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Summary. Azorhizobium caulinodans ORS571 nifA regu-
lation is partially mediated by the nitrogen regulatory
gene ntrC. However, the residual nif4 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 nerC loci and the effects
of ntrYX, ntrY and ntrX mutations on nifA expression
were examined using pf-galactosidase gene fusions.
NtrY/NtrX were found to modulate #nif4 expression and
nirYX transcription was shown to be partially under
the control of NtrC.

Key words: Azorhizobium caulinodans ORS571 — nifd
regulation — Nitrogen regulation — Two-component reg-
ulatory system — Nitrogen fixation and metabolism

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 (N,) in the free-living state, at an unusual-
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ly high temperature (37° C) and O, concentration (~
3% ; Dreyfus et al. 1983; Gebhardt et al. 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 nif genes in ORS571 has been shown
to be strictly controlled by the nif-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 (nifrogen regu-
lation) system, consisting of the NtrA, NtrB and NtrC
proteins (see Gussin et al. 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, ¢.g. NtrC or NifA (see Gussin et al. 1986; Maga-
sanik 1988; Thony and Hennecke 1989; Albright et al.
1989; Buck 1990; de Bruijn et al. 1990). The RNA poly-
merase — NirA complex recognizes a characteristic pro-
moter element (~2*GG/~!'*GC; see Thony and Hen-
necke 1989).

A mutation in the ORS571 ntrC gene causes a severe
reduction in free-living nitrogen fixation and affects nifd
transcription. In addition, ORS571 n#rC mutant strains
are drastically altered in their nitrate utilization capacity
and symbiotic properties (Pawlowski et al. 1987; de
Bruijn et al. 1988; Ratet et al. 1989). The latter feature
is peculiar to ORS571, since in Rhizobium meliloti and
Bradyrhizobium japonicum, ntrC does not modulate sym-
biotic behavior (Szeto et al. 1987; Martin ct al. 1988;
see de Bruijn et al. 1990).



The R. meliloti nifA gene is oxygen-controlled (in-
duced microaerobically) via the two-component regula-
tory system FixL/FixJ, consisting of a transmembrane
0, 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
(Thony et al. 1989). The ORS571 nif4 promoter is also
oxygen-controlled via the fixLJ system and NifA-me-
diated autoregulation has been suggested (de Bruijn
et al. 1988; Ratet et al. 1989; Kaminski and Elmerich
1991). Three conserved DNA motifs are present in the
ORS571 nifd 5 upstream region, which may be involved
in nitrogen and oxygen control (de Bruijn et al. 1988;
1990; Nees et al. 1988; Ratet et al. 1989), namely a puta-
tive —24/—12 promoter element (~2*GG-N10-GC; see
Thony and Hennecke 1989; presumably involved in ntr
control), an upstream activating sequence (UAS, GGT-
N,,-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).

ORSS571 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 nrC 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-/ac mutagenesis
(de Bruijn 1987; Ratet et al. 1988a). nzrX::Tn5 inser-
tions were found to affect nifd-lac expression, nitrogen
fixation and assimilation. ntrX was found to be part
of a bicistronic operon (nirYX), which shares homology
with two-component regulatory systems and itself ap-
pears to be atr-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).
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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 I1I/nucle-
ase S1 method described by Henikoff (1984). Sequencing
reactions were carried out using the chain termination
method (Sanger et al. 1977, 1980) with Tagl-polymerase
(Promega) according to the instructions of the manufac-
turer. The nirX::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 nif4 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.

TnS 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-
mids pLRSC1 43, 412, and 428 (Fig. 1) were mutagen-
ized with Tn3 and nine new Tn$ insertions within or
flanking the n#rC and ntrYX regions were introduced
into the ORS571 chromosome via gene replacement
(134, 1284, 1289, XY126, YX1215, YX1219, X2816,
12852; Fig. 1). TnS insertion 115 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. (1988a). After infection of Mu8820(Muc"'), Lac™
colonies (blue on medium containing 5-bromo-4-chloro-
3-B-D-indolyl-thiogalactoside, X-Gal) were selected for
further analysis and the miniMu-/ac 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 nirC locus was selected
(pCmM4; Fig. 7) and shown to be unable to comple-
ment ORS571C6 for growth on nitrate. An Xhol-Hin-
dIII fragment of pCmM4, carrying the gene fusion but
lacking the S-end of Mu (Fig. 7), was subcloned into
pJRD18§4, yielding pCmMS4, and cointegrated into the
chromosome of strains ORS571, YX1219 and X2816
to generate merodiploid strains (ORS571CmMS4,
YX1219CmMS4 and X2816CmMS4). To construct a
ntrX-lac fusion, a MudIIPR46 insertion in the 3’ end
of ntrX on pRSX31 (Fig. 1) was selected (pXmM3) and
a Hindlll-Xhol 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
ORSS71I15
ORS571134, 1284, 1289
ORS571YX126
ORS571YX1215, YX1219
ORS571X2816
ORS571Y5
ORS571C46Y5
ORS57112852
ORS571A54
ORS571CmMS4
YX1219CmMS4
X2816CmMS4
ORS571XmMS3
ORS571C6XmMS3

E. coli

HB101
TB1

MC4100(Mucts)
(MudIIPRA46)
M8820 (Muc™*)

Plasmid/phage

pLAFRI1
pRK2013
pRK290
pWB5S

pACYC184
pJRD184
pUC18/19
M13mp18/19
pPR66
pPR54

pLRSC1
pLRSC143, 12, 28
pLRSC1434
pLRSC14126, 1215, 1219
pLRSC14281, 2816
pRSX16

pRSX16-Km®

pWB-Y5
pRSX31
pCmMS4

pXmMS3

Wild type; Cb®

nifd::Tn5; Cb®, Km®

ntrC::TnS; CbR, Km®

ntrC::MudIIPR46, phenotype like ORS571C6; CbR, Gm*®
TnS5 insertion upstream of ntrC; Cb¥, Km®

Tn5 insertions between ntrC and ntrYX; CbR, KmR
Tn3 insertion in n#r¥ locus; Cb®, Km*®

ntrY::Tn5; CbR, Km®?

