). 

Since the D N A  sequencing data suggested that ntr Y X  
could represent an operon (Fig. 2), Tn5 insertions in 
n t r Y  were expected to be polar on ntrX. Therefore, a 
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Fig. 5. Amino acid comparison between NtrX 
and NtrC proteins. R. meliloti NtrC was de- 
scribed by Szeto et al. (1987), B. parasponiae 
NtrC by Nixon et al. (1986), K. pneumoniae 
NtrC by Buikema et al. (1985). The amino 
acids are labeled as described in the legend to 
Fig. 3 

non-polar ntrY insertion mutant (Y5; Fig. 1) was con- 
structed (see Materials and methods). In order to con- 
struct an ntrCntrY double mutant, first a MudIIPR46 
(Ratet etal. 1988a) insertion in ntrC was made 
(ORS571C46; Fig. 1). The phenotype of C46 was found 
to be the same as that of the previously characterized 
ntrC::Tn5 strains C6 and C7 (Pawlowski et al. 1987). 
To construct the ntrCntrY double mutant 
(ORS571 C46Y5), the Y5 insertion was transferred into 
strain ORS571C46 by gene replacement. The positions 
of the transposon insertions in these strains were verified 
by Southern blotting (data not shown). 

Phenotypes of the insertion mutants 

All insertion mutants were analyzed for stem and root 
nodulation capacity on S. rostrata (Nod), for free-living 

(Nit) and symbiotic nitrogen fixation (Fix), as well as 
for growth on several nitrogen sources (nitrogen assimi- 
lation/regulation; Asm/Ntr phenotype). Their pheno- 
types were compared to those of previously character- 
ized ntrC: :Tn5 and nifA::Tn5 mutants (C6, C7; Fig. 1 ; 
A5, A7; Pawlowski et al. 1987). The results are summa- 
rized in Table 2. ORS571115, I34, I284, I289 and I2852 
showed an essentially Nod +, Nil + and Fix + phenotype 
and exhibited wild-type growth on LSO medium supple- 
mented with glutamine, glutamate, arginine, histidine, 
leucine, ammonium or nitrate as sole nitrogen (N-) 
sources (Asm +, Ntr+). These Tn5 insertions therefore 
do not appear to be located in genes essential for nodula- 
tion, nitrogen fixation and metabolism, or their control 
regions and are therefore labelled " I "  (presumably In- 
tergenic; Fig. 1 ; Table 2). 

Strain ORS571YX126 was found to induce stem and 
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Table 2. Phenotpyes of ORS571 Tn5 and MudIIPR46 insertion mutants 

Name Proposed missing Phenotype 
gene product 

Nif" Nod Nod Fix b Fix Ntr ~ 
Stem Root Stem Root 

ORS571A5, A7 NifA - 
ORS571115 100 
ORS571C6, C7, C46 NtrC 5-15 
ORS571134, I284, I289 product of ORF-1 100 
ORS571YX126 100 
ORS571YX1215, YX1219 NtrY, NtrX 50 80 
ORS571Y5 NtrY 100 
ORS571 C46Y5 NtrY, NtrC 5-15 
ORS 571 X2816 NtrX 30-50 
ORS57112852 product of ORF-2 ~ 100% 

+d +e  <1 <1 + 
+ + 100 100 + 
+ a +e <1 del - / +  f - / +  
+ + 100 100 + 
÷ + 60-80 60-80 + 
bumps + e < 1 del - - /+  r + / _  
bumps + e < 1 del - / +  f - / +  
bumps + ° < l del - / + f - 
+d +~ <1 del - / + ~  - / +  
+ + 100 100 g + 

Nif phenotype is expressed as the percentage of wild-type acety- 
lene reduction activity 
b Fix phenotype is expressed as the percentage of wild-type acety- 
lene reduction activity of four-week-old stem or six-week-old root 
nodules 

For designation of Ntr phenotype see Table 3 

d Small, light green nodules (Pawlowski et al. 1987) 
e Hypernodulated (Pawlowski et al. 1987) 
f Delayed Fix ./+ phenotype (Pawlowski et al. 1987) 
g Nodulated plants are slightly smaller than those inoculated with 
ORS571 

H20 
YX YX 

571 1215 1219 X2816 

Fig. 6. Stem nodulation of S. rostrata by ORS571, YX1215, 
YX1219 and X2816. Stem segments of S. rostrata plants are shown 
7 weeks after infection. For details see text 

root  nodules on S. r o s t r a t a  (Fig. 6) with 60-80% of  wild- 
type Fix activity (Table2). Strains ORS571YX1215, 
YX1219, Y5, C46Y5 and X2816 were found to resemble 
the n l r C : : T n 5  mutants  C6 and C7, because they exhib- 
ited the typical "hypernodula ted  Fix . /+  delayed" phe- 
notype, described in detail by Pawlowski et al. (1987), 
on the roots of  plants grown in test tubes or in Leonard 
jars. The phenotypes of  these strains on the stem of  
S. r o s t r a t a  plants were more diverse. While strains OR- 
$571YX1215, YX1219, Y5 and C46Y5 induced only 
F ix -  bumps (swellings of  the adventitious root  sites) 
on the stems of  mature  plants, strain ORS571X2816 in- 

duced the format ion of  F ix -  (light-green) nodules, close- 
ly resembling those formed upon infection with other 
strictly F ix -  strains (see Fig. 6; Pawlowski et al. 1987). 
Nodule development at the cotyledonary and pr imary 
leaf nodes, however, was not affected in OR- 
$571YX1215, Y5 and C46Y5, suggesting that  nodule 
induction at these sites differs f rom nodulation at adven- 
titious root  sites on the stem. 

