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Summary. The cloning, sequencing and mutational anal- 
ysis of the Bradyrhizobiumjaponicum symbiotic nitrogen 
fixation genes fixL and fixJ are reported here. The two 
genes were adjacent and probably formed an operon, 
fixLJ. The predicted FixL and FixJ proteins, members 
of the two-component sensor/regulator family, were ho- 
mologous over almost their entire lengths to the corre- 
sponding Rhizobium meIiloti proteins (approx. 50% 
identity). Downstream of the B. japonicumfixJ gene was 
found an open reading frame with 138 codons (ORF138) 
whose product shared 36% homology with the N-termi- 
nal part of FixJ. Deletion and insertion mutations within 
fixL and fixJ led to a loss of approximately 90% wild- 
type symbiotic nitrogen fixation (Fix) activity, whereas 
an ORF138 mutant was Fix +. InfixL, fixJand ORF138 
mutant backgrounds, the aerobic expression of thefixR- 
nifA operon was not affected. NifA itself did not regulate 
the expression of the fixJ gene. Thus, the B. japonicum 
FixL and FixJ proteins were neither involved in the regu- 
lation of aerobic nifA gene expression nor in the anaero- 
bic NifA-dependent autoregulation of thefixRnifA oper- 
on; rather they appeared to control symbiotically impor- 
tant genes other than those whose expression was depen- 
dent on the NifA protein. The fixL and fixJ mutant 
strains were unable to grow anaerobically with nitrate 
as the terminal electron acceptor. Therefore, some of 
the Fix J-dependent genes in B. japonicum may be con- 
cerned with anaerobic respiration. 
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Introduction 

In root and stem nodule symbiosis with legumes, Brady- 
rhizobium, Rhizobium and Azorhizobiurn species fix mo- 
lecular nitrogen under conditions of very low oxygen 
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tension. Expression of the nifandfix genes in these bac- 
teria is subject to a complex regulatory network involv- 
ing both positive and negative control. In all systems 
studied, oxygen limitation has been recognized as being 
the major, if not the only, trigger that leads to mf and 
fix gene expression (Fischer and Hennecke 1987; Th6ny 
etal. 1989; Ditta etal. 1987; Virts etal. 1988; David 
et al. 1988; Ratet et al. 1989). 

In Bradyrhizobiumjaponicum, the root nodule bacte- 
rium of soybean, the NifA protein is the oxygen-respon- 
sive gene regulator (Fischer and Hennecke 1987). Under 
conditions of microaerobiosis and anaerobiosis, NifA 
is active and positively regulates the expression of the 
nitrogenase genes and other nifandfix genes or operons. 
During aerobiosis, the NifA protein is inactive and, 
hence, no NifA-dependent genes are expressed. A second 
mode of control exists at the level of the expression of 
the nifA gene. The nifA gene, which is part of the fixR- 
nifA operon (Th6ny et al. 1987), is expressed at a certain 
basal level under aerobic conditions. Under microaero- 
biosis, or when cells are growing anaerobically with ni- 
trate, the expression of thefixRnifA operon is increased 
at least fivefold (Th6ny et al. 1989). This increase is not 
observed in a nifA mutant background, which suggests 
that the NifA protein is responsible, directly or indirect- 
ly, for the anaerobic (auto)regulation of the fixRnifA 
operon. The aerobic expression of the fixRnifA operon 
may also be subject to regulation. This inference is 
based on the observation that a DNA sequence located 
around nucleotide position - 66 from the transcriptional 
start site is required for maximal aerobic expression of 
the fixRnifA operon, a finding consistent with positive 
control of the fixR promoter by an unknown activator 
binding to that DNA region (Th6ny et al. 1987, 1989). 

In Rhizobium meliloti, the alfalfa symbiont, two ni- 
trogen fixation regulatory genes, fixL and fix J, have 
been identified (David et al. 1988; Virts et al. 1988; Ban- 
falvi et al. 1989). They belong to the widespread family 
of two-component regulatory systems (for reviews see 
Albright et al. 1989; Gross et al. 1989; Stock et al. 1989, 
1990). These systems are composed of a sensor compo- 



39 

nent and a response regulator. The sensor, a histidine- 
protein kinase, recognizes a particular environmental 
signal and transduces this signal to the response regula- 
tor by phosphorylation. FixL of R. meliloti, the sensor 
component, has been suggested to recognize the absence 
of oxygen as an environmental stimulus. The response 
regulator FixJ then activates the expression of two other 
regulatory genes. One of them is nifA, which encodes 
the transcriptional activator of n/f and f ix genes such 
as nifHDKE andfixABCX (David et al. 1988). The other 
is fixK, which codes for a regulatory protein with posi- 
tive and negative functions: the FixK protein activates 
the expression of the f i xN region and, at the same time, 
represses its own synthesis and that of NifA (Batut et al. 
1989). Thus, oxygen control of n/f and f ix genes in 
R. meliloti is primarily mediated via the FixL and FixJ 
proteins. However, the R. meliloti NifA protein, like that 
of B. japonicum, has also been shown to be oxygen sensi- 
tive (Beynon et al. 1988 ; Huala and Ausubel 1989). 

Comparison of the nitrogen fixation regulatory cir- 
cuits in B. japonicum and R. meliloti shows that one ma- 
jor difference lies in the way the nifA gene is controlled 
in these two bacteria. The discovery of the fixLJ genes 
in R. meliloti prompted us to see whether or not analo- 
gous genes are also present in B. japonicum. Despite the 
fact that the fi'xRnifA operon is expressed aerobically, 
but in view of the postulated positive control and addi- 
tional anaerobic induction of that operon, we felt it was 
necessary to test any possible involvement of f i xL  and 
f ixJ in its regulation. We report here thatfixL- and f ix J- 
like genes do exist in B.japonicum, but in contrast to 
R. meliloti, the n/fA-dependent regulatory circuit may 
be uncoupled from that governed byfixLJ. 

Materials and methods 

Bacterial strains and plasmids. Strains, vectors and re- 
combinant plasmids relevant for this work are listed in 
Table 1. Further description of newly constructed strains 
and plasmids is given in the text. Escherichia coli strains 
RR28 and HB101 were used as recipients in plasmid 
transformations. E. coli $17-1 and E. coli HB101 (carry- 
ing pRK2013 as a helper plasmid) were used for mobili- 
zation of pSUP202 and pRK290 derivatives, respective- 
ly. E. coli JM101 was used as recipient for transfection 
with M13 derivatives. 

Media and growth of cells. E. coli strains were grown 
in LB medium (Miller 1972) at 37 ° C with the following 
concentrations of antibiotics: 200 gg/ml ampicillin; 
30 gg/ml kanamycin; 10 gg/ml tetracycline. B. japoni- 
cum strains were usually grown aerobically in PSY medi- 
um (Regensburger and Hennecke 1983) at 28 ° C. Selec- 
tion after matings was achieved by adding antibiotics 
at the following concentrations: 200 gg/ml kanamycin; 
100 gg/ml tetracycline and, additionally, 10 ~tg/ml chlor- 
amphenicol for counterselection against E. coli donors. 
To monitor/3-galactosidase activity, aerobic and anaero- 
bic growth of B.japonicum strains was done in YEM 
medium (Daniel and Appleby 1972) with 10 mM KNO3. 