ntrX:: Tn5; CbR, Km®

ntrY:Km®; Cb®, Km®

atrY::Km®, nerC:: MudIIPR46; Cb®, Km®, Gm®
ORF-2::TnS5; Cb?, Km®

nifA" nifd::MudlIPR46'; Cb®, Gm®?

ntrC* nirC:: MudIIPR46'; Cb®, Gm®

ntrC* ntrC::MudlIPR46, ntrY:: Tns; CbR, Km®, Gm®
ntrC* ntrC::MudlIPR46, nirX:: Tn3; CbR, KmR, Gm®
ntrX™ atrX:: MudIIPR46'; Cb®, Gm®

nr Xt nerX:; MudIIPR46, ntrC:: Tn5; CbR, KmR, Gm®

recA strain for cloning experiments; Sm®

F’' (iraC36, proAB, laclF, lacZAMN15), A(lac, pro), supE, thi,
recA, srl:: Tnl0 (Tc®), used for M13 infection and lacZ
o-complementation

MC4100(Mucts) lysogen for mini-Mu MudIIPRA46 lysate
production

Recipient strain for mini-Mu transduction

cos, Tra™, mob™, IncP; Tc®

mob™, Tra™, IncN; Km®

mob™, Tra™, IncP; Tc}

pRK290 derivative containing np:] and polylinker; Tc®, Km®

mob™, Tra™, IncW; Tck, Cm®

mob~, Tra™, IncN; Tck, ApR

mob™, IncN ; used for cloning and plasmid sequencing; Ap®
used for cloning and single strand DNA sequencing

6.8 kb Xbal-EcoRI fragment of pLRSC1 cloned in pJRD184; Ap®
ORSS571 nifd::MudIIPR46’ fusion cloned in pJRD184 for
cointegration into the ORS571 chromosome; Tc®, Gm® (ORS571)
pLAFRI1 derivative; Tc®?; ORS571 ntrC-ntr YX region

FcoR1 deletion derivatives of pLRSC1

Tn3 insertion in pLRSC143

TnJ5 insertions in pLRSC1412

Tn5 insertions in pLRSC1428

3 kb EcoRI fragment of pLRSC1 cloned in pACYC184; Tc®
Fragment carrying the nptil gene of Tn5 cloned in the Bg/Il

site of pRSX16; TcR

Insert of pRSX16 containing the nptIl gene of TnJ5 subcloned

in pWB35; Km®, Tc?

9.4 kb Clal-Smal fragment of pLRSC1 cloned in pJRD184; Ap®
ORS371 ntrC::MudIIPR46' fusion (pCmM4) subcloned in
pJRD184 for cointegration into the ORS571 chromosome;

TR, Cm® (E. coli), Gm® (ORS571)

ORS571 ntrX:: MudIIPR46' fusion (pXmM3) subcloned in
pIRD184 for cointegration into the ORS571 chromosome;

TcR, Cm® (E. coli), Gm® (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

2 The phenotypes of ORS571 mutant strains are listed in Table 2
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Fig. 1. Physical and genetic map of the
ORS571 ntr BC-ORF-1-ntr YX-ORF2' region.
nifA/ntrC hybridizing regions are shown in
black. The start point of the nerC gene has not
been determined by DNA sequencing, but is
based on our studies on TnS insertion mutants
(e.g. C7 and I15) as well as the published
lengths of ntrC genes from other rhizobia (Sze-
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sertions and the horizontal arrow (C46) the po-
sition and orientation of the MudIIPR46 inser-
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(see Fig. 2) and the ntrX-lac fusion was cointegrated into
strains ORS571 and C6, to yield strains ORS571XmMS3
and C6XmMS3, respectively.

Construction of ORS571C46. Cosmid pLRSC1 (Fig. 1)
was mutagenized with MudIIPR46 (Ratet et al. 1988a)
and the resulting pLRSC1:: MudIIPR46 plasmids were
conjugally transferred to ORS571. Transconjugants were
selected on gentamycin (MudIlIPR46 marker). Due to
the high degree of instability of pLRSC1::MudIIPR46
plasmids in ORS571 (P. Ratet, 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 MudIIPR46 insertion immediately adjacent to
ntrC::Tns C7 (Fig. 1).

Construction of ORS571Y5 and C46Y5. The Bgll1-Smal
fragment of Tn3, 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 Bg/II site
of pRSX16. The EcoRI insert of the resulting plasmid,
pRSX16-Km, was subcloned in pRK290 to form pRK-
Y5, conjugally transferred to ORS571 and used to con-
struct a chromosomal nfrY 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 C,H, (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-f-D-galactoside (X-Gal) or
determined by quantitative f-galactosidase assays, as de-

tion (Direction and transcription of the lac

£ operon). The restriction enzyme designations
are as follows: B, BamHI; Bg, Bg/ll; C, Clal
(C" is only recognized in E. coli dam strains);
E, EcoRI; H, Hindlll; M, Miul; P, PsiI; P2,
Poull; Sp, Sphl; S1, Sstl; S2, Sst1l; Xb, Xbal;
Xh, Xhol

scribed by Miller (1972) and Pawlowski et al. (1987).
In situ staining of nodules for f-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 pLRSC1 (ntrX ; 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 n#rY. Two addi-
tional ORFs were found flanking the ntr YX 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 TATTTCTCCGGCTTTGGCGAGGATCTECCGCCTCCGGGCCTCTATCACCGCATCCTGCGS

F s ? T G EDLPPPGTLVYHT RTITLR
O A e

G FP NGV PPGPGTL VY HR I i K
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1 GCAGCGGAGCTCCTCGGTCTGAACCGCAACACCCTGCGCAAGAAGATTCGGGACCTCOAC
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[ s R e e S S
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1 ATCCAGGTGATCCGCACCAGCCGCTGAACGGGACATCTCCTTGATGGCGTACGGGATGTC
I 9 VI RKT SR *
bl [

