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Summary. After random Tn5 mutagenesis of the stem-no- 
dulating Sesbania rostrata symbiont strain ORS571, Nif-, 
Fix- and Nod- mutants were isolated. The Nif- mutants 
had lost both free-living and symbiotic N2 fixation capacity. 
The Fix- mutants normally fixed Nz in the free-living state 
but induced ineffective nodules on S. rostrata. They were 
defective in functions exclusively required for symbiotic N2 
fixation. A further analysis of the Nod- mutants allowed 
the identification of two nod loci. A Tn5 insertion in nod 
locus 1 completely abolished both root and stem nodulation 
capacity. Root hair curling, which is an initial event in 
S. rostrata root nodulation, was no longer observed. A 
400 bp region showing weak homology to the node gene 
of Rhizobium meliloti was located 1.5 kb away from this 
nod Tn5 insertion. A Tn5 insertion in nod locus 2 caused 
the loss of stem and root nodulation capacity but root hair 
curling still occurred. The physical maps of a 20.5 kb DNA 
region of nod locus 1 and of a 40 kb DNA region of nod 
locus 2 showed no overlaps. The two nod loci are not closely 
linked to ng locus 1, containing the structural genes for 
the nitrogenase complex (Elmerich et al. 1982). 
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Gram-negativ: soil bacteria of the genera Rhizobiuh and 
Bradyrhizdbiuni -symbiotically associate with leguminous 
plants and induce the differentiation of new plant organs, 
the nodules. Inside the nodules the bacteria reduce molecu- 
lar dinitrogen into ammonium which is made available to 
the plant host as a nitrogen source. With few exceptions 
the nodules are formed on the roots of the host plants. 
Some legume species, belonging to the genera Neplunia, 
Aeschynomene and Sesbania, however also bear aerial nod- 
ules on their stem (for a review, see Dreyfus et al. 1984). 
A very profuse stem nodulation is induced on the annual 
tropical legume Sesbailia rostrata by a particular bacterial 
strain ORS571 (Dreyfus and Dommergues 1981). This 
plant/bacterium interaction presents some very interesting 
features. 

Strain ORS571 induces effective nodules on both roots 
and stems of S. roslrata. The stem nodulation occurs at 
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predetermined sites, namely root primord&that are evenly 
distributed on vertical lines all along the stem (Duhoux 
and Dreyfus 1982). The dormant root primordia can differ- 
entiate either into nodules, when infected with strain 
ORS571, or into roots when immersed in water. Apart from 
this particular interaction with its plant host, strain ORS571 
is unique among symbiotic N,-fixing bacteria because it 
can also fix N, in the free-living state and grow at the 
expense of Nz as sole nitrogen source (Dreyfus et al. 1983; 
Gebhardt et al. 1984). Although it has a generation time 
similar to that of the fast-growing rhizobia, strain ORS571. 
is more closely related to the slow-growing bradyrhizobia 
(Jarvis et al. 1986). Recent results from an elaborate taxo- 
nomic study indicate that strain ORS571 actually represents 
a new genus (Dreyfus et al., in preparation), more closely 
related to the genus Xatithobacter than to the genus Brady- 
rhizobium. 

To date the molecular genetic analysis of strain ORS571 
has been focused on the study of genes essential for nitrogen 
fixation (nzj). Three nifloci have been identified after ran- 
dom mutagenesis and direct screening for Nif- mutants 
on agar plates (Donald et al. 1986). One of these loci, n$ 
locus 1, contains genes homologous to the nifHDK and the 
nifE genes of Klebsiella pneumoniae (Elmerich et al. 1982; 
Norel et al. 1985), and to the n$A regulatory gene of Rhizo- 
bium meliloti (Donald et al. 1986). We are interested in the 
study of the ORS571 nodulation genes, and in particular 
in genes specifically required for either root or stem nodula- 
tion. Indeed, the early interaction between ORS571 and 
S. rostrata is different for root versus stem infection. Root 
nodulation occurs, as in most legumes, via root hair curling 
and subsequent infection thread formation (Olsson and 
Rolfe 1985). Stem nodulation in contrast occurs via a mech- 
anism related to the "crack entry" observed in a few tropi- 
cal legumes, such as Arachis hypogaea (Chandler 1978). 
Stem nodulation starts by direct intercellular infection and 
proliferation of ORS571 in the intercellular space of the 
basal cells of the root primordia. Simultaneously, cortical 
cells are induced to dedifferentiate and the bacteria pene- 
trate in the resulting meristematic cells via infection threads 
(Tsien et al. 1983; Duhoux 1984). The identification of 
genes essential for these two modes of infection may con- 
tribute to a better understanding of the mechanisms under- 
lying infection via root hair curling or crack entry. Further- 
more, given its different taxonomic position it will be infor- 
mative to compare the ORS571 nod genes with those of 
the Rhizobiaceae. 
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Table 1. Bacterial strains and plasmids 

Strain Relevant characteristics Source or reference 

ORS571 Stem-nodulating strain 
of Sesbania rostrata; 
new genus, new species 

ORS571-1 Tn.5 Nod-1 
ORS571-2 Tn5 Nod-2 

Rhizobium meliloti 
1021 Str' 

Escherichia coli . 