Free-living nitrogen fixation capability of  strains OR- 
$571YX126, YX1215, YX1219, Y5, C46Y5 and X2816 
varied considerably. Strains YX126 and Y5 showed 
wild-type free-living acetylene reduction activity. Strains 
YX1215 and YX1219 showed levels of  nitrogenase activ- 
ity ranging f rom 50-80% of the wild-type ORS571 
strain. Strain X2816 showed 30 50% (Table2) and 
C46Y5 showed 5-15% of wild-type activity, thus resem- 
bling the n t r C  mutanf  strains C6, C7 and C46 (Table 2; 
Pawlowski et al. 1987). 

The nitrogen utilization phenotype of  the mutant  
strains was examined on plates and in liquid cultures 
(selected cases). One of the nitrogen sources tested was 
nitrate, since the inability to grow on nitrate as sole 
nitrogen source represents the most  common phenotype 
of rhizobial n t r  mutants  (Szeto et al. 1987; Ratet  et al. 
1988b; Ronson et al. J987; de Bruijn et al. 1990). Since 
the growth parameters  of  the liquid cultures were found 
to affect the nitrogen utilization phenotype of  the mu- 
tant strains, two independent sets of  experiments were 
carried out. First, 3 ml cultures were grown in 15 ml 
test tubes and the final optical density at 600 nm 
(OD6oo) was measured after 72 h (Table 3). Second, 
growth curves of  20 ml cultures in well aerated 250 ml 
flasks were determined, as described (Pawlowski et al. 
1987; data not shown). Although slight differences in 
final OD6oo values were observed using these two differ- 
ent protocols, the growth characteristics of  the strains 
in LSO-Nitrate medium, combined with the colony mor-  
phology (growth rate) on plates with various nitrogen 
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Strain Growth in liquid cultures a 

Glutamine Nitrate No N source 

Growth on plates u 

Nitrate Ammonium Glutamine 

Ntr phenotype c 

ORS571 3.09+/--0.29 1.76+/-0.27 0.27+/--0.01 
ORS571C46 3.06+/-0.18 0.34+/-0.02 0.35+/-0.05 
ORS571Y5 2.97+/-0.20 0.67+/-0.14 0.28+/-0.02 
ORS571C46Y5 2.94+/-0.27 0.27+/-0.02 0.27+/-0.02 
ORS571X2816 2.49+/--0.50 0.98+/--0.14 0.27+/--0.03 
ORS571YX1219 3.19+/-0.24 1.05+/-0.12 0.29+/-0.02 

Normal Normal Normal + 
Slimy Normal Normal - / + 
Slimy Slimy Normal - / + 
Slimy Slimy Slimy - 
Slimy Slimy Slimy d _ / + d 
Slimy Slimy Normal d + / _  d 

a 3 ml test cultures were inoculated with washed cells from station- 
ary TY cultures and grown for 3 days at 37°C with vigorous 
shaking. Each number represents the optical density at 600 nm 
of the culture and constitutes the average from four independent 
experiments with three cultures each. Standard deviations are given 
b Normal growth: opaque, white colonies. Slimy growth: translu- 
cent colonies producing excess lipopolysaccharides and containing 
few bacteria 

c For designation of the Ntr phenotype, growth capacity on nitrate 
as sole N source on plates and in liquid culture and growth on 
ammonium as sole N sources on plates were taken into considera- 
tion 
d YX1219 and X2816 could be given the same Ntr designation 
based on growth on nitrate and ammonium, but X2816 is more 
strongly impaired in its Ntr phenotype, since it exhibits slimy 
growth on glutamine as sole N source 

sources, allowed the assignment of the different ntr mu- 
tants to distinct groups, with increasingly severe Ntr  
phenotypes (Ntr +/- ,  Ntr  -/+, N t r - ;  see Tables 2, 3). 
Strain YX126 grew like the wild-type strain ORS571 
on all N sources tested, except for glutamate (Ntr+). 
Strains YX1215, YX1219, Y5, X2816 and C46Y5 exhib- 
ited poor  growth (formed slimy colonies) on LSO plates 
supplemented with glutamate, ammonium, nitrate, argi- 
nine or leucine (see Table 3). Growth in well aerated 
liquid cultures with nitrate as sole N source was moder- 
ately impaired for YX1215 and YX1219, but  substantial- 
ly impaired for Y5 and X2816 (Ntr +/- and Ntr  -/+, re- 
spectively; Tables 2 and 3). This effect was not  observed 
in poorly aerated cultures (data not shown). Strains 
X2816 and C46Y5 exhibited poor  growth also on plates 
with glutamine (Table 3). ORS571C46Y5 showed no 
growth in minimal medium with nitrate (Nt r -  ; Tables 2 
and 3). Thus, in ORS571 C46Y5 the nitrogen metabolism 
defects of  ORS571C46 and Y5 appear to be combined, 
suggesting an additive effect of the ntrC and ntrY muta- 
tions. 

Complementation studies 

To examine whether the ntrYX genes form an operon 
or are transcribed independently, complementation ex- 
periments were carried out. Plasmids pLRSCIA28, 
pLRSCIA281 (carrying a ntrY::Tn5 insertion) and 
pLRSC1A2816 (carrying the ntrX::Tn5 insertion 
X2816; Fig. 1) were introduced into the ntrX::Tn5 
strain ORS571X2816. Growth of  the transconjugants in 
liquid cultures with nitrate as N source was examined. 
While pLRSC1A28 could complement the Ntr  -/+ phe- 
notype of ORS571X2816, neither pLRSC1A281 or 
pLRSC1A2816 were capable of  doing so, suggesting 
a polar effect of  the ntrY::Tn5 insertion on ntrX 
expression and organization of  the ntrYX loci as an 
operon. 

