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ABSTRACT Bradyrhizobiumjaponicum is the root nodule
endosymbiont of soybean (Glycine max), mung bean (Vigna
radiata), cowpea (Vigna unguiculata), and Siratro (Macroptil-
ium atropurpureum). We report the characteristics of a nodu-
lation-gene region of B. japonicum that contributes only mar-
ginally to the bacterium's ability to nodulate soybean but is
essential for the modulation of the three alternative hosts. This
DNA region consists of two open reading frames designated
nodV and nodW. The predicted amino acid sequences of the
NodV and NodW proteins suggest that they are members of the
family of two-component regulatory systems, which supports
the hypothesis that NodV responds to an environmental stim-
ulus and, after signal transduction, NodW may be required to
positively regulate the transcription of one or several unknown
genes involved in the modulation process. It seems likely that all
host plants produce the necessary signal, whereas host speci-
ficity may be brought about by the product(s) of the gene(s)
activated by NodW.

A large number of rhizobial genes are involved in the estab-
lishment of a successful root nodule symbiosis with the
legume host plants. Mutations within these genes often lead
to nodules with a decreased amount of intracellular (endo-
symbiotic) bacteria. By contrast, mutations in nodulation
(nod) genes have a strong impact on nodule initiation and
nodule number but generally do not influence bacteroid
development. The majority of nodulation genes character-
ized so far share a similar mode of transcriptional regulation
in which the nodD gene product together with plant-derived
flavonoid compounds acts as a transcriptional activator by
binding to the nod box, a conserved promoter region up-
stream of nod genes (see ref. 1 for a recent review).

In Bradyrhizobium japonicum a nodulation gene region
(tentatively called "nod-i") was identified previously (2) that
appeared to be essential for the nodulation of various hosts
but had little influence on the nodulation of soybean [Glycine
max (L.) Merr.]. This region did not hybridize to a nod-box
probe (3) and might thus represent a different class of
nodulation genes. In this paper we present a detailed genetic
description of this DNA region and propose a mode of its
function that differs from all other nodulation genes identified
thus far in rhizobial species.*

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. B.japonicum 110

spc4 (4), referred to as wild type, and mutant derivatives were
grown in PSY medium (4). Strain AE1-7d1 is a deletion
mutant lacking the nod-1 region and adjacent DNA (2).
Escherichia coli strains were grown in LB medium (S). E. coli
RR28 (6) was the recipient in plasmid transformations.
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FIG. 1. Physical and genetic map of the nodVW region. A 6.2-kb
BamHI fragment was cloned in pBR322 to give plasmid pRJ4356. The
sequenced 4227-base-pair BamHI-EcoRV fragment is emphasized
by a bold line. The locations of two TnS insertions within the cosmid
pL30-11B are symbolized by arrows (see also Fig. 2); this cosmid
contains the entire BamHI fragment plus adjacent DNA (see ref. 2
for further details). The fl-insertion sites of strains 612 and 613 are
also indicated. ORF, open reading frame. Restriction sites: B,
BamHI; Bg, Bgl II; Ev, EcoRV; Hp, Hpa I; Sc, Sac I.

Plant Infection Tests. Soybean seeds [Glycine max (L.)
Merr. cv. Williams] were provided by the Jaques Seed Co.
(Prescott, WI). Seeds from cowpea (Vigna unguiculata cv.
Red Caloona), mung bean (Vigna radiata), and Siratro (Mac-
roptilium atropurpureum) were kindly provided by W. D.
Broughton (University of Geneva, Geneva). The infection
tests were done as described (7).
DNA Biocmry. Standard procedures (5) were used for

DNA manipulations. TheDNA sequence was established with
the help of a DNA sequencer (model 370A, Applied Biosys-
tems), using M13mpl8 and M13mpl9 (8) as sequencing vec-
tors. For computer-aided DNA and protein sequence analysis
the UWGCG (Genetics Computer Group of the University of
Wisconsin, Madison, WI) software package was used.