I1 0 VYRS G G *

1 TGTCACCCTCCGGTTGTAAGGGGCCTGCATCGACGGCATCGCGGGTGATGCGGGCATTCA

1 GGATGTGGTA’I‘CAAAA’I‘GCCGGCGGGGGCATGCGGGCCTCCGGGA’I‘GGCGG;;
M a b

CGAGGCGGAGCAGGCCGGGCTGCGCATACTGGGGGACGTCCTTTCGGCGéCCCATTCAG&
E A E Q A G L R I UL G DP V L S A A H S§ A

1

CGGCGACCTCTCGTGCCTCTCTCCCGACCTCCTCGCGCGTATCGCTGACACCTTCCATC%
G b L $ ¢C L 8 P DL L AR I ADTF H L

1
CCAGCGGGTTTCGCTCTTTCAGCGTGCACCAGGCCGAGGGCAGGGGCATCGCGGCCACCTG
Q vV §S L F Q VH E A E G R G I A A T C

CGTGATCGATTGGCGGCGGCCGGGCCTCG&CTTTCCGGCCATGACGGAGéGGTCCCATCé
v I D WRURU®POGIL AT FUPAMTETG S H P

1

GCCGCTCACGGCGGCCGGAGGTGATCCCCTTCTGGCGCAATGGGCGGCGCGACGGCGCCé
P L T A A G G D P L L A O W A A R R R R

1

CGGCGAGACGATCATCGGCCGGACGCGCGATCTCACCGGCTATCTGTACGGCTTCTTTTé
G ET I I 6 R TRDUL TG Y L Y G F F §

1

CCACTATGGCGTCGTCACGTTCCTGACCGAACCGGTCATGGTGCATGGGCGCTGGTGGGG
H Y G Vv VT F L T E P V M V H R W W G

1

CCACTTCTGCGTGGACACGCCGGATGCCGAACATGAGTGGACGGCGGTCGAGCGGCAGGC
H F C VvV D T P DAEUHEWTAV ER Q A

1

1 CTTCAAGTGCATCGCCGCCGTGCTGGCGGGGCTGCTGGCCCGCTCGGGCACCGAAGGTCT
G

F K ¢ I A AV L A G L L A R S8 T E G L

GGTCAGCGAGGCCGCGCGCCGGGCCATGCTGGACACCTCCATCGATGCGGTGATCGTGGL
vV $ E A A R A M L DT S I DA V I V A

1

CGACGAGGCGGGCGCCATCGTCGAGTTCAACCACGCGGCGGAGGCCATCTTCGGTCACAC
D E A G A I V EF NHAAEATIF G HT

1

GCGCGAGGGéGTGATCGGCéGGCCCATGAéCGAGACGATCATCCCGGCCCATTACATCGA
R E G V I G R PMTETTI I P A HY I D

1

CCGCCACCGCCAGGGATTCATGCGCCATCTGGCGACCGGCGAGAACCACATCATCC&CCG
R H R Q G M R H L A T G ENH I M R R

1

GCTCGTCGAGGTGGAGGCGCTGCGGGCGGATGGCAGCGTCTTTCCGGCCGAACTGACCG%
L V EV EALRADGS V F P AETLTV

1

GAACGAGCATCGCGCCGGTGGGCGCCGCCTGTTCAGCGCCTTCGTCCGCGACATCTCCGA
N EHRAG G RURTUIL F S A F V RD I § D

1

1 CCGCATCACGTCCCGCCGCGCGCTGGAGCGGCTGGCGTTCACGGACATGCACACCGGGET

R I T $ R R A L ERL A F T DMHT G L

CAGCAACCGCACCGGGCTGCTGCGGCTGTGCACCGGACGGCCGACCLGGCCCTCCGGCGL
S NR T L L R L CTG R P TR P S G A

1

GGTGGTGCTGATGCTGCGCGACCTCGGTGTGGTCAAGACGAGCTTCGGCGACGACTGGGT
v v L.L.MULRDULGV V KT S$§ F G D D W A

1

GGAGCCCATGATCGTGGAGACCGCCAACCTGCTCAGCCGGATGCTGCCGCAGGAGGCGTG
E P M I VETANILUL S RMTILUP Q E A C

1

CCTCGGTCGCACCGGCGAGAGCGAGTTCACGGTCGTGACCTGGCAGCCGGGAGCGGLGGL
L 6 R T G E s E F TV VT W Q P G A A A

1

1 GGAACTCGCGGAAACGCTCATCGGGCGCCTGCGCTCGGCCATCGAGAGCGGCGGLCGGLG

E L A E T UL I 6GR L R S A I E S G G R R

CTTCTATCTTCGGGTCGGTCTCGGEGTGGTGGAGCGGCCGGGGGATGCCACCTATCTCCT
F ¥ L. R V 6G L 6 VvV V ERP G DA AT Y L L

1

GCGGGATGCGGAAATGGCAGCGCGCGACTGCCGGGACGGCCACCTGCTGCACTTCGCCGA
R D A E M A A R D CRD G H L L HF A E

1

ACACATGCGGGCGCAGCACCAGCAGCGGCTGGAACTGGAGATGGCCCTGCGGGACGTCAT
H M R A Q HQ @ R L E L EMATULURDV I

1

CCAGCGGCGGACATCGGCGCTCTCGCTCCATTACCAGCCGGTGGTCAGCGCCCGGACCGG
@ R R T 8§ A L 8§ L H Y Q P V V 8§ R T G

1

CGGGCTTGTCGGTTTCGAGGCTCTGGTGCGCTGGTATTCCGAGACGCACGGTCCGGTCTC
GG L v 6 F E A L V R W Y S8 T H G P V S

1

GCCCGCATTGTTCGTGCCTCTGGCGGAAGCGGGAGGGTTCGCGGAGCGGCTGGGGGCCTG
P A L F V P L A E A G G F A E R G A W

1

GGTCATCGAGACCGCCATCTCCGCCTGCGCCGGCTGGAATGTCCGCCGGCGCGCGCATGG
v I E T A I 8 A CA G W NV R RUR A H G

1
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GCTGGCCCCCTGGCACATCGCCATCAACCTTTCGGCCACGGAGGTGGTGéCGCCGGACC%
L AP WH I A INTUL S A TEV V A P DL