nifA expression in ntrY, ntrX and ntrYX mutant strains 

To examine the effects of different ntr mutants on n~id 
expression, a plasmid carrying a nifA-lac fusion (pPR54; 
Rater etal .  1989) was introduced into strains OR- 
$571YX126, YX1215, YX1219, Y5 and X2816 and inte- 
grated into the chromosomal nifA locus via a single 
crossover. The resulting strains were examined for fi- 
galactosidase activity under a variety of physiological 
conditions, nifA-lac expression in YX1215 and YX1219 
was found to be the same as in the wild-type strain, 
whereas nifA-lac expression in YX126 was slightly in- 
creased as compared to the wild type (data not shown). 
The results for the other strains are summarized in Ta- 
ble 4. The ntrX mutation in X2816 had a similar influ- 
ence on nifA expression as the ntrC mutation in C6 (60% 
of  wild-type expression without N source; 10% on leu- 
cine), whereas the Y5 mutat ion only reduced nifA-lac 
expression by approximately 35% relative to the wild 
type (Table 4), when the cells were grown in the presence 
of  leucine, which has been observed to lead to maximal 
derepression of the ORS571 nif/fix genes (Ratet et al. 
1989). As in the case of  the ntrC strain ORS571C6 (Ratet 
et al. 1989), repression of  nifA induction by nitrogen 
and oxygen was still observed in each mutant  strain. 

Regulation o fn t rC  and ntrYX expression 

To analyze the expression of ntrC and ntr YX, respective- 
ly, miniMu-lac fusions to these genes were constructed 
(Fig. 7). The ntrC-lac fusion (CraMS4; Fig. 7A) was 
found to be highly expressed in media containing gluta- 
mine (N-repressing) and nitrate (N-derepressing) condi- 
tions (Table 5), and there were no significant differences 
in ntrC-Iac expression levels in strains YX1219 and 
X2816, as compared to the wild-type (Table 5). The 
ntrYX-lac fusion (XmMS3; Fig. 7B) was also found to 
be expressed independently of the N source. However, 
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Table 4. nifA-lae expression in different 
mutant strains Strains fl-Galactosidase activity" 

3% 02 u 21% O2 b 

-- NH;  + N H ;  ° + Leu ° -- NH 2 + NH~ -~ + Leu e 

ORS57/A54 100 5 174 8 < i 15 
ORS571C6A54 60 2 /5-20 <1 <1 < /  
ORS571X2816A54 60 2 30 < 1 < / < 1 
ORS571Y5A54 105 3 114 9 < / 17 

a /~-Galactosidase activity (Miller 1972) is expressed as a percentage of that observed in 
strain ORS571A54 under normal nitrogen fixation conditions. The percentages shown rep- 
resent the results of four independent experiments and values did not vary by more than 
10% 
b Cultures were incubated under and air/acetylene mixture (nitrogen fixation conditions; 
Pawlowski et al. 1987) or under air (21% 02) 

Nitrogen sources [(NH~)2SO4; leucine] were added to LSO medium to a final concentra- 
tion of 0.2% 

~ 6 

Xb Sp B Sp C Sp Bg E Xh Xb 

C C" 

lkb 
t~J 

Bg E H I  

YX126 YX12 
12852 

B 17kbj 

C Bg E Bg B E B E E E Sm 
I > Bg C 

×raM3 

Fig. 7A, B. Construction of the ntrC::MudIIPR46 fusion CmMS4 
and the ntrX::MudIIPR46 fusion XmMS3. A shows the position 
and orientation of the MudIIPR46 insertion CraM4 in pPR66. 
The ntrC hybridizing region is stippled. B shows the position of 
the MudIIPR46 insertion XmM3 in pRSX31. The positions of 
the chromosomal Yn5 insertions are indicated (vertical arrows) as 
orientation points. The vector sequences (pJRD184) are indicated 
by cross-hatching, the MudIIPR46 ends are labeled in black. The 
extens of the lac, Gm R and Cm R genes are designated by vertical, 
diagonal and horizontal hatching respectively. The horizontal ar- 
rows indicate the orient/at/on of the MudII insertions (direction 
of transcription of the lac operon). The restriction enzyme abbreva- 
tions are described in the legend of Fig. t 

the express ion  on  n i t ra te  was d e p e n d e n t  on  the presence 
o f  an in tac t  ntrC gene, since it was r educed  to 5 - 2 5 %  
of  wi ld - type  levels in O R S 5 7 1 C 6 X m M S 3  (Table 5). 

The  express ion  o f  ntrC and  n t rX  in the symbio t ic  
state was examined  by  s ta in ing sect ions o f  s tem nodules  
induced  by  ORS571,  O R S 5 7 1 C m M S 4  and  
O R S 5 7 1 X m M S 3  for  /%galactosidase act ivi ty.  St ra in  
O R S 5 7 1 A 5 4  (Ra te t  et al. 1989) was used  as a posi t ive  
cont ro l .  S ta in ing  o f  the symbio t i c  zone  in O R S 5 7 1 A 5 4  
and  O R S 5 7 1 C m M S 4  was obse rved  at  s imi lar  intensit ies,  
whereas  in O R S 5 7 1 X m M S 3  induced  nodules  s ta in ing 
was weaker ,  a l t hough  blue co lo r  a p p e a r e d  at  least  12 h 

Table 5. ntrC-lac and ntrX-lac expression under different physiolog- 
ical conditions 

Strains /~-Galactosidase activity" 

3% O2 b 21% O2 b 

Gln c NO;- ° Gln c NO;- ° 

ORS57tCmMS4 560 240 940 310 
ORS571X2816CmMS4 620 260 1040 350 
ORS571XmMS3 73 68 182 183 
ORS57tC6XmMS3 135 10 153 9 

a /~-Galactosidase activities are expressed in Miller units (Miller 
1972), and represent the average values of three (XmMS3) and 
two independent experiments (CmMS4), respectively; values for 
the individual experiments did not vary to more than 13% 
u Cultures were incubated under an air/acetylene mixture (nitrogen 
fixation conditions; Pawlowski et al. 1987) or under air (21% 02) 
c Nitrogen sources (glutamine, KNO3) were added to LSO medi- 
um at a final concentration of 0.2% 

ear l ier  t han  b a c k g r o u n d  p l a n t  p -ga lac tos idase  act ivi ty  
in ORS571- induced  nodules  (da t a  no t  shown).  There-  
fore,  the n t r Y X  and  ntrC loci a p p e a r  to be expressed 
dur ing  symbios is ,  which is cons is ten t  wi th  the no t i on  
tha t  m u t a t i o n s  in these genes affect  symbio t ic  n i t rogen  
f ixa t ion  (Table 2). 