Plasmid Construction and Transfer. In order to mutagenize
the nodV and nodW genes, plasmid pRJ4356 (ref. 2 and Fig.
1) was cut with Hpa I or Sac I, respectively. The protruding
3' ends left by Sac I were removed by treatment with T4DNA
polymerase. As a selectable marker, the fi interposon (9) was
inserted separately into these sites by using its Sma I restric-
tion sites. The mutagenized fragments were cloned into the
EcoRI site of the mobilizable vector pSUP202 (10). The
pSUP202 derivatives were mobilized into B. japonicum, and
marker exchange events were selected as described (3). The
mutations in nodV (strain 612) and nodW (strain 613) were
verified by Southern blot hybridizations. Plasmids pL30-
11B::TnS-15 and pL30-11B::TnS-16 are TnS-carrying deriv-
atives of the cosmid pL30-11B; they were used for the
complementation ofthe deletion strain AE1-7d1 (see ref. 2 for
a more detailed description).

RESULTS AND DISCUSSION
nodV and nodW Are Essential for the Nodulation Ability of

B. japonkum on Various Hosts. A B. japonicum mutant

Abbreviation: ORF, open reading frame.
*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M31765).
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(AEl-7dl) carrying a large chromosomal deletion was found quently named nodV and nodW (Fig. 1). The stop codon of
previously to have a Nod- phenotype on mung bean, cow- nodV (TGA) and the start codon of nodW (GTG) overlap
pea, and Siratro, whereas it showed only a minor delay of (GTGA), suggesting that the two genes are organized in an
nodulation of soybean (2). A complementing recombinant operon and that they may even be coupled translationally.
cosmid has been obtained (pL30-11B) that fully restored There are several alternative start codons for nodV, two of
nodulation of strain AE1-7dl on all hosts. The new nodulation which are preceded by purine-rich, Shine-Dalgarno-like se-
region (tentatively called nod-1) has been delimited further to quences (underlined in Fig. 2). We favor the ATG at position
-3.5 kilobases (kb) (2). To analyze the potential coding 648 over the GTG at position 996 as the putative nodV start
properties of this region we established its DNA sequence codon; this choice is supported by the following two argu-
(Figs. 1 and 2). We found two large ORFs spanning >3.3 kb. ments. (i) Two TnS derivatives of the cosmid pL30-11B have
ORFl and ORF2 have coding capacities for proteins with 889 been obtained, of which pL3O-11B::TnS-16 was able to re-
and 227 amino acids, respectively, and they were subse- store (complement) nodulation of mung bean by mutant

1 GGATCCTGCGGACGCAGCTTGTCGTTCTCGTTACGATGCGCGCTGCGTTAGCAGAGCATGGTGGGTGTGATCAGCGTGAATGGCACCGACAAAGCCGTGGCGAGTCATACGAGGCTGCCC
121 TGCGTTCTGCGACGCCGCTCGCTTCCAGCGGAACCAGTTTTTCGCAGCTAAAGCGCGATAAGATTGGAACGAATCATCATCGCGCGTAGGACTCGCGCGACTCCGGCTTCTGTGTCGGCA
2 41 GGCGAACTTGCGCTTTCTTCGCTTTAGCGGCTGAGTCGGGGAGACGAGTCATTGGGCAGCTTsTTTTCTGATCCTTGCCGGTCCGGAGGCGCGCCTTCGAACCTATCGGCTGAACTGAAAC
3 61 CACTGTCCTCATTCCGCGGCCTAATGGGGCGCATTGGCCGTAGGCTCGAGCGATGCGCAAAAGCGGACGTTTCAGCTTCGACTAAAGTCGCGTCAGCGACACCTACTGAAGGTTTAGGAC

£ Tn5-16
4 81 AAATATACGTATGTTTATAATGCGTTTTTTCCCCGCGCGTGCTGAGTTCGGCAGCCGATGATCGATCTTGCACACGCTATCATGCGGACCCAAGTGTCAAGATTGCCTCATTTTTGCCT

Tn~k-15 4
601 AAAATGCTATAGCTCTCCCGCCGGATAACAGGCCiG&CQQTCTCAAAATATAGGATCAGCAGTTTCAAACGTTCAGCCCCTCAGTTGACCTTGGGCAGCATAGCGCTAGCCGCGGTTA