Maintenance of pRK290 derivatives was achieved by 
adding 50 gg/ml tetracycline. 

DNA manipulations. Recombinant DNA work such as 
cloning, restriction analysis and plasmid preparations 
was done as described by Maniatis et al. (1982). Isolation 
of chromosomal DNA from B.japonicum strains was 
performed as described previously (Hahn and Hennecke 
1984). Nick-translated, 32p-labelled plasmid DNAs were 
used as probes for heterologous Southern blot hybridiza- 
tions. Probes for homologous hybridizations were la- 
belled using the non-radioactive labelling kit from 
Boehringer, Mannheim, FRG. 

DNA sequence analysis. For DNA sequence analysis 
overlapping M13 subclones were used for both strands. 
The sequencing reactions were done by the chain termi- 
nation method (Sanger et al. 1977) using M13-specific 
fluorescent dye primers and analysed on a DNA se- 
quencer (Sequencer model 370 and dye primers from 
Applied Biosystems, Foster City, Calif.). Protein align- 
ments were done using programs of the University of 
Wisconsin Genetics Computer Group (Madison, Wis.). 

Construction of mutations for marker exchange mutagene- 
sis. To construct f ixL deletion mutants, plasmid 
pRJ7354 (harbouring a 3 kb EcoRI fragment spanning 
the whole fixLJORF138 gene region; Fig. 1) was di- 
gested with BamHI. After a fill-in reaction and EcoRI 
linker ligation, a shortened 2.4 kb EcoRI fragment was 
ligated with EcoRI-linearized pGem-1 vector. The result- 
ing plasmid was cut with SacI and ligated with a 1.7 kb 
SacI fragment from pUC4-KIXX (containing the kana- 
mycin resistance gene) in both orientations. A 3.4 kb 
EcoRI fragment from these plasmids was cloned into 
the EcoRI site of pSUP202, leading to plasmids pRJ7403 
(with the aph gene having the same orientation as fixL) 
and pRJ7404 (with the aph gene reading in the opposite 
direction). To generate insertional mutations in f ix J, vec- 
tor pUCI8 was first digested with HindIII and BamHI 
and religated after filling in the protruding 5' ends. The 
corresponding vector pUCI 8HB was then digested with 
EcoRI and ligated with a 3 kb EcoRI fragment from 
pRJ7354. Plasmid pUC4-KIXX was cut with SmaI, and 
after ligation of a Sa[I linker, a 1.3 kb SalI fragment 
containing the aph gene was ligated in both orientations 
with the Sa/I-linearized pUC18HB derivative. A 4.3 kb 
EcoRI fragment from the resulting plasmids was then 
cloned into the EcoRI site of pSUP202. The pSUP202 
derivatives were named pRJ7360 (in which the aph gene 
has the same orientation as f ix J) and pRJ7361 (with 
the kanamycin resistance gene having the opposite orien- 
tation). For insertion mutagenesis of ORF138, plasmid 
pRJ7354 was partially digested with BamHI and ligated 
again in both orientations with a 1.7 kb BamHI frag- 
ment from pUC4-KIXX (harbouring the aph gene re- 
gion of Tn5). A 4.7 kb EcoRI fragment was then ligated 
with EcoRI-linearized pSUP202. The corresponding 
pSUP202 derivatives were called pRJ7413 (in which the 
aph gene has the same orientation as ORF138) and 
pRJ7414 (with the kanamycin resistance gene in the op- 
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Table 1. Bacterial strains and plasmids 

Strain or plasmid Relevant characteristics Reference 

Escherichia coli 

RR28 

S17-1 

HBIOI 
JMlOl  

Bradyrhizobium japonicum 

llOspc4 

7403" 
7403R 
7403A 
7404 a 
7404R 
7404A 
7360" 
7360R 
7360A 
7361 ~ 
7361R 
7361A 
7413 ~ 
7413A 
7414" 
7414R 
7414A 
7417 
7290 
A9 

Plasmids 

pSUP202 
pRK290X 

pRK2013 
pNM480 
pNM482 
pNM480B 

pNM482B 

pUC4-KIXX 

pGem-I  

pMC1403 
pUC18 
pUC18HB 
pDD5 
pRJ7349 b 
pRJ7354 b 
pRJ7403 
pRJ7404 
pRJ7360 
pRJ7361 
pRJ7413 
pRJ7414 
pRJ7407 
pRJ7408 b 
pRJ7548 

hsdR hsdM recA pheS12 thi leu pro 
lac gal ara mtl xyl supE44 endA 
hsdR/RP4-2 kan: : Tn 5 tet : : Mu, 

integrated in the chromosome 
hsdR hsdM recAl3 Str r 
A lac --proAB thi supE 
F' (traD36 proAB + lacI qZ A M15) 

Spc ~ (wild type) 

Spc ~ Km ~, f i xL: :  aph 
Spc ~ Km ~ Tc r, f i x L  : : aph f ixR'  - 'lacZ 
Spc r Km r T C  r , f i xL  .'- aph nifA' - 'lacZ 
Spc ~ Km r, f i xL :  : aph 
Spc ' Km r Tc r, fixL." : aph f ixR'  - 'lacZ 
Spc ~ Km r Tc r, f i xL: :  aph n i fA ' - ' l acZ  
Spc r Kmr, f ixJ:  : aph 
Spc ~ Km r Tc r, f i x  J: : aph f ixR'  - 'lacZ 
Spc ~ Km r Tc ~, f ix  J: ." aph n i fA ' - ' l acZ  
Spc r Km r, f ixJ:  : aph 
Spc ~ Km r Tc ~, f i x  J: : aph f ixR'  - 'lacZ 
Spc ~ Km r Tc r, fixJ.': aph nifA' - 'lacZ 
Spc ~ Km ~, ORF138 ." : aph 
Spc ~ K mr Tc ~, ORF138 :: aph nifA' - ' l a c Z  
Spc ~ Km ~, ORF138 .": aph 
Spc ~ Km ~ Tc ~, ORFI38 : . 'aphf ixR'- ' lacZ 
Spc r Km ~ Tc ~, ORF138 .': aph n i fA ' - ' l acZ  
Spc ~ Tc ~, n i fA ' - ' l acZ  
Spc r Tc r, f ixR'  - 'lacZ 
Spc r Km r, nifA: :aph 