D i s c u s s i o n  

In this p a p e r  we have  descr ibed  the iden t i f ica t ion  and  
cha rac te r i za t ion  o f  a novel  t w o - c o m p o n e n t  r egu la to ry  
sys tem in A. caulinodans ORS571 ( N t r Y / N t r X ) ,  involved  
in the r egu la t ion  o f  n i t rogen  f ixa t ion  and  m e t a b o l i s m  
genes. The  n t rY /n t rX  genes a p p e a r  to cons t i tu te  a b i -  
c is t ronic  t r ansc r ip t ion  unit ,  as obse rved  for  mos t  o the r  
t w o - c o m p o n e n t  systems ana lyzed  thus far  (see A l b r i g h t  
et al. 1989). The  ntrJ( gene was ini t ia l ly  ident i f ied  on 
the basis o f  h o m o l o g y  with  the ntrC and  n/fA genes 
o f  K. pneurnoniae and  found  to m a p  a p p r o x i m a t e l y  
4.5 kb  d o w n s t r e a m  o f  the  ORS571 ntrC locus p rev ious ly  
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described (Pawlowski et al. 1987; de Bruijn et al. 1988). 
DNA sequencing data presented here reveal that the 
ntrX gene product shares extensive amino acid homolo- 
gy with NtrC proteins of R. meliloti (Szeto et al. 1987), 
B. parasponiae (Nixon et al. 1986) and K. pneumoniae 
(Buikema et al. 1985), suggesting that it represents a 
(positive) regulatory protein. The pleiotropic phenotype 
of ntrX mutants with respect to nitrogen fixation and 
metabolism, as well as the high overall homology to 
ntrC, support its designation as a nitrogen regulation 
(ntr) locus. It is interesting that ORS571 harbors (at 
least) two different NtrC-like proteins, NtrC and NtrX, 
both of which contribute to ntr control, but in distinct 
ways. Both ntrC and ntrX mutants display retarded 
growth on nitrate, a reduction of nifA expression under 
nitrogen fixation conditions and a severely disturbed 
symbiotic phenotype (Fix ./+ delayed on roots; Fix- 
on stems). However, their free-living nitrogen fixation 
rates differ, since ntrC mutants have 5-15% and ntrX 
up to 50% of wild-type activity. In addition, their 
growth patterns in medium containing different amino 
acids as N sources are distinct. The biological signifi- 
cance of having two similar positive regulators in 
ORS571 involved in nitrogen regulation remains to be 
elucidated, but it may be a reflection of the flexibility 
needed in an organism which fixes nitrogen in the free- 
living and symbiotic states, in stem and in root nodules, 
under greatly varying physiological conditions. 

Generally, the genes encoding regulatory proteins of 
the NtrC family are closely linked to partner gene encod- 
ing the sensor (modulator) of the two-component system 
(see Albright et al. 1989). In the case of the NtrBC sys- 
tems in enteric bacteria it has been shown that the C- 
terminal (conserved) part of NtrB phosphorylates and 
dephosphorylates the N-terminal (conserved) domain of 
NtrC in response to the cellular N status, thereby acti- 
vating or deactivating it (Kustu et al. 1989; Magasanik 
1988). It is highly likely that the ntrY gene of ORS571, 
found immediately upstream of ntrX, corresponds to 
such a sensor (modulator) protein, especially since NtrY 
shares extensive homology with other sensor proteins 
in its C-terminal domain. Whether in fact NtrY phosp- 
horylates NtrX in response to the cellular N status is 
not known. The putative transmembrane domains of 
NtrY would suggest that NtrY may be a membrane pro- 
tein, which would make it an unusual N-sensor (modula- 
tor), since NtrB proteins appear to be cytosolic proteins 
(Magasanik 1988). Indeed NtrY may be involved in sens- 
ing the extracellular N concentration. 

It is also interesting to note that the Ntr -/+ pheno- 
type of ntrY (or ntrX) mutants (impaired growth on 
nitrate) is only observed on plates and in well aerated 
cultures, suggesting an effect of the cellular oxygen sta- 
tus. However, the N-terminal domain of NtrY shows 
no significant homology with the putative oxygen sensor 
FixL of R. meliloti (David et al. 1988). 

Upstream of the ORS571 ntrC gene, a region showing 
strong homology with the B. parasponiae ntrB gene (Nix- 
on et al. 1986) has been found (K. Pawlowski, U. Klosse 
and F.J. de Bruijn, unpublished observation). This ob- 
servation suggests that an ntrBC operon exists in 

ORS571, as is the case in all other members of the Rhizo- 
biaceae examined up to now. It is not known whether 
NtrB can modulate NtrX in addition to NtrC and/or 
whether NtrY can modulate NtrC in addition to NtrX. 
In E. coli, such an interaction between two-component 
systems has been shown to occur, since the transcription- 
al activator protein ArcA is modified by two different 
sensor proteins, ArcB and CpxA (Iuchi et al. 1989a, b). 
A comparison of the phenotypes of ntrC or ntrX and 
n t r Y X  mutants, respectively, shows that Ntr and Nil 
phenotypes are more severely affected by the removal 
of one activator protein (ntrC or ntrJO, than by the re- 
moval of a complete system (ntrYX; see Table 2). This 
observation suggests that when an entire system is re- 
moved, the other can partially substitute to yield an in- 
termediate phenotype, while leaving one activator pro- 
tein together with two distinct (but related) modulators 
leads to a more severe perturbation of the system and 
a more extreme phenotype. Thus there may be cross-talk 
(Ninfa et al. 1988) between the NtrB/NtrC and NtrY/ 
NtrX regulatory systems. 