CATCGAGCGGGTGCGCCAGACGATGGCCTiTCACGGGCTéCCGCCCCAG%GCGTCTGTT%
I E RV R QTMATFUHGTUL P P Q C V C F

CGAGCTGACCGAAAGCGCCATCCTGAACCAGCCCGAGAT&GCCATCGAGACCCTCTCGCé
E L T E S A I L NQ P ETIATIETTUL S R

CCTGCGCGCCCTTGGCTGCACCACGGCCATCGACGATTTéGGCACCGGC%ATTCGAGCC%
L R AL 6 CTTAIDUDTFG TG Y S S5 L

CAGCTATCTCCAGCGTCTGCCCATGGACGTGTTGAAGATTGACCGCAGTTTCGTCCTCGA
S ¥ L ¢Q R L PMDV L KTI DU RS F VL D

CATGGTGGACAACAGCCGTTCGCGGGAGATCGTGCGGGT&ATGATCGAGATGGCCCACG&
M vV D N § R S R E I V R VM IEMU ATH G

CCTCGGCATGAGCGTGGTGGCGGAGGGCGTTGAGACCACCGGCGCCTTGéAGATCCTGCé
L G M s Vv V E 6V ETT G AL Q I L R

TCAGATGGGCTGCGACCGCGCGCAGGGAT%CCTCTTCGGéCGTGCCATGéCGGGGGATG%
Q M G C DRAQGT FUILTFGRAMMTPGTD V

GGCGGGGACCCTGCCGGAGACACTCGCTCCCACCGGTTAéGTGTGGGGA&CGGGAACAA%
A 66 T L P E T L A P T G *

CTGCCETTGCTGCTGGTGCCTGTCACATTTTTGCACCAGTGTCGTTCCACTGCATCACTS
CCGAACGACTCAGGGGGCTGCG@CCGACCGCATCCCTGACGAC@CGCAACAGCC@

AGGCCCGGACGACCGGCCCCCGCETGCCRGTAGTGGCGTGACACATGACGCARGCCGCGT
M T o0aAATF

TTGACCAGGCTTCGGACAACGGACCCATGACGCCGTCCGGCTCGTCCTTCGGCCTGTTCG
D Q A S D NG PMTP S G S S F G L F A

CCCCGGCAGTGGTGCTGCTCGCCCTCATCTCGGCTCTCGCCACCTTCCTCATCCTCATGG
P AV V L L AL I A L ATV F L I L MG

GCCTCACCCCCGTGGTGCCGACCCATCAGGTGGTCATCAGCGTGCTGCTGGTGAATGCGG
L TPV VP THQV VI S VL L V N A A

CAGCGGTGCTGATCCTCAGCGCCATGGTCGGCCGCGAGATCTGGCGCATCGCCAAGGLGC
AV L 1 L 8 A MV G RE I WU R I A K A R

GGGCGCGCEEGLCGCGCCGCCGCCCEGGCTGCACATCCGCATTGTCGGCCTGTTCGCGGTGE
A R G R A A ARULMHTIWZRTIUVGTILF a VvV V

TCTCCGTGGTGCCGGCCATCCTCGTGGCGGTGGTGGCTAGCCTGACGCTCGACCGCGGGE
s v v P A 1 L VAV V A S5 L TUL DR G L

TCGACCGCTGGTTCTCCATGCGCACGCAGGAGATCGTGGCGAGTTCCGTCTCCGTCGCCC
D R W F 8 M R T Q E I VA S S V S V A Q

AGACCTATGTGCGCGAGCACGCCCTGAACATCCGGGGCGACATCCTCGCCATGAGCGCGG
T ¥ V R E H A L N R ¢ DI L A M S A D

ACCTGACGCGGCTGAAGTCGGTCTATGAAGGGGACCGCTCGCGCTTCAACCAGATCCTCA
L T R L K $ VvV Y E 6 DR S R F N Q I L T

CTGCGCAGECEECGCTGCGEAACCTGCCGEECECCATCCTGATCCECCGCGACCTCTCGE
A QAALTGRANTELT PG GAMTELTITERTERDTEL.JS§ V

TGGTGGAGCGGGCCAACGTCAACATCGGCCGCGAATTCATCGTCCCCGCCAACCTCGCCA
V E R ANV N I GRETVF I VP ANTILAI

TTGGGGATGCGACGCCGGATCAGCCGGTGATCTATCTGCCCAATGACGCGGACTATGTGG
G D ATUP D QP VI Y L P NUDADYVY V A

CCGCCGTGGTGCCGCTCAAGGACTATGACGACCTCTATCTCTACGTGGCCCGCCTCATCG
AV VPL KDY DDILYTUL YV ARTILTITD

ATCCGCGCGiCATCGGCTATCTGAAGACCACGCAGGAGACGCTGGCCGACTATCGGTCGC
P R V I 6 Y L K T T @ E T L A D Y R § L

TGGAGGAGCGGCGCTTCGGCGTGCAGGTGGCCTTCGCGCTCATGTATGCGGTCATCACGC
E BE R R F G V Q V A F AL MY AV I TL

TCATCGTGCTGCTCTCCGCGGTCTGGCTCGGCCTCAACTTCTCCAAGTGGCTGGTGGCGC
I v L L $ A VvV W L GG L NTF S5 K W L V A P

CCATCCGCCGCCTCATGTCGGCAGI CGACCATGTGGCGGARGGCAATCTCGACGTACGCG
I R R L M S A ADUHUV A E G NUL D V R V

TGCCCATCTATCGGGCCGAAGGCGATCTCGCCTCGCTCGCCGAGACCTTCAACAAGATGA
P 1 Y R A E G P LA S L A ETVFNIKMT

CCCACGAGCTGCGCAGCCAGCGCGAGGCCATCCTCACCGCCCGCGACCAGATCGACAGCC
H E L R S Q R E A L T A R D @ I D 8 R

GCCGCCGCTTCACGGAAGCCGTGCTTTCCGGTGTCGGCGCGGGCGTCATCGGCCTCGATT
R R F T E A V L S8 vV 6 A G V I 6L D §

CGCAGGAGCGCATCACCATCCTCAACCGCTCGGCCGAGCGCCTTTTGGGGCTGTCGGAGG
9 E R I T I L N R § A E R L L G L 8 E V

TGGAGGCCCTGCACCGGCATCTCGCCGAGGTGGTGCCGGAGACGGCGGGCCTCCTGGAAG
E A L H R HL A E VvV V P ETAG L L E E

AGGCCGAGCATGCGCGGCAGCGTAGCGTTCAGGGCAACATCACGCTCACCCGCGACGGGC
A E HA RQR S V Q G N I TTL TR D G R