Ap ~ Tc ~ Cm ~, oriT from RP4 
yc r 

Km r, tra + 
Apr 'lacZ 
Apr 'lacZ 
Ap r (pNM480) 'lacZ 

BamHI linker insertion in StuI site 
Ap ~ (pNM482) 'lacZ 

BarnHI linker insertion in StuI site 
Ap r, lacZ::aph 

Ap r, SP6 and T7 promoters 

Ap r, ' lacZYA 
A p  r 

Apr (pUC18) A Hind I I I -BamHI  fragment 
A p  r Tc r (pBR322)f ixLJ (Rhizobium meliloti) 
Ap ~ (pGem-1) 3 kb SalI fragment 
Apr (pGem-1) 3 kb EcoRI fragment 
Apr Tc r (pSUP202) f i xL : :  aph 
Apr Tc r (pSUP202)fixL: :aph 
Ap r Tc r (pSUP202)fixJ::aph 
Apr Tc r (pSUP202)fixJ::aph 
Apr Tc r (pSUP202) ORF138 ::aph 
A p  r r e  r (pSUP202) ORF138 : :aph 
Tc ~ (pRK290X) out-of- framef ixJ ' - ' lacZ 
Tc r (pRK290X) in- framef ixJ ' - ' laeZ 
Apr (pMC1403) nifA'-- ' lacZ 

Hennecke et al, (1982) 

Simon et al. (1983) 

Davis et al. (1980) 
Messing (1983) 

Regensburger 
and Hennecke (1983) 

This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
Fischer et al. (1986) 

Simon et al. (1983) 
Alvarez-Morales et al. (1986); 
Ditta et al. (1980) 
Figurski and Helinski (1979) 
Minton (1984) 
Minton (1984) 
M. G6ttfert,  ETH 

M. G6ttfert,  ETH 

Pharmacia LKB 
Biotechnology 
Uppsala, Sweden 

Promega Biotech, 
Madison, Wis 

Casadaban et al. (1983) 
Norrander  et al. (1983) 
This work 
David et al. (1987) 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
H.M. Fischer, ETH 

a The genomic structures of these mutants  are shown in Fig. 1 
u The inserts of these plasmids are shown in Fig. 1 
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posite orientation). All pSUP202 derivatives were mobi- 
lized from E. coli $17-1 to the B.japonicum strain 
110spc4 (Hahn and Hennecke 1984). After marker re- 
placement mutagenesis, the corresponding B. japonicum 
mutants were named 7403, 7404, 7360, 7361, 7413 and 
7414 (see Fig. 1). The genomic structures of these muta- 
tions were confirmed by appropriate Southern blot anal- 
ysis of total DNA. 

Symbiotic nitrogen fixation assays. Plant infection tests 
with soybean seedlings (Glycine max L, Merr. cv. Wil- 
liams) were performed as described previously (Hahn 
and Hennecke 1984). Twenty days after inoculation, ni- 
trogen fixation activity of whole root nodules was deter- 
mined by the acetylene reduction assay (Turner and Gib- 
son 1980). 

Gel retardation assays. B. japonicum strains were grown 
aerobically in PSY medium. Preparation of soluble pro- 
teins from crude extracts and gel retardation assays were 
done as described (Th6ny et al. 1989). 

Genomic integration of fixR'- and nifA'- ' lacZ fusions. 
Plasmid pRJ7548 (Table 1) was digested with DraI. After 
EcoRI linker ligation, a 5.8 kb EcoRI fragment contain- 
ing the 5' region offixR, thefixR gene and a translation- 
al nifA'- ' lacZ fusion was introduced into the EcoRI 
site of pSUP202. A pSUP202 derivative containing the 
5' region of f ixR and a translationalfixR'-'lacZ fusion 
was kindly provided by B. Th6ny. Matings were per- 
formed as described previously (Hahn and Hennecke 
1984). Cointegration of the pSUP202 derivatives was 
achieved by selection on tetracycline-containing plates 
after the matings. B. japonicum wild-type, fixL, f ixJ and 
ORF138 mutant strains served as recipients for the mat- 
ings. Cointegrations generated by homologous recombi- 
nation within the fixRnifA operon were confirmed by 
Southern blot analysis of total DNA. 

Construction of pRK290 derivatives to test extrachromo- 
somal lacZ fusions. To generate translational in-frame 
and out-of-frame f ixJ ' - ' lacZ fusions, a 3 kb SalI frag- 
ment from pRJ7349, covering the 5' region offixL, the 
f ixL gene itself and part of the f ixJ  gene (see Fig. 1), 
was isolated and cloned into the SalI sites of pNM482B 
and pNM480B. For the cloning of these f ixJ ' - ' lacZ 
fusions into pRK290X, a 6 kb BamHI fragment from 
the pNM482B and pNM480B derivatives was ligated 
with BgllI-linearized pRK290X. The corresponding 
plasmids were called pRJ7408 (Fig. 1), harbouring the 
in-frame f ixJ ' - ' lacZ fusion, and pRJ7407, containing 
the out-of-frame fusion. For both f ixJ ' - ' lacZ fusions, 
the reading frame was confirmed by DNA sequence 
analysis. 

fl-Galactosidase assays. B. japonicum strains to be tested 
for their expression of translational lacZ fusions were 
grown either aerobically for 2 days or anaerobically for 
3 days in supplemented YEM medium at 28 ° C. Mainte- 
nance of pRK290 derivatives was achieved by antibiotic 
selection. At least ten independent cultures were assayed 

twice. The assay was performed with 50 ~tl samples of 
the cultures as described by Miller (1972). 

R e s u l t s  

Identification and cloning of a fixLJ-like DNA region 

To identify fixLJ-like genes in B. japonicum, total geno- 
mic DNA of B.japonicum was probed in heterologous 
Southern blot hybridizations with fragments containing 
thefixLJ genes of R. meliloti. To obtain a specificfixLJ 
internal probe, the 6 kb HindlII-BaII fragment from 
plasmid pDD5, containing R. melilotifixL and most of 
f ix J, was subcloned into vector pGem-1 cut with HindIII 
and Sinai. A 1 kb EeoRI fragment (encoding the C- 
terminal part of FixL and the N-terminal part of Fix J) 
from the resulting plasmid was purified and used as a 
probe in hybridization experiments. Hybridization of 
this heterologous probe to B. japonicum total DNA was 
found even under conditions of high stringency (data 
not shown). A 3 kb hybridizing SalI fragment from 
B. japonicum total DNA was cloned into Sa/I-linearized 
pGem-I vector, leading to plasmid pRJ7349 (Fig. 1). To 
confirm the hybridization data, the nucleotide sequence 
of a hybridizing 124 bp SphI - SalI fragment at one end 
of pRJ7349 was established and found to show 70% 
homology to f ixJ of R. meliloti (David et al. 1988). To 
obtain additional, adjacent DNA, pRJ7349 DNA was 
hybridized to a B. japonicum 2 gene bank (kindly pro- 
vided by G. Acufia). An overlapping 3 kb EcoRI frag- 
ment from a hybridizing )~ clone was ligated with EcoRI- 
linearized pGem-1 vector, leading to plasmid pRJ7354 
(Fig. 1). 