An interaction between the ntrYX/ntrBC systems is 
suggested by the gene fusion experiments, which show 
that ntrYX expression is affected by a ntrC mutation 
when cells are grown on nitrate. All attempts to con- 
struct a ntrCntrX double mutant have failed thus far 
(K. Pawlowski, unpublished observations) and therefore 
it has not been possible to ascertain if any other ntrC/ 
ntrX-like genes are involved in nitrogen control. 

Both the ntrC and ntrX loci appear to be involved 
in controlling nifA gene expression, suggesting that the 
effects of ntrC and ntrX mutations on free-living and 
symbiotic nitrogen fixation may be mediated via the nifA 
promoter (see also Ratet etal. 1989; de Bruijn etal. 
1990). A typical NtrA-dependent - 2 4 / - 1 2  (ntr) canon- 
ical sequence is present in front of nifA (de Bruijn et al. 
1988; Ratet et al. 1989) and its importance in nifA ex- 
pression has been suggested (de Bruijn et al. 1990). 
Whether NtrC and NtrX act in concert with the same 
sigma factor in activating the nifA gene needs to be in- 
vestigated. 

The symbiotic phenotype(s) of ntr Y, ntrX and ntr YX 
mutants are intriguing, ntrX mutants resemble ntrC mu- 
tants in their ability to induce Fix- nodules on the stems 
and Fix -/+ delayed nodules on the roots of S. rostrata. 
ntrY and ntrYX mutants, however, only induce slight 
swellings (bumps) on S. rostrata stems at the adventi- 
tious root sites, while resembling their ntrC (ntrX) coun- 
terparts on the roots. The phenotype of the OR- 
$571YX126 mutant (60-80% nitrogen fixation activity 
in nodules), while resembling the wild-type strain in 
other respects, is also puzzling. Restriction mapping of 
this insertion mutant suggests that it may be located 
5' of the ntrY coding sequences and therefore could rep- 
resent a promoter mutation with a minor effect on ntr YX 
expression, ntrC(X)-mediated nif/fix gene regulation in 
the symbiotic state (nodule) is highly unusual in rhizobia 
(de Bruijn et al. 1990). It could reflect the need for 
ORS571 to grow at the expense of N2 during the infec- 
tion process. Inability to proliferate, especially in the 
stem infection site, may delay or even prevent nodule 
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format ion /n i t rogen  fixation (see de Bruijn 1989; Ratet  
et al. 1989). This is suppor ted  by the observat ion that  
ORS571 glt ( G O G A T )  and glnA (nitrogen assimilation) 
mutants  also have a F i x -  phenotype  (Hilgert et al. 1987; 
Dona ld  et al. 1988; de Bruijn et al. 1988, 1990), in con- 
trast to the cor responding  R. meliloti mutants  (Kondoro-  
si et al. 1977; de Bruijn et al. 1989). However ,  the capaci- 
ty to fix ni t rogen in the free-living state cannot  be the 
sole determinant  o f  the observed deficiency in stem nod-  
ulation, since a non-po la r  n t r Y  m u t a n t  has wild-type 
Ni f  activity, but  is nevertheless seriously dis turbed in 
its symbiot ic  properties.  Fur thermore ,  several N i f -  F i x -  
mu tan t  strains (nifA; D o n a l d  et al. 1986; Pawlowski  
et al. 1987; ni fHDK;  Elmerich et al. 1982) are no t  af- 
fected in their stem nodula t ion  ability. Therefore,  the 
stem nodula t ion  deficiency of  n t r Y  and n t r Y X  m u t a n t  
strains mus t  be the result o f  secondary  effects o f  the 
ntr system, mos t  likely on ni trogen assimilation (metabo-  
lism) o f  bacteria or  bacteroids in the (developing) nod-  
ule. 

By identifying the ntr Y X  t w o - c o m p o n e n t  system, we 
have added  another  level o f  complexi ty  to the regulatory 
circuitry control l ing the expression of  the A. caulinodans 
ORS571 ni t rogen fixation and metabol ism genes in the 
free-living and symbiot ic  states. It  is clear tha t  addit ional  
ORS571 loci play a role in this process and our  present 
studies are designed to identify them and their target(s) 
in the p romote r s  o f  N-regula ted  genes. 

Acknowledgements. We would like to thank M. Schneider and H. 
Meyer z.A. for skilled technical assistance, as well as S. Rossbach, 
P. Ratet, U. Hilgert and J. Stigter for helpful discussions and criti- 
cal comments on the manuscript. We also thank Jeff Schell and 
the Max Planck Gesellschaft for generous support and encourage- 
ment, Maxine Lance, Karen Bird and Jan Johnson for help in 
preparing the manuscript and Kurt Stepnitz, Chris Fetters and 
Margaret Kalda for preparing the figures. FdB also gratefully ac- 
knowledges the support of the US Department of Energy (DE- 
FG02-90ER20021). 