M Y R I S S F X R S A P Q L T L G S I A L A A V T
721 CACTGACTTGCGTGTACTTTCAGGCGCATTTCGCCGCCGCGGCGTTCGCCTATTTGTTAGTAGTCTTACTATTTTTCGTTGAlGcGTTATCTAT aEEEHKUTGaTC a

L T C V Y F o A H F A A A A F A Y L L V V L L F S L M G S F I A S S A_ L__C_
8 41 CAATCGCTGCTCTCGCATACTACTTTGCGCCGCCGGCGTTTAGTTTACGAATCGATGATCCCCGCGATGTTCCTGTGGTTGTTGCATTTCTTATTGTCTCTGTTGTCGGAACGTACCTGA

I A A L A Y Y F A P P A F S L R I D D P R D V P V V V A F L -I V S V V G S Y L I
9 61 TTGabAAtC-TC-CGaC-iaGabGAG;AGGCTGCACGTGTG9cTGCGGCCAAGCTTCAGCGGAGTGCCTCGGi-T-TG-G-A-GGA-C-G-TGAAAAAACGGTGGCGCGCAATTTTCGAGCACAATCCAG

G K L R Q E R E A A R V A a a K L Q R S A s D L E D R E K R N R A I F E H N P a
1 081 CCATGTACTTCATGGTCGATGAGGCCGGCATTGTCCTCAACGTCAATACGTTGGGCGCGACACAMACTGGGATTTGCTTGTGCAGAACTATTGGGCCAATCCGTGCTCGACGTATTTCTGG

M Y F M V D E A G I V L N V N T L G A T Q L G F A C A E L L G Q S V L D V F L E
12 01 AGGAGGATCGCGCATTCGTCCGCAAATGCATTCAGACGTGTCTTGAGGATGTTGGACAATCGCGCACTTGGGACGTCCGGAAAGTCAGGAAGGACGGTTCTGTATTGTGGGTcGCGGAAA

E D R a F V R K C I Q T C L E D V G 0 S R T N D V R K V R K D G S V L V V R E N
1 321 ACGCCAAGGCCATGCTTTGGGCCGGCGACCGcCCCGTCATCCTCATGGCGTGCGAAGATATTACGGAGCGCAAGCAGACCGAGCTTGCGCTGCAGCGGAGCGAAGCGATTTGG"CTCACG

A K A M L V a G D R P V I L N a C E D I T E R K 0 T E L A L Q R S E a H L A H a
14 41 CGCAGGAGTTGAGTCATACAGGCAGCTTCAGlCTGGAACGCCTCTACCGGCGAGGCCTTCTGGTCTAAGGAGACAsTTTCGGATTTTCCAAATCGATCTTCAGACGACACCGGCGCCACaAC

Q E L S H T G S F S V N A S T G E a F V S K E T F R I F Q I D L Q S T P A P Q L
1561 TCGTCATTGAGCGCACGCACCCAGATGATAGGGCTTCTGTCAAAGAGATTATCGATGAAGCGATGCGAGACCTGAGGGATTTCGAGCACGAGTACCGGCTGCTGCTACCTGACGGCTCCG

V I E R T H P D D R a S V X E I I D E A M R D L R D F E H E Y R L L L P D G S V
1681 TGAAGCACATCCATGCGCAGGCACGAGTCACGCGAACCGCCTCTGGGTGAAATTGAGTTTGTTGGGGCAGCCACCGATATTACGGCAGCTAGGCGAGCAGAACAGCAGTTGCGCCGAAGCG

X H I H A Q A R V T R T a S G E I E F V G A A T D I S a a R R a E Q Q L R R S E
1801 AGGCCTATCTGGCCGAGGCTCAGCATCTCACTCACACAGGCAGCTGGTCCTGGGACGTCCACACACGAGATTTCGTTTATCGCTCCGCTGAGGTCGACCGCCTGTTTGGCTTTAACCCAC