7360 
7361 

I 

sps.E s; sr, il 
. . . . . . . . . .  aph ~-- .  

7403 I I _ _ ) - - J  
7404 L - - < - - I  ' 

aph 
. . . . . . . . . .  aph . . . . .  ~ ' - - - .  
I I - - >  L _ _ ( - -  I 

aph 
. . . . . .  aph--- . . . . . . .  

7413 r - - ~ - - ; , _ _ ~  
7414 ' ~ - - < - - 2  

aph 

500 b pp fixL JLrJ ORFI38 
I I N - - >  ~ - - >  

SI S'a SaSa 

pRJ7354 
E E 

fixL fixJ' 'lacZ 
pRJ7408 ~ i I ~ I \ ~ , ~  

S1 S|  

Fig. 1. Physical  m a p  of  the BradyrhizobiumjaponicumfixLJ region. 
The  bold line within  the m a p  indicates the region tha t  was se- 
quenced.  The  number s  of  thefixL, f i xJ  and  ORF138  m u t a n t  s trains 
carrying an  aph inser t ion are given on the  left side. The  two clones 
cover ing the whole D N A  region are shown in the lower part .  At  
the bo t tom,  the clone carrying the f i x J ' - ' l a e Z  fusion is shown.  
Rest r ic t ion  sites: B, BamHI; E, EcoRI; Sa, Sacl; S1, SalI; Sp, 
SphI 

pRJ7349 
S1 Sl 
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1 GCATGC~CGCCGCGATTCCTGGTGGCCGCGCGGAATTG~GCCTC~AGAG~CGCCAG~GTCGCCTGACGGACG~TTCGC~CTCGTCGATCAGTC~CTGGGCGGCGGCGCCGTCGGTGAAA 

121 TAGAGCGG~GGGGCGAA~TGCG~G~GGCAACCCCGA~GATGGCGGCCT~GAAT~GCTCGGCGAG~TCGCC~G~GAC~TGAAGA~G~G~TCGTTGGACTGGTCGAGCGCC~G~TGACC 

241 ATCA~GGT~GCGTATGTC~TTAG~TTCT~CGG~CAATGAA~TGCTATGA~TCTAGCTGTGC~AGCGCGA~G~AGGATGAGATAGATC~ACC~TCGC~CACC~GGGA~CA~GGCATT 

361 A~GCCAATG~T~ACAT~GAACTTG~T~GGCC~GGG~TTGAG~G~ATTACCG~CGTGGTTGCGGCA~CT~G~CC~TGGCACGAG~ATG~GAGTGA~ACC~3CGCC~A~CC 
L A P T R  

481 GcGT~CGcATcCGCCGGATGAcGGCCGGGGCGAGcATTTcCGGGTCAGGATCGAGGGATTCGGCGTCGGCACCTGGGATCTcGACCTc~GACCTGGGcGcTGGACTGGTCGGATAccG 
V T H P P D D G R G E H F R V R I E G F G V G T W D L D L K T W A L D W S D T A  

601 CGcGGACccTGCTCGG~TcGGGcAGGACCAGcCGGcGAGCTACGACCTCTTcCTGTCAcGCCTCGAGCCCGACGAcCGcGAGcGCGTGGAGAGCGCGATc~GCGCGTCTCCGAACGcG 
R T L L G I G Q D Q P A S Y D L F L S R L E P D D R E R V E S A I K R V S E R G  

721 GTGGCGGcTTCGAC~CCTTcAGGGTCGcCGGCACCTCc~CGCAGGAcAGTGGATTCGCGcCcGGGcCGGACTcATTCGGGACG~GCCGGcACcGcccGcCATcTcAGCGGCATcT 
G G F D V S F R V A G T S N A G Q W I R A R A G L I R D E A G T A R H L S G I F  

841 TTCTCGATATcGACGAGGAG~GcAGGTCGAGGGTGcGCTc~GTACccGCGAGAccCACCTcCGCTcGATCCTccACAc~TTcccGACGC~ATGATCGTCATcGAcGG~cACGGcATcA 
L D I D E E K Q V E G A L R T R E T H L R S I L H T I P D A M I V I D G H G I I  

961 TCcAGcTGTTcAGCAccG~CGccGAGcGcCTGTTCGGCTGGTc~GAGCTcGAGGcGATcGGCCAG~cGTcAACATCCTGATGCCGGAGccCGAC~GCTCCcGGCATGACAGCTA~ATTT 
Q L F S T A A E R L F G W S E L E A I G Q N V N I L M P E P D R S R H D S Y I S  

1081 cGCGTTAcCGcACcAcGAGcGATCCCCAcATCATcGGCATCGGGCGcATcGTGAccGGC~G~GcCGCGAcGGCACcAcCTTccCGATGcACcTGTCGATCGGCGAGATGcAGTCCGGcG 
R Y R T T S D P H I I G I G R I V T G K R R D G T T F P M H L S I G E M Q S G G  

1201 GcGAGCCcTATTTTAccGGTTTCGTCCGCGATcTCAC~GAGCACcAGCAGAccCAGGcGCGTCTCCAGG~CTGc~TCcGAGCTcGTcCACGTCTCcAGGCTGAGCGcCATGGGCG~A 
E P Y F T G F V R D L T E H Q Q T Q A R L Q E L Q S E L V H V S R L S A M G E M  

1321 TGGcGTCcGcGcTcGCGcACGAGcTC~CcAGCCGcTGGCGGcGATCAGC~CTAcATG~GGGCTcGCGGCGGCTGcTTGCcGGCAGcAGTGATccGAACAcACCG~GGTcGA~GCG 
A S A L A H E L N Q P L A A I S N Y M K G S R R L L A G S S D P N T P K V E S A  

1441 cCCTGGACCGCGCCGCCGAGCAGGCGcTGCGCGccGGCcAGATCATCcGGCGccTG~GcGACTTCGTTGCcCGCGGCG~TCGGAG~GcGGGTCGAGAGTCTCTcC~GCTGATcGAGG 
L D R A A E Q A L R A G Q I I R R L R D F V A R G E S E K R V E S L S K L I E E  

1561 AG~cGGCGcGCTcGGGCTTGCCGGCGCGCGCGAGCAG~CGTGCAGCTCCGcTTCAGTcTCGATcCGGGCGCcGATCTcGTTCTCGCCGAccGGGTGcAGATccAGcAGGTCCTGGTCA 
A G A L G L A G A R E Q N V Q L R F S L D P G A D L V L A D R V Q I Q Q V L V N  

1681 ACcTGTT~CGc~CGCGCTGGAAGcGATGGCTCAGTCGcAGCGAcGCGAG~TCGTCGTcACc~cACcc~cGCCGCCGACGAcATGATcGAGGTCG~GTGTccGACAcCGGcAGcGGTT 
L F R N A L E A M A Q S Q R R E L V V T N T P A A D D M I E V E V S D T G S G F  