References 

Albin R, Weber R, Silverman PM (1986) The Cpx proteins of 
Eseherichia coli K12. Immunologic detection of the chromo- 
somal cpxA gene product. J Biol Chem 261:46984705 

Albright LM, Huala E, Ausubel FM (1989) Prokaryotic signal 
transduction mediated by sensor and regulator protein pairs. 
Annu Rev Genet 23:311 336 

Beck F, Ludwig G, Auerswald EA, Reiss B, Schaller H (1982) 
Nucleotide sequence and exact localization of the neomycin- 
phosphotransferase gene from transposon Tn5. Gene 19: 327- 
336 

Boyer HW, Roulland-Dussoix D (1969) A complementation analy- 
sis of the restriction and modification of DNA in E. coli. J 
Mol Biol 41:459-472 

Brown NL, Misra TK, Winnie JN, Schmidt A, Seiff M, Silver 
S (1986) The nucleotide sequence of the mercuric resistance 
operons of plasmid R100 and transposon Tn501: further evi- 
dence for mer genes which enhance the activity of the mercuric 
ion detoxification system. Mol Gen Genet 202:143-151 

de Bruijn FJ (1987) Tn5 mutagenesis to map genes. Meth Enzymol 
154:175-196 

de Bruijn FJ (1989) The unusual symbiosis between the diazotroph- 
ic stem-nodulating bacterium Azorhizobium eaulinodans 
ORS571 and its host, the tropical legume Sesbania rostrata. 
In: Nester E, Kosuge T (eds) Plant-microbe interactions vol 3. 
McGraw-Hill, New York, pp 45%493 

de Bruijn FJ, Downie JA (1991) Biochemical and molecular studies 
of symbiotic nitrogen fixation. Curr Opin in Biotechnology 
2:184-192 

de Bruijn FJ, Pawlowski K, Ratet P, Hilgert U, Schell J (1987) 
The unusual symbiosis between the nitrogen-fixing bacterium 
ORS571 and its host Sesbania rostrata: Regulation of nitrogen 
fixation and assimilation genes in the free-living versus symbiot- 
ic state. In: Verma DPS, Brisson N (eds) Molecular genetics 
of plant-microbe interactions. Martinus Nijhoff, Dordrecht, 
pp 266-271 

de Bruijn F J, Pawlowski K, Ratet P, Hilgert U, Wong Ch, Meyer 
zA H, Schell J (1988) Molecular genetics of nitrogen fixation 
by Azorhizobium caulinodans ORS571, the diazotrophic stem 
nodulating symbiont of Sesbania rostrata. In: Bothe H, de 
Bruijn FJ, Newton WE (eds) Nitrogen fixation: Hundred years 
after. Gustav Fischer, Stuttgart-New York, pp 351-355 

de Bruijn F J, Rossbach S, Schneider M, Ratet P, Messmer S, Szeto 
WW, Ausubel FM, Schell J (1989) Rhizobium meliloti has three 
differentially regulated loci involved in glutamine biosynthesis, 
none of which is essential for symbiotic nitrogen fixation. J 
Bacteriol 171:1673-1682 

de Bruijn F J, Hilgert U, Stigter J, Schneider M, Meyer zA H, 
Klosse U, Pawlowski K (1990) Regulation of nitrogen fixation 
and assimilation genes in the free-living versus symbiotic state. 
In: Gresshoff P, Roth E, Stacey G, Newton W (eds) Nitrogen 
fixation: achievements and objectives. Chapman and Hall, New 
York-London, pp 33-44 

Buck M (1990) Transcriptional activation of nitrogen fixation genes 
in Klebsiella pneumoniae. In: Gresshoff P, Roth E, Stacey G, 
Newton W (eds) Nitrogen fixation: achievements and objec- 
tives. Chapman and Hall, New-London, pp 451-457 

Buikema WJ, Szeto WW, Lemley PV, Orme-Johnson WH, Ausubel 
FM (1985) Nitrogen fixation-specific regulatory genes of Kleb- 
siella pneumoniae and Rhizobium meliloti share homology with 
the general nitrogen regulatory gene ntrC of K. pneumoniae. 
Nucleic Acids Res 13:4539-4555 

Casadaban MJ (1975) Fusion of the Escherichia coli lac genes to 
the ara promoter: A general technique using bacteriophage Mu- 
1 insertions. Proc Natl Acad Sci USA 72: 809-813 

Chang ACY, Cohen SN (1978) Construction and characterization 
of amplifiable multicopy DNA cloning vehicles derived from 
the P15A cryptic miniplasmids. J Bacteriol 134:1141-1156 

Comeau DE, Ikenaka K, Tsung K, Inouye M (1985) Primary char- 
acterization of the protein products of the Escheriehia eoli ompB 
locus: structure and regulation of synthesis of the OmpR and 
EnvZ protein. J Bacteriol 164:578-584 

David M, Daveran M-L, Batut J, Dedieu A, Domergue O, Ghai 
J, Hertig C, Boistard P, Kahn D (1988) Cascade regula- 
tion of n/f gene expression in Rhizobium meliloti. Cell 54: 671- 
683 

Devereux J, Haeberli J, Smithies O (1984) A comprehensive set 
of sequence analysis programs for the VAX. Nucleic Acids Res 
12: 387-395 

Ditta G, Stanfields S, Corbin D, Itelinski DR (1980) Broad host 
range DNA cloning system for gram-negative bacteria: con- 
struction of a gene bank of Rhizobium meliloti. Proc Natl Acad 
Sci USA 77:7347-7351 

Donald RGK, Nees DW, Raymond CK, Loroch AI, Ludwig RA 
(1986) Characterization of three genomic loci encoding Rhizo- 
bium sp. strain ORS571 Nz fixation genes. J Bacteriol 165:72- 
81 

Donald RGK, LaPointe J, Ludwig RA (1988) Characterization 
of the Azorhizobium sesbaniae genomic locus encoding 
NADPH-glutamate synthase. J Bacteriol 170 :119%1204 

Dreyfus B, Dommergues YR (1981) Nitrogen-fixing nodules in- 



137 

duced by Rhizobium on the stem of the tropical legume Sesbania 
rostrata. FEMS Microbiol Lett 10 : 313-317 