GTGAGCGCGTCTTCGCGGTCCGTGTCACCACCGAGCAATCGCCCGAGGC&GAGCATGGC%
E R V F AV R V T T E Q S P E A E H G W

GGGTGGTGACGCTCGACGACATCACCGAACTCATCTCGGCCCAGCGCACCTCTGCCTGGG
vV vV T L b D I T E I s A Q R T 8§ A W A



4261 CGGATGTGGéCCGGCGCATCGCCCACGAGATCAAGAACCCGCTCACCCCCATCCAGCTCT
D VAR R I A HE I KNP L TP I Q L 5§

4321 CCGCCGAGCéGCTCAAGCGCAAGTTCGGCCGGCACGTGACGCAGGATCGGGAGATCTTCG
A E R L K R K F GRHV T QD RE I F D

4381 ACCAGTGCACCGACACCATéATCCGTCAGGTGGGCGACATCGGCCGGATGGTGGACGAGT
g ¢ T™D T I ¥ R Q V 6D I GR MV D E F

4441 TCTCCTCCTTCGCCCGGATGCCCAAGCCCGTCGTGGACAGCCAGGACATGTCGGAGATCA
S 8 F A RMU®PK PV VD s QDM S E I I

4501 TCCGCCAGACGGTGTTCCTCATGCGGGTGGGACATCCCGAGGTGGTGT TTGATTCCGAGG
R Q T Vv F L. M RV GGHPEV V F D S E V

4561 TGCCGCCCGCTATGCCCGCGCGCTTCGACCGCCGCCTCGTTTCCCAAGCCTTAACGAACA
P P AMUP AR FD RI RTILUV S Q A L T N I

4621 TCCTCAAGAACGCTGCCGAGGCCATCGAGGCCGTTCCGCCGGACGTACGCGGCCAAGGCT
L K N A A E A I EAV P P DV RG Q G R

4681 GCATCCGCGTCAGCGCCAATCGGGTGGGTGAGGATCTGGTGATCGACATCATCGACAACé
I RV s A NRV G ED L V I DI I DN G

4741 GCACCGGCCiGCCGCAGGAGAGCCGGAACCGTCTTCTGGAACCCTATGTGACGACGCGCG
T G L P 0 E $ R NIRUL L E P Y V T T R E

4801 AAAAGGGCACGGGCCTCGGCCTTGCCATCGTGGGGAARGATCATGGAGGAGCACGGLGGCG
X 6 T 6L 6L A I V G K I M EEH G G G

4591 GCAUTCGAGCTGAACGACGCGCCCGAGGGGCGCGGCGCGTGGATCCGTCTCACCCTCAAGS
I1 E L NDAUPE G R G AW I R L T 1L K A

4921 CCGAGGGACCGAAGGCGGAACCGACCGATGCCTCAACCAAGGCGACCGGGGCTGCCACGT
E G P XK A E P T DA S T KA T G A A T P

4981 CCGCGGCGCCCGCCGCTTCCGCCATGGCCCGCGATGCGGCTGCCGATTCCGCCGCGCGLG
A AP A A S AMARUDA AR AN ATD S A A R G

5041 GCAAGAAC GAGG CTGATCCATGGCCCATGACATCCTGATCGTCGATGACGAGCCC”
NtrXx K N T M A2 DI L I VDDEPD

5101 ACATCAGCGGCCTCGTCGCCGGCATCCTGGAGGACGAGGGCTATTCCGCCCGCACCGCCC
I s 6L VvV A G I L E D E G Y S A R T A R

5161 GCGACGCCGATGGCGCGCTGGCCGAGATCGCCGCGCGGCGGCCGAACCTGATCTTCCTCG
D A DGA L A E I A A RIRUPNUL I F L D

5221 ACATCTGGC%GCAGGGCAGCCGCCTCGACGGCCTCGAATTGCTGGACATCATCAAGCGCG
I1 w L ¢ 6 $ R L D G L E L L D I I K R E

5281 AGCACCCCGAGGTGCCGGTGGTGATGATCTCCGGCCACGGCAACATCGAGACGGCGGTGG
H P E V P V VM I 8§ G H G N I E T A V A

5341 CCGCCATCAAGCGCGGCGCCTACGACTTCATCGAGAAGCCCTTCAATGCCGACCGGCTGG
A I K R G A Y D F I E K P F NADU RTL V

5401 TGGTCATCACCGAGCGGGCGCTGGAGACGCTGCGGCTGCGCCGCGAGGTACGGGAGCTGA
v 1T EWRAULETILRIL®RIREV R E L K

5461 AGCAGCTCACCCAGCCGCACACCATGGTGGGCCGCTCCAGCGTCATCCAGCAGTTGCGCé
QL T 9 P H TMUV G R S S§ V I 0 O L R A

5521 CCACCGTGGACCGAGTCGGCCCCACCAACAGCCGCATCCTCATCGTCGGCCCCTCGGGLT
T v D R V 6P T N S R I L I V G P S G S

Fig. 2. DNA sequence of the ORS571 ntrC'-ORF-1-ntrYX-ORF-2'
region. The 3’ end of nerC 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-1 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-

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 — 24/
—12 consensus sequences found in NtrA-dependent pro-
moters (“**GG/GC™'2; Thoény and Hennecke 1989)
were identified (GG- NIO-GC, positions 2663-2676 and

ORF-2 M x v v

129

5581 CCGGCAAGGAGCTGACCGCGCGCATGATCCATGCGGCCTCCGCCCGCGCGCAGGGGCCGT
G K E L T A R M I H A A S A R AMOQ G P F

5641 TCGTGGTCA%CAACGCCGCCGCCATCACCCCCGAGCGCCTCGAATATGAGCTGTTCGGCG

v v I NA A A I TP EU RTLEYETLVF G V
5701 TGGAGGAGGéGGAAGGGCGCGAGCGCCATCGCGGCGCGCTGGAAGAGGCGCACGGCGGCA
E E G E G R E R H R G A L E E A H G G T