1801 TCCAGGAcGAcGTcATTcCG~ccTGTTTcAGACTTTCTTCAcCACC~GGAcACCGGcATGGGcGTGGGACTGTCcATCAGC~GCTCGATCATCG~GcTCACGG~GGGCGCATGTGGG 
Q D D V I P N L F Q T F F T T K D T G M G V G L S I S R S I I E A H G G R M W A  

1921 CCGAGAGC~CGCATcGGGcGGGGCGAccTTCcGCTT~AcccTCCCGGCAGcCGAcGAG~TTGATGC~CGACC~GGGACATATCTAcGTCATCGACGAcGA~GCGGcGATGcGGG 
E S N A S G G A T F R F T L P A A D E N *  M T T K G H I Y V I D D D A A M R D  

2041 ATTCGCTG~TTTCcTGCTGGATTCTGCcGG~TT~GGCGTCACGCTGTTTGACGACGCGC~GCCTTTcTCGACGCCcTGcCGGGTcTcTCCTTCGGcTG~GTcGTCTCCGAcGTGcGCA 
S ' L N F L L D S A G F G V T L F D D A Q A F L D A L P G L S F G C V V S D V R M  

2161 TGcCGGGCCTTGAcGGcATcGAGCTGTTG~GCGGATG~GGcGCAGCAAAGCCcCTTTCCGATCCTCATcATGACcGGTCAcGGCGAcGTGcCGCTCGcGGTCGAGGcGATG~GTTAG 
P G L D G I E L L K R M K A Q Q S P F P I L I M T G H G D V P L A V E A M K L G  

2281 GGGcGGT~GACTTT~TGGAAAAGCCTTTCGAGGAcGACCG~cTCA~GCCATGATCGAATcGGCGATcCGCCAGGCCGAGCCGGCCGCC~GAGCGAGGcCGTCG~GCAGGATATCGCCG 
A V D F L E K P F E D D R L T A M I E S A I R Q A E P A A K S E A V A Q D I A A  

2401 CCCGcGTcGCCTCGTTGAGCCcCAGGGAGCGCCAGGTcATGG~GGGcTGATcGCCGGCCTTTCc~C~GCTGATCGCCcGCGAGTACGAcATCAGCCCGCGCAccATCGAGGTGTATC 
R V A S L S P R E R Q V M E G L I A G L S N K L I A R E Y D I S P R T I E V Y R  

2521 GGGCCAAcGTcATGAccAAGATGcAGGcC~CAGccTTTCGGAGCTGGTTCG~CTCGcGATGcGCGCcGGCATGcTCAAcGATTGAGCC~GTcAAGGCCCTTGCcGGATGCTGTGcTAG 
A N V M T K M Q A N S L S E L V R L A M R A G M L N D *  

2641 CCATGcAGC~TcGAGGTcAGTTCACATcACGAGCGGcTGcCGTcCTC~ACAAAACccACCGTCTTT~TGGTCGATGATGAcGCcGCAGTCcTGGGAT~cCTGcGGTTccTGCTGGAA 
M I E V S S H H E R L P S S T K P T V F V V D D D A A V L G S L R F L L E  

2761 ACCGAcGGcTTTGCcGTGcGGAccTTCAGGAG~GGCACGG~GCTGcT~TGccGGCGGCGcGCCcGGGGCcGA~TGCTACGTGATCGAcTAC~GATGCCCGAcATCAATGG~TCGAG 
T D G F A V R T F R S G T A L L N A G G A P G A D C Y V I D Y K M P D I N G I E  

2881 CTCGccAGCcGCCTGCGT~ATCGGACGGCGA~CGCcCGTGATCCTGATCACCGGcTATCCGGACGAAAACAT~TcGACCCGGGCCGCCGCGGCCGG~GT~GACGTGGTTTTG~G 
L A S R L R K S D G E T P V I L I T G Y P D E N I S T R A A A A G V K D V V L K  

3001 CCGcTTCTCGAcGA~ACCTGcTc~GCGTATcCGCCGCGCcATCcAGGACCGGcCTCGGGcATGACCTAcGGGGTTCTACGT~GGCACCcccCTT~GATATcGcTcGAAATTTTCGA 
P L L D E N L L K R I R R A I Q D R P R A *  

3121 ACCTCcCGATAcCGCGTACC~TGCGTCATCACAACGGAGATGGCGcAGATGCTGAcCCAGAcACTc~GACccAGGTGATCAAcACcCAAATcGGTGGcAAGATTGCcCCGcCccATCA 

Fig. 2. Nucleotide sequence of the fixLJ DNA region. Translation dons are boxed and their corresponding amino acids are printed 
of the three open reading ~amesfixL,~J and ORF138 is shown, in bold~ce. TTG- and GTG-encoded amino acids (Land V) would 
Shine-Dalgarno-like sequences are un&rlined. Potential start co- have to be substituted for methionine (M) if they are N-terminal 

DNA sequence offixLJ 

Nucleotide sequence analysis of  a 3.24 kb region re- 
vealed the presence of  three open reading frames (Fig. 2) 
with high coding probabilities, all of  them having the 
same orientation. The first ORF was 1515 bp long, pre- 
dicting a protein of  505 amino acids. The corresponding 
TTG start codon  at position 468 was preceded by a 
Shine-Dalgarno-like sequence (Fig. 2). Because of  its ho- 
mology to thefixL sequence of  R. meliloti (David et al. 
1988) this ORF was named fixL. There was a second 
start codon (GTG) at position 735 which was preceded 
by a less well-conserved Shine-Dalgarno-like sequence. 
The shorter ORF of  1248 bp would lead to a protein 
of  only 416 amino acids. The next ORF located down- 
stream offixL was calledfixJ because it showed homolo-  
gy to fixJ of  R. meliloti (David et al. 1988). It started 
with an A T G  3 bp downstream of  the stop codon of  
fixL and was 615 bp long, predicting a protein of  205 
amino acids. The closely adjacent fixL--fixJ arrange- 
ment suggested that both genes formed an operon. At 

43 bp downstream of  the fixJ stop codon there was a 
third ORF of  414 bp, which would lead to a protein 
of  138 amino acids. No Shine-Dalgarno-like sequence 
could be detected in front of  this third ORF. ORF138 
showed homology  over its entire length to the first half 
offixJ (see next paragraph). 