A Y L A E A Q H L T H T G S V S V D V H T R D F V Y R S A E V D R L F C F N P Q
1921 AAGAGCCCGTTSCGCTAGAGACTATSCGATCGCGCATCQATCCGGAAGACTTGCCAGGGSTGCAGGAGGTGCAGCGTCAGGCGASSGACCAGGAGCACGAACGGTSCGAATATGATTSCC

E P V S L E T I R S R I H P E D L P G L Q E V Q R Q A I D Q E H E R F E Y D F R
2041 GTGTTATTCTGCCAGATGGCGCGATMAGGCGCATACACTCCGTTGCACACGTTGTCGTCGGCAGCGATGGTAATGTCAGCGAGCTGATCGGAACACATATGGATGTTACCGAGCAACACG

V I L P D G G I R R I H s V A H V V V G S D G N V S E L I G T H M D V T E Q H A
2161 CAGCTAGG;GAACGCTTGGAAAACACGCTTGTAGCGCTGCGCGAGAGCGAACAGCGCTTTCGCGACTATGCCGAGACTGCTTCCGACTGGCTCTGGGAAACCGGGCCAGATCATCGGGTCA

A R E R L E N T L V A L R E S E Q R F R D Y A E T a S D N L V E T G P D H R V T
2281 CTCACTTGTCCGAGCACACCAGCGCTGCGGGAATTTTGGCGACAGGGTTMACGGGCCTGCTTCGCTGGGACASCGCGTGCGACATGGAAGAAGAACCGGAGMAGTGGCGTCAGCATCGGG

H L S E H T S A A G I L A T G L S G L L R V D I A C D M E E E P E X N R Q H R A
2401 CGACGTTGCAGGCACACCTGCCGTTCCGGGATCTCATCTACCGTACCGTAAMTAGGATGGGATCTCCGATCTACGTCCGCACTAGTGGCAAGCCCrTCTTCGACGGAAACGGAAATTsTTT

T L Q A H L P F R D L I Y R T V N R M G S P I Y V R T S G K P F F D G N C N F L
2521 TGGGCTATCGCGGCGTCAGCACTGACATCACCGCTACCATTCGCGCTGATCAGGCCGAACMAGAGCTGCGAAAGGCACAGGCGGAGCTTGCACATGTGACGCGTGTMACGACCTSGGGAG

G Y R G V S T D I T A T I R a D Q A E Q E L R X A Q A E L A H V T R V T T L G E
2641 AAATGACAACTTCTATCGCCCACGAGATAACCCAACCACTCGCCGCTATCCTCAGCAACGCCGATGCGTGCCTCGGCTGGATGGCTCGCGATGTTCCCAATCTTGICAGCCGCGCGCTCTT

M T T S I A H E I T Q P L A A I L S N A D A C L G W M A R D V P N L A a A R S S
2761 CAGTCGAATGGATCATAGAAGATGCAATCCGGGCAAGCGAGGTGATCCGTAGTATTCGCGCACTCGCGAAAAAGGGCGAGATCGAGATGGTGCCGCTCGACATTAATCAGGTGGTTAGGG

V E V I I E D A I R A S E V I R S I R A L A X X G E I E M V P L D I N Q V V R D
2881 ACGTCAGCGCGCTGGTAACACGAGAGCTGGTGAGCCACCAAGTGACGTTGCGAAGCGAGTTGGCGTCTGCGCTGCCTAGGGTCCTCGGTGATCGAATTCAGCTACAACAAGTGATCATCA

V S A L V T R E L V S N Q V T L R S E L A S A L P R V L G D R I o L Q Q V I I N
3001 ATCTGGTGATGAACGGAATCGAGGCCATGGACGCAGTTACAGACCGGCCGCGTGAACTTCTGATTCAATCATCTACGGACGATCTGGGGTACGTGCAGCTTTCCGTGACCGATTGCGGCG

L V M 11 C I E A M D A V S D R P R E L L I Q S S S D D L G Y V Q L S V r D C G V
3121 TCGGGATCGCCGAGAATGACGCGGACCGCGTCTTGGACCCCTTCTTCACCACCMAATCGAGCGG;CCTAGGAATG = CTTTCGATCTGCCGGTCGATCGTGGAAGTTCACGGAGGACGAA