Dreyfus B, Elmerich C, Dommergues YR (1983) Free-living Rhizo- 
bium strain able to grow under N 2 as  sole nitrogen source. 
Appl Environ Microbiol 45 : 711-713 

Dreyfus B, Garcia JL, Gillis M (1988) Characterization of Azorhi- 
zobium caulinodans gen. nov., sp. nov., a stem-nodulating nitro- 
gen-fixing bacterium isolated from Sesbania rostrata. Int J Bac- 
teriol 38:89-98 

Elmerich C, Dreyfus B, Reysset G, Aubert JP (1982) Genetic analy- 
sis of nitrogen fixation in a tropical fast-growing Rhizobium. 
EMBO J 5:441-447 

Fickett JW (1982) Recognition of protein coding regions in DNA 
sequences. Nucleic Acids Res 10: 5303-5318 

Friedman AM, Long SR, Brown SE, Buikema WJ, Ausubel FM 
(1982) Construction of a broad host range cosmid cloning vec- 
tor and its use in the genetic analysis of Rhizobium mutants. 
Gene 18:289-296 

Gebhardt C, Turner GL, Gibson AH, Dreyfus BL, Bergersen FJ 
(1984) Nitrogen-fixing growth in continuous culture of a strain 
of Rhizobium sp. isolated from stem nodules of Sesbania rostra- 
ta. J Gen Microbiol 130:843-848 

Genilloud O, Garrido MC, Moreno F (1984) The transposon Tn5 
carries a bleomycin-resistance determinant. Gene 32:225-233 

Gillis-Gonzales MA, Ditta GS, Helinski DR (1991) A haemopro- 
rein with kinase activity encoded by the oxygen sensor of Rhizo- 
bium meliloti. Nature 15 : 170-172 

Gribskov M, Burgess RR (1986) Sigma factors from E. coli, B. 
subtilis, phage SP01, and phage T4 are homologous proteins. 
Nucleic Acids Res 14:6745-6763 

Gribskov M, Devereux J, Burgess RR (1984) The codonpreference 
plot: Graphic analysis of protein coding sequences and predic- 
tion of gene expression. Nucleic Acids Res 12:539-549 

Gussin GN, Ronson CW, Ausubel FM (1986) Regulation of nitro- 
gen fixation genes. Annu Rev Genet 15:31-49 

Henikoff S (1984) Unidirectional digestion with exonuclease III 
creates target breakpoints for DNA sequencing. Gene 28:351- 
359 

Hertig C, Li RY, Louarn A-M, Garnerone A-M, David M, Batut 
J, Kahn D, Boistard P (1989) Rhizobium meliloti regulatory 
gene f ixJ activates transcription of R. meliloti nifA and f ixK 
genes in E. coli. J Bacteriol 171:1736-1738 

Heusterspreute M, Ha-Thi V, Emery S, Tournis-Gamble S, Ken- 
nedy N, Davidson J (1985) Vectors with restriction site banks 
IV. pJRD184, a 3793-bp plasmid vector having 43 unique clon- 
ing sites. Gene 39:299-304 

Hilgert U, Schell J, de Bruijn FG (1987) Isolation and characteriza- 
tion of Tn5-induced NADPH-glutamate synthase (GOGAT-) 
mutants of Azorhizobium sesbaniae ORS571 and cloning of the 
corresponding glt locus. Mol Gen Genet 210:195-202 

Hyde DR, Tu C-PD (1985) tnpM: A novel regulatory gene that 
enhances Tn21 transposition and suppresses cointegrate resolu- 
tion. Cell 42:629-638 

Iuchi S, Cameron DC, Lin ECC (1989a) A second global regulator 
gene arcB mediating repression of enzymes in aerobic pathways 
of Escherichia coll. J Bacteriol 171:868-873 

Iuchi S, Furlong D, Lin ECC (1989b) Differentiation of arcA, 
arcB, and epxA mutant phenotypes of Escherichia coli by sex 
pilus formation and enzyme regulation. J Bacteriol 171:2899- 
2893 

Kaminski PA, Elmerich C (1991) Involvement offixLJ in the regu- 
lation of nitrogen fixation in Azorhizobium caulinodans. Mol 
Microbiol 5 : 665-673 

Kondorosi A, Svab Z, Kiss GB, Dixon RA (1977) Ammonium 
assimilation and nitrogen fixation in Rhizobium meliloti. Mol 
Gen Genet 151:221-226 

Kranz RG, Haselkorn R (1988) Ammonia-constitutive nitrogen 
fixation mutants of Rhodobacter capsulatus. Gene 71:65-74 

Krikos A, Mutoh N, Boyd A, Simon MI (1983) Sensory transduc- 
ers of E. coli are composed of discrete structural and functional 
domains. Cell 33 : 615-622 

Kustu S, Santero E, Keener J, Popham D, Weiss D (1989) Expres- 
sion of ~r 54 (ntrA)-dependent genes is probably united by a 
common mechanism. Microbiol Rev 53 : 367-376 

Kyte J, Dootlittle RF (1982) A simple method for displaying the 
hydropathic character of a protein. J Mol Biol 157:105-132 

Leroux B, Yanofsky MF, Winans SW, Ward JE, Ziegler SF, Nester 
EW (1987) Characterization of the virA locus of Agrobacterium 
tumefaciens: A transcriptional regulator and host range deter- 
minant. EMBO J 6:849-856 

Magasanik B (1988) Reversible phosphorylation of an enhancer 
binding protein regulates the transcription of bacterial nitrogen 
utilization genes. Trends Biochem Sci 13 : 475-479 

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning. 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
New York 