Amino acid sequence homologies to R. meliloti FixL and 
FixJ and other two-component systems 

FixL and FixJ of R. meliloti belong to the conserved 
family of  two-component  regulatory systems (David 
et al. 1988). The homology  among the sensors of  two- 
component  systems consists of  a conserved domain of  
about 250 amino acids, generally in the C-terminal part 
of  the protein. (Exceptions where the conserved domain 
is situated in the central part of  the sensor have been 
reviewed: Albright et al. 1989; Gross et al. 1989; Stock 
et al. 1989, 1990.) The amino acid sequence of  FixL of  
B. japonicum was found to share quite high homology 
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Fig. 3A and B. Sequence alignments of FixL, FixJ and ORF138. 
Identical amino acids are boxed. Amino acids found to be con- 
served in all known two-component systems are circled. A Align- 
ment between FixL of Bradyrhizobium ]aponicum (Bj) and its coun- 
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terpart in Rhizobium meliloti (Rm). B Alignment between ORF138 
and FixJ of B.japonicum and FixJ of R. meliloti. The R. rneliloti 
sequences were taken from David et al. (1988) 

(50%) with FixL o f  R. meliloti. This h o m o l o g y  was not  
only restricted to the conserved region of  the sensor fam- 
ily, but extended over at least 370 amino acids from 
the C-terminus o f  the two proteins (Fig. 3A). In the 
very N-terminal  part o f  the proteins the h o m o l o g y  
dropped considerably. In contrast to FixL o f  R. meliloti 
(David et al. 1988), no significant hydrophobic  domains  

were present in the N-terminus of  B. japonicum FixL. 
There are other examples k n o w n  of  sensors without  po- 
tential membrane-bound domains:  NtrB, DegS, SpoIIJ, 
CheA and FrzE (for reviews see Albright et al. 1989; 
Gross et al. 1989; Stock et al. 1989, 1990). 

The regulators o f  the two-component  systems are 
defined by a conserved region o f  about 100 amino acids 
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Table 2. Symbiotic nitrogen fixation (acetylene reduction) activity of Bradyrhizobiumjaponi- 
cum wild-type and mutant strains 

Strains Relevant genotype Specific activity a % of wild type 

110spc4 Wild type 139 100 
7403 fixL:.'aph (~)b /4 11 
7404 fixL.':aph (~)b 7 5 
7360 fix&" .' aph (~) b 19 14 
7361 fixJ:.'aph (~)b 6 4 
7413 ORF138::aph (._+) b 135 97 
74/4 ORFl38::aph (~)b 155 112 

" All nodules from at least nine independent plants were measured 20 days after inocula- 
tion. Specific activity is expressed as micromoles of C2H4 formed per hour per gram nodule 
dry weight 
b The arrows indicate the orientation of the aph gene with respect to the fixLJORF138 
reading frames as shown in Fig. 1 

in the N-terminus of these proteins. The amino acid 
sequence of FixJ of B. japonicum, however, was found 
to be highly homologous (48%) over its entire length 
to FixJ of R. meliloti (Fig. 3B). Interestingly, ORF138 
was also found to be homologous (36%) to the N-termi- 
nal part of FixJ of B. japonicum (Fig. 3 B). The regula- 
tors can be grouped into subfamilies according to the 
homologies in their C-terminal domains. ORF138 is like 
CheY (Macnab 1987; Stewart and Dahlquist 1987) and 
SpoOF (Losick et al. 1986; Smith 1989); these are about 
the same length and consist only of the conserved N- 
terminal domain. FixJ belongs to another subfamily 
with extended homology into the C-terminal part. Other 
members of this subfamily, which are thought to func- 
tion as transcriptional activators, are: NarL, the activa- 
tor of the nitrate reductase genes (Stewart 1988); UhpA, 
the regulator of the hexose phosphate uptake system 
(Weston and Kadner 1988); UvrC-ORF2, whose func- 
tion is unknown (Moolenaar et al. 1987); ComA, which 
leads to competence behaviour in B. subtilis (Albano 
et al. 1987; Hahn et al. 1987); and DegU, involved in 
secretion of enzymes (Ayusaw et al. 1975; Henner et al. 
1988). 

The fixL and fixJ genes are involved in symbiosis 

To test a possible involvement offixL, f ixJ and ORF138 
in establishing an effective symbiosis between B. japoni- 
cum and soybean, different mutants were constructed 
by marker exchange mutagenesis (see Materials and 
methods and Fig. 1). Gene disruption of f ixJ and 
ORF138 was achieved by insertion of the Tn5-derived 
aminoglycoside phosphotransferase gene cartridge (aph) 
into the SalI and the BamHI site, respectively. To obtain 
fixL mutants, three f ixL internal Sacl fragments were 
deleted and replaced by the aph gene. Because of an 
expected out-reading promoter activity of the inserted 
fragment, the aph gene cartridge was inserted in each 
case in both orientations. The mutants were tested for 
nodulation and symbiotic nitrogen fixation activity on 
soybean (G. max). The nodulation behaviour of the mu- 
tants and the frequency of nodulation were not altered 

when compared with roots infected by the B. japonicum 
wild-type strain. Nevertheless, the average dry weight 
per nodule infected by f ixL and f ixJ mutants was only 
about one-half of the wild-type level (data not shown). 
Electron microscopic analysis showed the presence of 
vacuolar structures within nodule cells infected withfixL 
andfixJ mutants, a possible sign of beginning bacteroid 
degradation within these cells (D. Studer, personal com- 
munication). The ORF138 mutants 7413 and 7414 were 
clearly Fix + (Table 2), which meant that ORF138 was 
not essential for symbiosis. The fixL and f ixJ mutant 
strains showed more than 85% reduced Fix activity (Ta- 
ble 2). This justified fixL and f ixJ being called "fix 
genes ". 

FixL and fixJ mutant strains fail to grow anaerobically 
with nitrate 

The B. japonicum wild type is able to grow anaerobically 
with nitrate as terminal electron acceptor. Since the 
R. meliloti f ixLJ regulatory system has been suggested 
to respond to oxygen as a signal (David et al. 1988), 
we were prompted to test the different B. japonicum mu- 
tant strains for their ability to grow anaerobically on 
nitrate. Mutants 7413 and 7414 (ORF138) could grow 
like the wild-type strain under these growth conditions 
(not shown). Strain 7403, in which the aph gene insertion 
within the f ixL gene has the same orientation as f ixL 
and fix J, showed a reduced growth rate when compared 
with the wild type (Fig. 4). By contrast, mutants 7404, 
7360 and 7361 showed hardly any growth. This sug- 
gested that FixL and especially FixJ were important for 
switching from aerobic to anaerobic respiration, whereas 
ORF138 had no function in this process. Possible rea- 
sons why mutant 7403 maintained slow anaerobic 
growth will be discussed later. 