C I A E N D A D R V L D P F F T S X S S C L C M C L S I C R S I V E V H C C R I
3241 TTTCAGTGGTTCAGAAAATGGACCGGGCGCGACGTTCCAGTTTGCCCTTCCGCTGCATAAGGAGGCCATCTCGTGACAGGACGATTTGACTGGAGAGGCCAAGGCGGACATACCGAGGC

S V V Q K N G P G A S F Q F A L P L H X E A I S *

M S G R F D 11 R G Q G G H S E A
3361 TTCGACGAAGGCAATCGTCTTTGTCGTCGAGGATGACATCTCTATGCGTCGCTCGCTTACGAACCTTTTTCGATCGGTAGGCTTGGAGGTCGTGGC-GTTCGGATCGGCCCGTGAAATGCT

S S X A I V r V V E D D I S M R R S L S N L F R S V G L E V V A F G S A R E M L
3481 GCAGAGCACAATGCCGGACGTCACAAGCTGTCTAGsTTCTGATGTCCrG~C~CCcGGGCCTGAGCGGCCTTGACTACCAGACCGAGCTCGCCAGGTTGAACATACACATCCCAATCArTCT

Q S S N P D V S S C L V L D V R L P C L S C L D Y Q T E L A R L N I N I P I I F
3601 CATTACCGGCCATGGCGACATTCCCATr.ACCGTCAG.GCCCATGAAGGGAGGCGCGGTCGATTTCCTCAGCAAr.CCCTTCCGCGATCAGGAACTGCTTGATGCCGTCGTTGCGCGCACCGAI T G H G D I P M S V R A M X C C a V D F L S X P F R D Q E L L D A V V A A T E
3721 ACGCGATCGCAAAAGACGAGAAGCTCAGCGAACCGTGGCGAACCTGAAATCTCTATTTGAGACCCTAAGCCCGCGAGAACAGGCAGTGATGAAACTGGTCGCGACGGGGCTGATGAACAA

R D R X R R E A Q R T V A N L X S L F E T L S P R E Q A V N KC L V A S C L M 1I X
3841 GCAGGTAGCCGCCGAACTTGGGCTCGCCGAGATCACCGTCAAGATCTACCGGGGACACGTAATGAAAGATGCGTGCCCGCTCGCTGGCTGACTTGATCAGAATGAGCGAGACGCTCGG

Q V A A E L G L A E I S V X I Y R G H V M X X M R A R S L A D L I R M S E S L C
3961 AATTAGCGCCAATCACACTGAACAAACCCAAGTATGATTTTACAATTCCATCACTTAAGCCCACTTTCGCGAAAGTGGCTGACGGTTTGGCAGCCGCTGTACTGCGTCGGGAGGGCTCATI S A N H T E Q T Q V *
4081 CTTGTCCACGCCTTTGATTTCCGTCGTTGACGACGACCCCTCGGTCCGTGCGGCGACAGAAAACCTTTTGAAATCGCGTGGCTACGTCGTGCAGATATTTGCCTCGGCCGAGGCGCTCCT4201 GCGGTCGCCGCGGTTGAACGAGATATC 4227

FIG. 2. Nucleotide sequence ofnodVWand derived amino acid sequences of the NodV and NodW proteins. The exact positions of the twoTnSinsertions within the cosmid pL30-11B (cf. Fig. 1) are indicated by vertical arrows. As translational start ofnodV, the first ATG was chosen.Other potential start codons (ATG and GTG only) located further downstream and purine-rich regions preceding them are underlined. Threehighly hydrophobic regions within the N-terminal end of the NodV protein are highlighted by broken underlining. The presumptive start codonof nodW (GTG) maps at position 3314.
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Table 1. Nodulation behavior of B. japonicum 110 spc4 (wild type) and several mutant derivatives

Average nodule number per plant at day 21

B. japonicum Glycine Vigna Vigna Macroptilium
strain max radiata unguiculata atropurpureum

Wild type 24 37 42 20
612 24 0 0 0
613 26 0 0 0
AE1-7d1/pL30-11B::TnS-15 34 1 NT NT
AE1-7d1/pL30-11B::TnS-16 22 34 NT NT

Numbers are mean values from 5 plants (Glycine max) or 10 plants (Vigna radiata, Vigna
unguiculata, Macroptilium atropurpureum cv. Siratro) and were confirmed by at least one repetition
of the nodulation experiment. NT, not tested.