5761 CTCTGTTCC%CGACGAGATCGCCGACATGCCGCGCGAGACCCAGAACCGGGTGCTGCGGG
L F L D E I A DMU®PIRETQNI RV L RV

5821 TGCTGGTGGAGCAGACCTTCAGCCGCATCGGCAGCAGCGAGAAGGTGCGCGTGGACGTGC
L V E ¢ T F 8 R I 6 5§ $§$ E K V R V D V R

5881 GCATCATCT&CTCCACCGG&CGTCACCTGGAGGAAGAGATCGCCGCCGGGCGTTTCCGCG
I I §$8 §$ T™ G R HUL EEE I A A G R F R E

5941 AGGATCTCTACCACCGCCTTTCGGTGGTGCCGATCCGCGTGCCGCCGCTGGCCGAGCGGC
D L Y HRL S V Vv PI RV PP L A E R R

6001 GGGAGGACA%CCCCGATCTCGTGGATTTCTTCATCGACCTCATCTCTCAGACGACGGGCC
E D ¥ P DL VD VF F I DL I S§ Qg T T G L

6061 TTCAGCGCCéCAAGGTGGGCGAGGATGCCATGGCCGTGCTCCAGTCCCATGACTGGCCGG
° R K G E D A MAUV L QB S HDW P G

6121 GCAACGTGCGGCAGCTGCGCAACAATGTGGAGCGCCTGCTGATTCTCGCCGGCGGCGATC
N V R Q L R NNV ERUL L I L A G G D P

6181 CGGATGCGGAGGTGACCGCCTCCATGCTGéCGCCGGACGTGGGTGCGCTGGTGCCCACC&
D A EV T ASMTIL P P DV G AL V P T L

6241 TGCCCAACGéCAATGGCGGCGAGCATCTGATGGGCCTGCCGCTGCGTGAGGCCCGCGAAG
P NG NG G E HL M GL PILREUATRE V

6301 TGTTCGAGCGCGAATATCTCGCAGCGCAGATTAACCGCTTTGGCGGCAATATCTCGCGTA
F E R E Y L A A Q¢ I NRVF G G NI SR T

6361 CGGCGGEATTCGTCGGCATGGAACGCTCGGCCCTGCATCGCAAGCTGAAGGCGCTCGGCG
A E F V6 M ER S AL HRI KU LI KA AL G V

6421 TAGGCTGACéGAGCGGGACGGGATAAGGTTCGCCCCGGCGCGGTGTTGCAGGEECGGCA&
¢ * =

6481 COGOEECGGGARAACGGGATCGGCATTCHEECCARGGGCTTEREEGTGTCAGGCCEREES

6541 GGEGTGGTCATGAAGGTCGTGATCTGCGGGGCAGGGCAGETGEGGTTCGGCATTGCCGAGE
C G A G Q VG F G I A E R

6601 GCCTCGCCAGCGAGCAGAACGACGTCTCCATCGTCGATGCGAGCCCGCG&CGGATCCAGA
L A S EQ ND UV S I VDA S PRTZ R I QI

6661 TCGCCACCGACCAGCTCGACGTGCGCGGCGTGGTGGGCCATGGCTCCCATCCGGACGTGC
A T D Q L D V R G V V G H G S HP D V L

6721 TGGCCCGTGCCGGCATCGAGCAGGCGGACATGCTGATCGCGGTCACCCTGCATGACGAAé
A R A G I EQ ADMTLTIAUV T L H D E V

6781 TGAACATGGTGGCCTGCCAGGTGGGCCATTCGCTGTTCAACGTGCCGACéTCGCCCGCA&
N MV ACQV GGH S L F NV PT S P A S

6841 CCGCGCCCAGACCTATCTGCAGCCCGAATéGCGCAGGGGGA
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 — 24/ —
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

2687-2700). Downstream of n#rX, 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 nirC 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-1 (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 Tn30f (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 Tn2/ and Tn507, which
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Fig. 3. Comparison of the C-terminal amino
Ec EnvZ MVGNAARYGNGWHKVSSETEPNRAW. . acid sequence of NtrY with those of sensor
Ec CpxA LRYSHT.KIEJGFAVDKD........cvuivuenn.. roteins of two-component reculat "
Rm FixL IEEWRHESRRELTIREMPAD] % . b CELATOTY SySTCmS.
At VirA SOINUTANE.OQIDIII K .cohIﬁwZ1ﬁaastotheomndan310fﬂw
Bp NtrB [NINADLET EIQLEEE medium (Comeau et al. 1985); E. coli CpxA
Ac Ntry INT\IEAmPP RGQGR RVSANRV. ....... senses the presence of F~ cells and in turn ac-

tivates ArcA (Albin et al. 1986); R. meliloti
Ec EnvZ FixL is a putative oxygen sensor (David et al.
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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 (134, 1284, 1289; Fig. 1; Ta—
ble 2). Therefore, the significance of these homologies
and the possible function of the protein encoded by
ORF-1 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 —24/—12 type consensus sequences
(e.g. positions 6510-6523; Fig. 2).

Construction of insertion mutations in the ntrC-ntrYX
region of cosmid pLRSC!

Ten new Tn5 insertions within or flanking the #¢rC and
ntrYX regions were constructed, as described in Materi-
als and methods (I15, 134, 1284, 1289, YX126, YX1215,
YX1219, X2816, 12852; Fig. 1).

Since the DNA sequencing data suggested that nirYX
could represent an operon (Fig. 2), Tnj insertions in
ntrY were expected to be polar on ntrX. Therefore, a
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non-polar »n#rY 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 norCntrY  double mutant
(ORS571C46Y5), 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

.......
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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

(Nif) 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:: T and nif4:: TnS mutants (C6, C7; Fig. 1;
AS, A7; Pawlowski et al. 1987). The results are summa-
rized in Table 2. ORS571115, 134, 1284, 1289 and 12852
showed an essentially Nod ™, Nif* 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 (N7)
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 ORS571Y X126 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® Fix Nir®
Stem Root Stem Root

ORSS71A5, A7 NifA - +4 +° <1 <1 +
ORSS571115 100 + + 100 100 +
ORS571C6, C7, C46 NtrC 5-15 +1 +°¢ <1 del —/+° —/+
ORS571134, 1284, 1289 product of ORF-1 100 + + 100 100 +
ORS571YX126 100 + + 60-80 60-80 +
ORS571Y¥X1215, YX1219 NtrY, NtrX 50-80 bumps +° <1 del —/+° +/—
ORS571Y5 NtrY 100 bumps +° <1 del —/+f —/+
ORS571C46Y5 NtrY, NirC 5-15 bumps +° <1 del —/+* -
ORS571X2816 NtrX 30-50 +4 +° <1 del —/+F —/+
ORS57112852 product of ORF-2 ~100% + + 100 100¢ +