Aerobic expression of the fixRnifA operon is independent 
of FixL and FixJ 

As shown above, the B. japonicum FixL and FixJ pro- 
teins are highly homologous to their counterparts in 
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Table 4. Expression of an extrachromosomal fixJ'-'lacZ fusion 
(on plasmid pRJ7408) in Bradyrhizobium japonicum wild-type and 
different mutant strains under aerobic and anaerobic growth condi- 
tions a 

Strains Relevant 
chromosomal 
background 

/?-Galactosidase activity (U) b 

Aerobic Anaerobic 
growth growth 

110spc4 Wild type 239 (_+64) 94 (_+ 5) 
A9 nifA::aph 239 (_+54) 87 (±10) 
7360 fixJ::aph 231 (+_56) NA c 
7 3 6 1  fixJ:.'aph 231 (_+58) NA c 

" For both conditions, cells were grown in YEM medium contain- 
ing 10 mM KNO3 
b The wild-type strain without any lacZ fusion and the out-of- 
framefixJ'-'lacZ fusion showed less than 2 Miller units (U) 
c NA, not applicable because these strains do not grow anaerobi- 
cally (see Fig. 4) 

Table 3. Expression of chromosomally integrated fixR'- and nifA'-'lacZ fusions in Brady- 
rhizobium japonicum wild-type and different mutant strains under aerobic growth conditions a 

Relevant genetic 
background 

/LGalactosidase activity (U) from strains with a chromosomally 
integrated lacZ fusion b 

Strain fixR'- lacZ' Strain nifA' --'lacZ 
fusion fusion 

Wild type 7290 490 (+_ 86) 7417 36 (+  7) 
fixL::aph(--+) c 7403R 346(+_142) 7360A 31 (-+ 8) 
fixL::aph(~-) c 7404R 316 (+  84) 7404A 31 (+  7) 
fixJ::aph (--+)c 7360R 260 (-+ 32) 7360A 29 (+ 5) 
fixJ::aph (+__)c 7361R 257 (+  26) 7361A 29 (±  7) 
ORF138 :: aph (_Qc ND d ND d 7413A 30 (_+ 10) 
ORF138::aph(*--) ° 7414R 267(-t- 35) 7414A 28(+_ 8) 

a Cells were grown in YEM medium containing 10 mM KNO3 
b The wild-type strain without any lacZ fusion showed less than 2 Miller units (U) 
° The arrows indicate the orientation of the aph gene with respect to the fixLJORF138 
reading frames as shown in Fig. 1 
d ND, not done 

R. meliloti, and  are  invo lved  in symbios is .  We therefore  
tes ted  whe the r  they  con t ro l l ed  nifA gene express ion  as 
they  d id  in R. meliloti. In  a p rev ious  s tudy  (Th6ny  et al. 
1989) the  fixRnifA o p e r o n  o f  B.japonicum was f o u n d  
to be expressed  u n d e r  ae rob ic  cond i t ions .  The re fo re  the  
express ion  o f  c h r o m o s o m a l l y  in t eg ra t ed  f i xR ' - ' l acZ  
and  nifA'- ' lacZ fusions  in the  d i f ferent  fixL, f i xJ  and  
O R F 1 3 8  m u t a n t  b a c k g r o u n d s  (see Ma te r i a l s  and  meth -  
ods)  was  d e t e r m i n e d  u n d e r  ae rob ic  g r o w t h  cond i t ions .  
N o n e  o f  the  m u t a n t s  af fec ted  the express ion  o f  thefixR'- 
or  nifA'- ' lacZ fusions  (Table 3). Also ,  the  tenfo ld  high-  
er express ion  o f  the  f i xR ' - ' l acZ  fus ion  as c o m p a r e d  
wi th  the nifA'- ' lacZ fus ion  (Th6ny  e t a l .  1987) re- 
m a i n e d  u n d i s t u r b e d  (Table 3). This  showed  tha t  f i xLJ  
of  B. japonicum was n o t  invo lved  in any  poss ib le  ae rob ic  
ac t iva t ion  o f  the fixRnifA operon .  Previous ly ,  gel re ta r -  

d a t i o n  exper imen t s  h a d  been ca r r i ed  ou t  wi th  a 32 bp  
synthe t ic  d o u b l e - s t r a n d e d  D N A  f r a g m e n t  cover ing  the 
cis-acting U A S  ( u p s t r e a m  ac t iva to r  sequence)  e lement  
u p s t r e a m  o f  the fixRnifA operon .  P ro t e in  ext rac ts  f rom 
the B. japonicum wild type  were  f o u n d  to con ta in  a p ro -  
tein b ind ing  to this sequence (Th6ny  et al. 1989). Simi-  
lar ly ,  p ro t e in  ext rac ts  o f  m u t a n t s  7360 and  7361 still 
con t a ined  tha t  p ro t e in  (da t a  no t  shown) ,  suggest ing tha t  
it  was  no t  e nc ode d  byfixJ. 

Expression o f f i x J  is not controlled by NifA 

Trans l a t i ona l  in - f rame  and  out-of-framefixJ'-  'lacZ fu- 
s ions were  cons t ruc t ed  (see Ma te r i a l s  and  me thods ) .  As 
f ixJ  p r o b a b l y  f o r m e d  an  o p e r o n  wi th  fixL, the  fus ion  
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constructs carried fixL and I kb of upstream DNA 
(Fig. 1). After cloning the fusions into the broad host 
range vector pRK290X they were mobilized into the 
B.japonicum wild type, into a nifA mutant, and into 
the fixJ mutant strains. Expression of the fixJ'-'lacZ 
fusion was determined under aerobic and, if possible, 
also under anaerobic growth conditions (Table 4). The 
out-of-frame fixJ'-'lacZ fusion showed no fl-galactosi- 
dase activity. When introduced into the wild-type strain, 
the in-framefixJ'- 'lacZ fusion was expressed at a rela- 
tively high level under aerobic conditions (Table 4). 
Under anaerobic growth conditions this expression was 
reduced to about 40%. The expression of the f ixJ ' -  
'lacZ fusion in the nifA mutant was the same as in the 
wild type, which we interpret to mean that fixJ is not 
controlled by NifA. It was not possible to test the influ- 
ence offixJ on its own expression under anaerobiosis, 
because the fixJ mutants were unable to grow anaerobi- 
cally with nitrate (see Fig. 4). 

Discussion 

The occurrence of fixL- and fix J-like genes in B. japoni- 
cum implies that they function similarly in this bacterium 
and in R. meliloti, in which these genes were first found 
(David et al. 1988; Virts et al. 1988; Banfalvi et al. 
1989). In fact this is probably true to some extent; how- 
ever, as shown in this report, there are also considerable 
differences. It is because of these differences that one 
may question whether the newly detected B.japonicum 
genes are indeed homologues of the R. melilotifixL and 
fixJ genes. To find a solution to this problem one has 
to weigh the following observations and arguments. 
1. Among all the two-component regulatory systems 
known to date, the B.japonicum fixL- and fix J-like 
genes and products share the greatest degree of similarity 
with the fixL and fixJ genes and their products from 
R. meliloti. This is particularly evident in the case of 
the FixL protein. Usually, the sensor proteins of the 
family of two-component systems are homologous only 
within a C-terminal stretch of about 250 amino acids 
in length (Albright et al. 1989; Gross et al. 1989; Stock 
et al. 1989, 1990). By contrast, the R. meliloti and B.ja- 
ponicum FixL proteins are highly homologous over a 
stretch of at least 370 amino acids (approx. 55% identity 
therein). Only the first 135 amino acids at the N-termi- 
nus are quite divergent. In this poorly conserved region 
the R. meliloti FixL protein is considerably more hydro- 
phobic than the B. japonicum protein. By analogy with 
many other sensors, the R. meliloti FixL protein has 
been suggested to be bound to the cytoplasmic mem- 
brane (David et al. 1988). A similar prediction cannot 
be made as readily for FixL of B. japonicum. 
2. Strains ofR. meliIoti and B. japonicum that have inser- 
tion mutations in the fixLJ genes are defective in sym- 
biotic nitrogen fixation. The R. meliloti fixLJ mutants 
have been reported to be completely Fix- whereas the 
B.japonicum fixLJ mutants always had some 5% to 
10% residual acetylene reduction activity. While this 
suggests an involvement of the B.japonicum FixL and 