AE1-7d1, whereas pL30-11B::Tn5-15 was not (Table 1). The
precise TnS insertion sites were determined by sequencing,
which revealed that TnS-16 was located 72 bp upstream of
nodV whereas TnS-15 mapped within the 23rd codon of the
nodV reading frame (Fig. 2). (ii) The nodV gene starting with
the first ATG as shown in Fig. 2 would encode a protein with
a strongly hydrophobic N terminus, whereas a nodV gene
starting with GTG at position 996 would not. For reasons
given below we believe that these hydrophobic domains are
crucial for NodV function.
Having found the nodV and nodW ORFs, we next wished

to construct chromosomal insertion mutations within each of
them. For this purpose the fi interposon was cloned into the
Hpa I site of nodV and into the Sac I site of nodW (Fig. 1).
Marker replacement ofthese insertions into the B.japonicum
wild type gave rise to mutants 612 (nodV:1:) and 613
(nodW::fl) (Fig. 1). Both strains were tested for their nodu-
lation ability on soybean, mung bean, cowpea, and Siratro.
Table 1 shows that only soybean but none of the other hosts
were nodulated. Thus, nodV and nodW are B. japonicum
genes involved in host specificity of nodulation. Closer
examination of the soybean plants infected with mutant
strains 612 and 613 showed that nodules developed further
down at the primary root as compared to plants infected with
the wild type (data not shown). Such an altered nodule
distribution might be indicative of a delay of nodulation. In
fact, an experiment aimed at studying the time course of
nodule development revealed that soybean nodulation was
delayed with both mutant strains by about 2 days (Fig. 3).
NodV and NodW Proteins Belong to the Family of Two-

Component Regulatory Systems. When the deduced amino
acid sequences of the NodV and NodW proteins were used
in a protein data bank search (National Biomedical Research
Foundation Protein Identification Resource, release 20.0,
March 1989), both proteins were found to share sequence
similarity with the prokaryotic signal-transducing regulatory

CZ 27- Glycine max

24-

21 -

18 - 1 1

E15-

Days after inoculation

FIG. 3. Nodulation kinetics of B. japonicum wild type and

nodVW mutant strains 612 (nodV) and 613 (nodW) on soybean. x,

Wild type; *, strain 612; strain 613.

pairs belonging to the large superfamily of two-component
regulatory systems. In the proposed model for signal trans-
duction (11), usually a membrane-associated sensor protein
responds to an environmental signal by sensing that stimulus
near its N-terminal region and transducing this signal to its
own C-terminal domain. The activated C-terminal domain
may then interact with and modify the conserved N-terminal
domain of a regulatory protein. The modified regulator is
usually, though not exclusively, an activator of the expres-
sion of a specific gene or set of genes.
NodV, the Predicted Sensor. As is characteristic within the

sensor class of the two-component regulatory systems, the
homology to NodV is restricted to about 240 amino acids at
the C-terminal region. This is illustrated in Fig. 4 and further
exemplified in Fig. 5A by the detailed sequence alignment of
the C-terminal parts of the NodV and FixL proteins. Beyond
the 240 amino acids the NodV protein shows no homology at
all to any of the known sensor proteins identified to date,
which makes it likely that NodV does not functionally
correspond to any of these and, hence, that it responds to a
stimulus different from that to which the other sensors
respond. The N-terminal region of NodV is highly hydro-
phobic (Fig. 2), suggesting that the protein is membrane-
bound, as may be true for most other sensor proteins (Fig. 4).
A recent study on the membrane topology of the Agrobac-
terium tumefaciens VirA protein showed that the second
transmembrane domain following the periplasmic domain is
critical in perceiving the stimulus (e.g., acetosyringone) to
subsequently modify the VirG protein (19). The Tn5-15