* Nif phenotype is expressed as the percentage of wild-type acety-
lene reduction activity

® 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

YX YX
1215

571

Fig. 6. Stem nodulation of S. rostraza 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. rostrata (Fig. 6) with 60-80% of wild-
type Fix activity (Table 2). Strains ORS571YX1215,
YX1219, Y5, C46Y 5 and X2816 were found to resemble
the nirC:: Tn5 mutants C6 and C7, because they exhib-
ited the typical “hypernodulated 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. rostrata plants were more diverse. While strains OR-
S571YX1215, YX1219, Y5 and C46YS5 induced only
Fix~ bumps (swellings of the adventitious root sites)
on the stems of mature plants, strain ORS571X2816 in-

¢ Small, light green nodules (Pawlowski et al. 1987)

¢ Hypernodulated (Pawlowski et al. 1987)

! Delayed Fix ~/* phenotype (Pawlowski et al. 1987)

& Nodulated plants are slightly smaller than those inoculated with
ORS571

duced the formation of Fix ™~ (light-green) nodules, close-
ly resembling those formed upon infection with other
strictly Fix ™ strains (see Fig. 6; Pawlowski et al. 1987).
Nodule development at the cotyledonary and primary
leaf nodes, however, was not affected in OR-
S571YX1215, Y5 and C46Y5, suggesting that nodule
induction at these sites differs from nodulation at adven-
titious root sites on the stem.

Free-living nitrogen fixation capability of strains OR-
S571YX126, 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 from 50-80% of the wild-type ORS571
strain. Strain X2816 showed 30-50% (Table 2) and
C46Y S showed 5-15% of wild-type activity, thus resem-
bling the n#rC mutant 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 ntr mutants (Szeto et al. 1987; Ratet et al.
1988b; Ronson et al. 1987; 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
(ODggo) was measured after 72h (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 ODy,, 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



Table 3. Ntr phenotypes of ntrC, ntrY, ntr YntrC, ntr YX and ntrX mutant strains

Strain Growth in liquid cultures?® Growth on plates® Nitr phenotype®
Glutamine Nitrate No N source Nitrate Ammonium Glutamine

ORS571 3.09+/-0.29 1.76+/—0.27 0.274/—0.01 Normal Normal Normal =+

ORS571C46 3.06+/—0.18 0.34+/-0.02 0.354+/—0.05 Slimy Normal Normal —/+

ORS571Y5 297+/-0.20 0.67+/-0.14 0.28+/—-0.02 Slimy Slimy Ngrmal —/+

ORS3571C46Y5 2.94+/-0.27 0.274+/-0.02 0.27+4/-0.02 Slimy Slimy Sl¥my —

ORS571X2816 2.49+4/—0.50 0.98+/—-0.14 0.274/—0.03 Slimy Slimy Slimy*? —/+1

ORS571YX1219 3.19+4+/-0.24 1.054/-0.12 0.294/-0.02 Slimy Slimy Normal? +/=1

2 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
Y Normal growth: opaque, white colonies. Slimy growth: translu-
cent colonies producing excess lipopolysaccharides and containing
few bacteria

sources, allowed the assignment of the different nsr mu-
tants to distinct groups, with increasingly severe Ntr
phenotypes (Ntr*/~, Ntr™/*, Ntr~; see Tables 2, 3).
Strain YX126 grew like the wild-type strain ORSS571
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 (Ntr~ ; Tables 2
and 3). Thus, in ORS571C46Y 5 the nitrogen metabolism
defects of ORS571C46 and Y5 appear to be combined,
suggesting an additive effect of the ntrC and ntr Y muta-
tions.

Complementation studies

To examine whether the ntrYX genes form an operon
or are transcribed independently, complementation ex-
periments were carried out. Plasmids pLRSC1428,
pLRSC1A4281 (carrying a ntrY::Tn5 insertion) and
pLRSC142816 (carrying the ntrX::Tnd insertion
X2816; Fig. 1) were introduced into the ntrX::Tnj
strain ORS571X2816. Growth of the transconjugants in
liquid cultures with nitrate as N source was examined.
While pLRSC1428 could complement the Ntr /¥ phe-
notype of ORS571X2816, neither pLRSC14281 or
pLRSC142816 were capable of doing so, suggesting
a polar effect of the ntrY::Tnj insertion on ntrX
expression and organization of the ntrYX loci as an
operon,

¢ 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

4 ¥X1219 and X2816 could be given the same Nir 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

nifA expression in ntrY, ntrX and ntrY X mutant strains

To examine the effects of different ##r mutants on xif4
expression, a plasmid carrying a nifA4-lac fusion (pPR54;
Ratet etal. 1989) was introduced into strains OR-
S571Y X126, YX1215, YX1219, Y5 and X2816 and inte-
grated into the chromosomal nifd locus via a single
crossover. The resulting strains were examined for f-
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 nifd-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 nirC mutation in C6 (60%
of wild-type expression without N source; 10% on leu-
cine), whereas the Y5 mutation only reduced nifd-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 nrrC strain ORS571C6 (Ratet
et al. 1989), repression of nif4 induction by nitrogen
and oxygen was still observed in each mutant strain.

Regulation of utrC and ntrY X expression

To analyze the expression of nirC and nir YX, respective-
ly, miniMu-lac fusions to these genes were constructed
(Fig. 7). The ntrC-lac fusion (CmMS4; Fig. 7TA) 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-lac 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-lac expression in different

mutant strains Strains p-Galactosidase activity®
3% 0,° 21% 0,°
—NH; +NHj° +Leu® —NH; +NH;® +Leu®
ORSS571A54 100 5 174 8 <1 15
ORS571C6A54 60 2 15-20 <1 <1 <1
ORS571X2816A54 60 2 30 <1 <1 <1
ORS571Y5A54 105 3 114 9 <1 17

* B-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%

® Cultures were incubated under and air/acetylene mixture (nitrogen fixation conditions;
Pawlowski et al. 1987) or under air (21% O,)
¢ Nitrogen sources [(NH,),S0,; leucine] were added to LSO medium to a final concentra-

tion of 0.2%
%8888888;{88 L1kb
|
Xh Xb
1kb
—J
VX126  YX1219

Bz 1kb

é é éSm Xh 5
Bg c

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 CmM4 in pPR66.
The ntrC hybridizing region is stippled. B shows the position of
the MudIIPR46 insertion XmM3 in pRSX31. The positions of
the chromosomal Tn5 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 Jac, Gm® and Cm® genes are designated by vertical,
diagonal and horizontal hatching respectively. The horizontal ar-
rows indicate the orientiation of the MudlI insertions (direction
of transcription of the lac operon). The restriction enzyme abbreva-
tions are described in the legend of Fig. 1

the expression on nitrate was dependent on the presence
of an intact ntrC gene, since it was reduced to 5-25%
of wild-type levels in ORS571C6XmMS3 (Table 5).