FixJ proteins in the regulation of one or several symbiot- 
ic N2 fixation genes, this result also shows that thefixLJ 
genes are not absolutely essential for symbiosis. Either 
the functions of the FixLJ proteins or the functions of 
the products of genes controlled by them can be substi- 
tuted to some extent by other cellular systems. 
3. Perhaps some, but certainly not all of the target genes 
regulated by thefixLJ system are similar in B. japonicum 
and R. meliloti. One apparent difference is the nifA gene, 
which is activated by FixJ in R. meliloti but probably 
not in B.japonicum. It is shown in this paper that the 
aerobic expression of the B. japonicum fixRnifA operon 
is not affected in fixL and fixJ mutant backgrounds. 
Furthermore, it is unlikely that the fixLJ genes are in- 
volved in the fivefold enhancement offixRnifA operon 
expression under anaerobiosis. As shown previously 
(Th6ny et al. 1989), this increase is NifA dependent and, 
therefore, an involvement of the fixLJ genes could only 
be rationalized if these genes were regulated by NifA. 
We report here that this is not the case. However, an 
unanswered question remains: what is the nature of the 
gene-activating system that accounts for the residual an- 
aerobicfixRnifA expression that is not nifA dependent? 
In a nifA mutant background this anaerobic expression 
was approximately 20% of the maximal, wild-type level 
(Th6ny et al. 1989) and thus in the same range as the 
aerobic expression level. We have argued previously 
(Th6ny et al. 1989) that the same, as yet unidentified, 
positive control system takes care of activating thefixR- 
nifA operon to a basal level under both aerobic and 
anaerobic conditions. In the light of our discovery of 
afixLJ-like system in B. japonicum, however, we cannot 
rule out the possibility that the basal anaerobic, non- 
n/fA-dependent level offixRnifA expression is mediated 
by FixJ whereas a different activator is responsible for 
expression under aerobiosis. Unfortunately, there are 
technical obstacles to testing this contention experimen- 
tally. First, one cannot test anaerobic fixRnifA expres- 
sion in fixJ mutant backgrounds because these strains 
do not grow under such conditions. Second, using micro- 
aerobic growth conditions we found it difficult to see 
a reproducible difference to the aerobicfixRnifA expres- 
sion level even in the wild type. Third, in symbiosis the 
physiological state offixJ mutant bacteroids differs con- 
siderably from that of wild-type bacteroids which not 
only affects the recovery of bacteroid isolates but also 
makes any result from a comparative analysis offixR- 
nifA expression quite dubious. In conclusion, the ques- 
tion of whether or not the fixLJ system contributes to 
some extent to anaerobic fixRnifA expression must be 
left open. 

In addition to the nifA gene, another R. meliloti gene 
known to be controlled by the fixLJ system is the fixK 
gene (Batut et al. 1989). Results obtained very recently 
in our laboratory seem to suggest that a fixK-like gene 
is also present in B. japonicum (B. Scherb and D. Antha- 
marten, unpublished observation). It will be of interest 
to see what the phenotype of a B. japonieumfixK mutant 
will be like and whether or not such a gene is controlled 
by fixLJ. 
4. A characteristic feature of the R. meliloti FixL protein 
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is its role as a sensor of  low oxygen concentration (Virts 
et al. 1988; David et al. 1988). This signal is transduced 
to the FixJ protein, which then activates nifA and fixK. 
It is not known whether the FixL and FixJ proteins 
of  B. japonicum respond to a similar environmental stim- 
ulus. In this context it is of interest that B. japonicum 
f ixL  and f i xJ  mutants do not grow anaerobically with 
nitrate as terminal electron acceptor. It seems reasonable 
to suggest that there are fixLJ-dependent B.japonicum 
genes that code for components of  the denitrification 
enzymes such as nitrate, nitrite or N 2 0  reductases. 
Moreover, it is conceivable that these "anaerobic"  genes 
are regulated by oxygen, possibly viafixLJ. Having pro- 
posed this, however, it must be mentioned that Batut 
et al. (1989) have detected wild-type levels of respiratory 
nitrate reductase activity in microaerobically grown cells 
of R. melilotifixJ andf ixK mutants. It is not clear from 
their report whether or not these mutants could grow 
anaerobically with nitrate. 

The above considerations do not allow an unambi- 
guous conclusion to be made as to whether the f i xLJ  
system of B. japonicum has a similar function to that 
in R. meliloti. The assumption that the B. japonicum nifA 
gene is not subject to regulation by f ixLJ, as opposed 
to the situation in R. meliloti, does not exclude the possi- 
bility that there are other fixLJ-dependent genes com- 
mon to both organisms (possibly fixK). Primarily be- 
cause of  the high sequence similarity we propose to ad- 
here to " f i xL"  and " f ixJ"  as operational terms for the 
B. japonicum genes described in this work. 

There is one additional aspect that requires com- 
ment:  the phenotype of  a f i xL  mutant  with the inserted 
kanamycin resistance gene (aph) being transcribed to- 
wards f i xJ  and ORF138 was always more leaky than 
that of  the f i xL  mutant  with the aph gene reading in 
the opposite orientation. This was particularly evident 
when the rates of  anaerobic growth with nitrate were 
compared. The constitutive expression o f f i xJ  from the 
strong aph promoter  may have led to increased FixJ 
synthesis resulting in a partial activation of FixJ-depen- 
dent genes even in the absence of  a functional FixL pro- 
tein. This observation is reminiscent of the work of Her- 
tig et al. (1989) who have shown that overexpression 
of the R. melilotifixJ gene (cloned on a multicopy plas- 
mid) leads to nifA and f i xK  activation in the absence 
off ixL,  at least in E. coll. Such a situation is not uncom- 
mon among members of two-component  regulatory sys- 
tems, and one explanation may be the existence of  cross- 
talk with other cellular sensors (discussed by Stock et al. 
1989, 1990). ORFI38 ,  located downstream of f ix  J, also 
appears to encode a protein with homology to the regu- 
lator class of the two-component  systems. Since no phe- 
notype has as yet been associated with ORF138 insertion 
mutants, the role of this putative gene and its product 
remains obscure. 
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