Sensor Similarity Identity Hydrophobic
protein to BjNodV domains (i)

(%) (10 anmno acOh-1_ )

BjNodV 100 100 _
RmFixL 59.4 40.6
RIDctB 55.7 33.0
KpNtrB 54.4 29.6 -Zz=
AtVirA 53.3 28.6 *
EcPhoM 48.9 25.1
EcUhpB 46.8 24.1 _
EcPhoR 45.4 23.6 zm

FIG. 4. Relationship between the B. japonicum (Bj) NodV pro-
tein and other sensor proteins oftwo-component regulatory systems.
The percent similarity/identity values were determined by compar-
ing only the C-terminal 240 amino acid residues (GAP program of the
UWGCG software package, version 6.0). The lengths of the bars to
the right correspond to the sizes of the proteins. Black rectangles
within the bars symbolize the presence and location of hydrophobic
regions with potential membrane-associated helices. The hatched
region marks the conserved stretch of 240 amino acids. The figure is
a summary of data on the following selected proteins: Rhizobium
meliloti FixL (12), Rhizobium leguminosarum DctB (13), Klebsiella
pneumoniae NtrB (14), Agrobacterium tumefaciens VirA (15), E.
coli PhoM (16), E. coli UhpB (17), and E. coli PhoR (18).

Proc. Natl. Acad. Sci. USA 87 (1990)
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A
BjNodV 650 AQAELAHVTRVTTLGEMTTSIAHEITQPLAAILSNADACLGWMARDVPNLAAA..RSSVEWIIEDAIRASEVIRSIRALAKKGEIEMVPLDI

H ill1 III III III111 II II lIIII III1RmFixL 222 IQAELARLARLNEMGEMASTLAHELNQPLSAIANYSHGC.TRLLRDMDDAVATRIREALEEVASQSLRAGQIIKHLREFVTKGETEKAPEDI
BjNodV 740 NQVVRDVSALVTRELVSHQVTLRSELASALPRVLGDRIQLQQVIINLVMNGIEAMDAVTDRPRELLIQSSTDDLGYVQLSVTDCGVGIAEND

11 11 MI III M1 1111 1 1111 I I 1 11 11 1
RmFixL 313 RKLVEESAALALVGSREQGVRTVFEYLPGAEMVLVDRIQVQQVLINLMRNAIEAMRHVD..RRELTIRTMPADPGEVAVVVEDTGGGIPEEV

BjNodV 832 ADRVLDPFFTTKSSGLGMGLSICRSIVEVHGGRISVVQKNGPGATFQFALPLHKEAIS* 889
11III1111 111 111 11111 11

RmFixL 403 AGQLFKPFVTTKASGMGIGLSISKRIVEAHGGEMTVSKNEAGGATFRFTLPAYLDERIVAND* 464

B
BjNodW 1 MTGRFDWRGQGGHTEASTKAIVFVVEDDISMRRSLTNLFRSVGLEVVAFGSAREMLQSTMPDVTSCLVLDVRLPGLSGLD

II III III1 I I I 111I11I11
RmFixJ 1 MTDYTVHIVDDEEPVRKSLAFMLTMNGFAVKMHQSAEAFLAFAPDVRNGVLVTDLRMPDMSGVE

BjNodW 81 YQTELARLNIHIPIIFITGHGDIPMTVRAMKGGAVDFLSKPFRDQELLDAVVAATERDRKRREAQRTVANLKSLFETLSP
I 11 I I111 11 III IIIII 1II I II III

RmFixJ 65 LLRNLGDLKINIPSIVITGHGDVPMAVEAMKAGAVDFIEKPFEDTVIIEAIERASEHLVAAEADVDDANDIRARLQTLSE
BjNodW 161 REQAVMKLVATGLM KOVAAELGLAEITYKIYRGHVMKKMRARSLADLIRMSETLGISANHTEQTQV* 227