Martin GB, Chapman KA, Chelm BK (1988) Role of the Bradyrhi- 
zobium japonicum ntrC gene product in differential regulation 
of the glutamine synthetase II gene (glnI1). J Bacteriol 
170:5452-5459 

Meade HM, Long SR, Ruvkun GB, Brown SE, Ausubel FM (1982) 
Physical and genetic characterization of symbiotic and auxotro- 
phic mutants of Rhizobium meliloti induced by transposon Tn5 
mutagenesis. J Bacteriol 149:114-122 

Miller JH (1972) Experiments in molecular genetics. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, New York 

Nees DW, Stein PA, Ludwig RA (1988) The Azorhizobium caulino- 
dans nifA gene: Identification of upstream-activating sequences 
including a new element, the 'anaerobox'. Nucleic Acids Res 
16:9839-9853 

Ninfa A J, Gottlin Ninfa E, Lupas AN, Stock A, Magasanik B, 
Stock J (1988) Crosstalk between bacterial chemotaxis signal 
transduction proteins and regulators of transcription of the Ntr 
regulon: Evidence that nitrogen assimilation and chemotaxis 
are controlled by a common phosphotransfer mechanism. Proc 
Natl Acad Sci USA 83 : 5492-5496 

Nixon BT, Ronson CW, Ausubet FM (1986) Two-component regu- 
latory systems responsive to environmental stimuli share 
strongly conserved domains with the nitrogen assimilation regu- 
latory genes ntrB and ntrC. Proc Natl Acad Sci USA 83:7850- 
7855 

Norel F, Elmerich C (1987) Nucleotide sequence and functional 
analysis of the two nifH copies of Rhizobium ORS571. J Gen 
Microbiol 133:1563-1576 

Pawlowski K, Rater P, Schell J, de Bruijn FJ (1987) Cloning and 
characterization of nifA and ntrC genes of the stem-nodulating 
bacterium ORS571, the nitrogen-fixing symbiont of Sesbania 
rostrata: Regulation of nitrogen fixation (n/f) genes in the free- 
living versus symbiotic state. Mol Gen Genet 206:207-219 

Rater P, Schell J, de Bruijn FJ (1988a) MiniMu-lac transposons 
with broad host-range origins of conjugal transfer and replica- 
tion designed for gene regulation studies in Rhizobiaceae. Gene 
63:41-52 

Rater P, Pawlowski K, Meyer zA H, Schell J, de Bruijn FJ (1988b) 
Regulation of nitrogen fixation (n~ genes of Azorhizobium eau- 
linodans in culture and in planta. J Plant Physiol 132:405-411 

Ratet P, Pawlowski K, Schell J, de Bruijn FJ (1989) The Azorhizo- 
bium caulinodans nitrogen-fixation regulatory gene, nifA, is con- 
trolled by the cellular nitrogen and oxygen status. Mol Micro- 
biol 3 : 825-838 

Ronson CW, Nixon BT, Albright LM, Ausubel FM (1987) Rhizo- 
bium meliloti ntrA (rpoN) gene is required for diverse metabolic 
functions. J Bacteriol 169:2424-2431 

Russo AF, Koshland DE (1983) Separation of signal transduction 
and adaptation functions of the aspartate receptor in bacterial 
sensing. Science 220 : 1016-1020 

Sanger F0 Nickten S, Coulson AR (1977) DNA sequencing with 
chain-terminating inhibitors. Proc Natl Acad Sci USA 
74:5463 5467 

Sanger F, Coulson AR, Barell BG, Smith AJH, Roe BA (1980) 
Cloning in a single-stranded bacteriophage as an aid to rapid 
DNA sequencing. J Mol Biol 143:I61-178 



138 

Shine J, Dalgarno L (1974) The 3' terminal sequence of Escheriehia 
coli 16S ribosomal RNA: complementarity to nonsense triplets 
and ribosome binding sites. Proc Natl Acad Sci USA 71:1342- 
1346 

Spiro S, Guest JR (1990) Fnr and its role in oxygen-regulated 
gene expression in Escherichia coli. FEMS Microbiol Rev 
75 : 399-428 

Szeto WW, Nixon T, Ronson CW, Ausubel FM (1987) Identifica- 
tion and characterization of the Rhizobium meliloti ntrC gene: 
R. meliloti has separate regulatory pathways for activating ni- 
trogen fixation genes in free-living and symbiotic cells. J Bacter- 
iol 169:1423-1432 

Th6ny B, Hennecke H (1989) The - 2 4 / - 1 2  promoter comes of 
age. FEMS MicrobioI Rev 63 : 341-358 

Th6ny B, Anthamatten D, Hennecke H (1989) Dual control of 
the Bradyrhizobiumjaponicum symbiotic nitrogen fixation regu- 
latory operon fixRnifA: Analysis of cis- and trans-acting ele- 
ments. J Bacteriol 171:4164-4169 

Yanisch-Perron C, Vieira J, Messing J (1985) Improved MI3 clon- 
ing vectors and host strains: Nucleotide sequence of the 
M13mp18 and pUC19 vectors. Gene 33 : 103-110 

Communicated by H. Hennecke 

Note added in proof: 

After submission of this paper Kaminski et al. (1991, Mol Micro- 
biol 5:1983-1991) have reported the identification of afixK/fnr-like 
gene in Azorhizobium caulinodans, which encodes a positive activa- 
tor of nifA expression. These authors have shown that the f ixLd 
genes controlfixK expression, presumably in response to the cellu- 
lar Oz status and that thefixK gene, in turn, controls nifA expres- 
sion. They also report that a f ixL ntrC double mutant is strictly 
Nif-Fix-,  suggesting that the fixLd/fixK genes and the ntrBC/ 
ntr YX system described here are the primary determinants of Azor- 
hizobium eaulinodans, nifA activation under limiting 02 and nitro- 
gen conditions respectively, 