The expression of nerC and ntrX in the symbiotic
state was examined by staining sections of stem nodules
induced by ORS571, ORS571CmMS4  and
ORS571XmMS3 for p-galactosidase activity. Strain
ORS571A54 (Ratet et al. 1989) was used as a positive
control. Staining of the symbiotic zone in ORS571A54
and ORS571CmMS4 was observed at similar intensities,
whereas in ORS571XmMS3 induced nodules staining
was weaker, although blue color appeared at least 12 h

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

Strains p-Galactosidase activity*

3% 0,° 21% 0,°"

Gln® NOj°© Gln°® NOj°
ORS571CmMS4 560 240 940 310
ORS571X2816CmMS4 620 260 1040 350
ORS571XmMS3 73 68 182 183
ORS571C6XmMS3 135 10 153 9

* B-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%

® Cultures were incubated under an air/acetylene mixture (nitrogen
fixation conditions; Pawlowski et al. 1987) or under air (21% O,)
° Nitrogen sources (glutamine, KNO,) were added to LSO medi-
um at a final concentration of 0.2%

carlier than background plant fS-galactosidase activity
in ORS571-induced nodules (data not shown). There-
fore, the ntrYX and nerC loci appear to be expressed
during symbiosis, which is consistent with the notion
that mutations in these genes affect symbiofic nitrogen
fixation (Table 2).

Discussion

In this paper we have described the identification and
characterization of a novel two-component regulatory
system in A. caulinodans ORS571 (NtrY /NtrX), involved
in the regulation of nitrogen fixation and metabolism
genes. The ntrY/nirX genes appear to constitute a bi-
cistronic transcription unit, as observed for most other
two-component systems analyzed thus far (see Albright
et al. 1989). The nirX gene was initially identified on
the basis of homology with the n##C and nifA genes
of K. pneumoniae and found to map approximately
4.5 kb downstream of the ORS571 ntrC locus previously



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 NirX,
both of which contribute to ntr control, but in distinct
ways. Both ntrC and ntrX mutants display retarded
growth on nitrate, a reduction of nif4 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 nirX
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 acrated
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 ntr B gene (Nix-
on ¢t al. 1986) has been found (K. Pawlowski, U. Klosse
and F.J. de Bruin, unpublished observation). This ob-
servation suggests that an nzrBC operon exists in
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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 (Tuchi et al. 1989a, b).
A comparison of the phenotypes of ntrC or nirX and

ntrYX mutants, respectively, shows that Ntr and Nif

phenotypes are more severely affected by the removal
of one activator protein (ntrC or ntrX), 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 ntr YX/ntrBC systems is
suggested by the gene fusion experiments, which show
that nrYX expression is affected by a nrC 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 nirC and ntrX loci appear to be involved
in controlling nifA gene expression, suggesting that the
effects of nirC and nerX mutations on free-living and
symbiotic nitrogen fixation may be mediated via the nif4
promoter (sce also Ratet etal. 1989; de Bruijn et al.
1990). A typical NitrA-dependent —24/—12 (ntr) canon-
ical sequence is present in front of nif4 (de Bruijn et al.
1988; Ratet et al. 1989) and its importance in nifd ex-
pression has been suggested (de Bruijn etal. 1990).
Whether NtrC and NtrX act in concert with the same
sigma factor in activating the nif4 gene needs to be in-
vestigated.

The symbiotic phenotype(s) of ntrY, ntrX and ntr¥YX
mutants are intriguing. ntrX mutants resemble #rC mu-
tants in their ability to induce Fix ™ nodules on the stems
and Fix~/* delayed nodules on the roots of S. rosirata.
ntrY and nir YX mutants, however, only induce slight
swellings (bumps) on S. rostrata stems at the adventi-
tious root sites, while resembling their ntrC (ntr X) coun-
terparts on the roots. The phenotype of the OR-
S571Y X126 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
ORSS571 to grow at the expense of N, during the infec-
tion process. Inability to proliferate, especially in the
stem infection site, may delay or even prevent nodule



136

formation/nitrogen fixation (see de Bruijn 1989; Ratet
et al. 1989). This is supported by the observation that
ORS571 glt (GOGAT) and ginA (nitrogen assimilation)
mutants also have a Fix ™ phenotype (Hilgert et al. 1987;
Donald et al. 1988; de Bruijn et al. 1988, 1990), in con-
trast to the corresponding R. meliloti mutants (Kondoro-
siet al. 1977; de Bruijn et al. 1989). However, the capaci-
ty to fix nitrogen in the free-living state cannot be the
sole determinant of the observed deficiency in stem nod-
ulation, since a non-polar n#rY mutant has wild-type
Nif activity, but is nevertheless seriously disturbed in
its symbiotic properties. Furthermore, several Nif~ Fix ™~
mutant strains (nif4; Donald et al. 1986; Pawlowski
et al. 1987; nifHDK; Elmerich et al. 1982) are not af-
fected in their stem nodulation ability. Therefore, the
stem nodulation deficiency of ntrY and nfr YX mutant
strains must be the result of secondary effects of the
ntr system, most likely on nitrogen assimilation (metabo-
lism) of bacteria or bacteroids in the (developing) nod-
ule.

By identifying the ntr YX two-component system, we
have added another level of complexity to the regulatory
circuitry controlling the expression of the 4. caulinodans
ORS571 nitrogen fixation and metabolism genes in the
free-living and symbiotic states. It is clear that additional
ORS571 loci play a role in this process and our present
studies are designed to identify them and their target(s)
in the promoters of N-regulated genes.
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