I I 11 II 11 11 1 11 I I I
RmFixJ 145 RERQVLSAVVAGLPNKSIAYDLDISPRTVEVHRANVMAKMKAKSLPHLVRMALAGGFGPS* 204

FIG. 5. Amino acid sequence alignment ofthe B.japonicum (Bj) NodV and NodW proteins with the R. meliloti (Rm) FixL and FixJ proteins.
(A) NodV/FixL comparison, showing only the conserved C-terminal parts of the proteins. Gaps (.) were introduced to allow an optimal
alignment. (B) NodW/FixJ comparison over the whole lengths of the two proteins. A potential helix-turn-helix motif is underlined.

mutation in nodV (see above), which produces a nodulation-
defective phenotype, is located in the DNA region coding for
the N-terminal, hydrophobic NodV domain. This is consis-
tent with the idea that the nodVORF starts with the first ATG
as shown in Fig. 2.
NodW, the Predicted Regulator. In general, the similarity

between members of the regulator class is restricted to
approximately 120 amino acids located at the N terminus.
The same holds true for the NodW protein (data not shown).
However, NodW also exhibits more extended homology to a
subclass of the regulatory proteins to which the FixJ, UhpA,
and NarL proteins belong (12, 17, 20). As an example, the
amino acid sequence alignment of the NodW and FixJ
proteins is presented in Fig. 5B. One notable feature in the
homology of almost all regulator proteins is the conservation
oftwo aspartic residues (in the NodW protein at positions 27
and 70). One of these may be a target for phosphorylation,
analogous to the situation with NtrC in which NtrB-mediated
phosphorylation has been shown to occur within the first 12.5
kDa of the protein (21, 22). Most regulators identified to date
are believed to be transcriptional activators. This may apply
to NodW as well. Based on the screening method ofDodd and
Egan (23), a potential DNA-binding domain (helix-turn-helix
motif) was identified close to the C-terminal end of the
protein (underlined in Fig. 5B). The important traits of such
a DNA-binding domain are conserved within a stretch of 20
amino acids ofNodW: (i) a glycine at the 9th position, (it) the
nonpolar residues alanine and valine at the 5th and 15th
positions, and (iii) the space-filling residue tyrosine at the
18th position.
A Genetic Regulatory Circult Involved in Host-Specific

Nodulation. Among the sensor/regulator pairs homologous to
NodV and NodW, the most homologous one was the Rhizo-
bium meliloti FixL/FixJ pair (Figs. 4 and 5). This might
suggest certain similarities in the signal-transduction path-
way and/or the interactions between the regulators and their
target DNAs. It is clear, however, that the B. japonicum
NodV and NodW proteins are not functional homologs of the
R. meliloti FixL and FixJ proteins. First, the phenotype of
fixLJ mutations [impaired regulation of N2 fixation (12)] and
that ofnodVW mutations (impaired host-specific nodulation)
are completely different, and second, the fixL- and fix!-
homologous genes of B. japonicum have been identified just
recently in our laboratory (D. Anthamatten, unpublished
results). Concerning the possible function of the NodV and
NodW proteins, the data reported here can be taken to

formulate a working hypothesis according to which a signal-
transduction event proceeds via a membrane-bound NodV.
The model further predicts that the activated NodW protein
acts as a transcriptional activator of an unknown gene (or
several genes). It is the absence of the corresponding gene
product(s) that leads to the observed nodulation defect of
nodVW mutants. Evidently, the presence of these gene
products is a strong requirement for the nodulation of mung
bean, cowpea, and Siratro but much less so for nodulation of
the soybean variety we used. Therefore, one goal will be to
identify the NodW-regulated gene(s). One potential candi-
date for such a target gene may be the B.japonicum hsn locus
described by Nieuwkoop et al. (24). Mutations in this region
prevented the nodulation of Siratro but not that of soybean
(24). Moreover, this hsn locus is not preceded by a nod-box
sequence and, consequently, is probably not controlled by
nodD. The identification and characterization of the NodW-
regulated genes may help to resolve the details of this novel
regulatory circuit involved in host-specific nodulation and
may also lead to an approach to track down the nature of the
environmental stimulus needed to induce this process.
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