HBlOl 

' BHB2600 
SMl0 

P 1 as m i d 
pBR325 
pHC79 

pSUP2021 

pLAFRl 

pRK2013 
pRS2 

pEK12 

pJS209 

pJS204 

pGMI149 

pRG70 

pRG71 

pRG72 

pRG701 

pRG7011 

pRG20 

pRG21 

F y g r o  leu thi IucY Str' 
r- m- Endol- RecA- 
SupE' SupF' r; m i  met- 
RP4-2-Tc: : Mu integrated 
(tra Km') 
thi thr leu SuIII lac recA 

Ap' Tc' e m r  
Ap' Tc' /z cos 

pBR325 mob: : Tn5 Ap' 
Tc' c m '  Km' 
Wide host range cosmid Tc' 

rep ColEI Km' 
pBR322 containing 
nifHDK genes of ORS571 
pBR322 containing 
nodABC of Rm41 
pIN-II-A2 containing 
the nodC gene of Rm41 
PIN-II-A2 containing 
the nodA gene and a portion 
of the nodB gene of Rm41 
pRK290 containing nod genes 
of Rm1021 
pLAFRl containing nod 
locus 1 of ORS571 
pHC79 with partial SalI 
insert from nod locus 1, 
containing Tn5 Nod-I 
pBR325 with 18.5 kb 
EcoRI fragment, 
containing Tn5 Nod - 1 
pBR325 containing 12.7 kb 
EcoRI fragment of pRG70 
3 kb EcoRI-BamHI 
fragment of pRG701 
in pBR325 EcoRI-BamHI 
pLAFRl containing nod 
locus 2 of ORS571 
SaII fragment of nod locus 2 
in pHC79, contains part 
(Km') of Tn5 Nod-2 

Dreyfus and 
Dommergues (1981); 
Dreyfus et al., 
in preparation 
This work 
This work 
This work 

Meade et al. 
(1982) 

Boyer and Roulland- 
Dussoix (1969) 
Hohn (1 979) 
Simon et al. (1983) 

Bolivar (1978) 
Hohn and Collins 

Simon et al. (1983) 
(1 980) 

Friedman et al. 
(1982) 
Ditta et al. (1980) 
Elmerich et al. 
(1 982) 
Schmidt et al. 
(1984) 
John et al. (1985) 

Schmidt et al. 
(1984) 

Truchet et al. (1985) 

This work 

This work 

This work 

This work 

This work 

This work 

This work 
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Table 1. (continued) 

Plasmid Relevant characteristics Source or reference 

D R G ~ O  This work 
This work pLAFRl clones overlapping This work 
This work 

pRG32 
pRG33 niflocus I D R G ~ ~  
pRG35 This work 

pRG31 Partial Sun insert of nif This work 
locus 1 in pHC79; 
contains Tn5 Nif-14 

subcloned in pBR325; 
contains homology 
to pRG701 insert 

pRG801 7.35 kb EcoRI fragment This work 

In order to identify ORS571 nodulation genes we car- 
ried out a random Tn5 mutagenesis and screened the mu- 
tant bacteria for defective nodulation. In this paper we de- 
scribe the isolation of two independent mutants which have 
lost all nodulation capacity. We report on the cloning and 
characterization of these nod loci and on the comparison 
by DNA hybridization to the common nod genes of the 
fast-growing rhizobia (Kondorosi et al. 1984). 

Materials and methods 

Bacterial strains and plasmids. The bacterial strains and 
plasmids used in this study are listed in Table 1. 

ORS571 cultures were grown at 37" C in LSR medium 
containing per litre: 5 g D-L sodium lactate; 5 g disodium 
succinate.6H20; 1 g yeast extract; 1 g (NH4),S04; 0.1 g 
NaCl; 0.2 g MgS04.7H,0; 1.67 g K2HP04; 0.87 g 

R.  meliloti was grown at  28" C in TY medium (Beringer 
1974); Escherichia coli cultures were grown in Luria broth 
medium (Miller 1972) at 37" C. 

KHzP04; pH 6.8. 

Tn5 mutagenesis. Late exponential growth phase cultures 
of E. coli SMlO(pSUP2021) and strain ORS571 were mixed 
in equal proportions. One hundred microlitres of the mix- 
ture was plated on solid LSR medium and incubated over- 
night at  37" C. The cells were resuspended and plated on 
selective LSR medium with 100 pg/ml streptomycin and 
100 pg/ml kanamycin. Sm' Km' ORS571 colonies were pur- 
ified on the same medium. In order to distinguish between 
pSUP2021 cointegration and Tn5 transposition, the Sm' 
Km' colonies were replica-plated on LSR plates with 
12.5 pg/ml chloramphenicol and on LSR plates with 7.5 pg/ 
ml tetracycline. We never saw expression of the tetracycline 
resistance gene of pSUP2021 in E. coli. However, in 
ORS571 the gene was expressed and caused resistance to 
7.5 pg/ml tetracycline. The carbenicillin resistance encoded 
by the pSUP2021 plasmid could not be used as a marker 
for cointegration because strain ORS571 itself is highly re- 
sistant to this antibiotic. . 

Plate assay for auxotrophy and for free-hing N2 fixation. 
ORS571 colonies were replica-plated onto minimal LSO 
medium plates (Elmerich et al. 1982) with or without 1 g/1 
(NH4)2S04 added as a nitrogen source. One percent agar- 



ose (Sigma) was used to solidify these media. NHa-contain- 
ing plates dere incubated in the air; plates without NH; 
were incubated in a growth chamber at 37" C under a con- 
tinuous flow atmosphere consisting of N,.: O, (97 : 3 v/v). 
Auxotrophic mutants did not grow on either type of plates. 
Nif- mutants grew perfectly well on the NHZ medium but 
showed very poor growth under N2 fixation conditions. 

Plant tests. Root nodulation tesis and reisolation of bacte- 
ria from surface-sterilized nodules were performed as de- 
scribed by Vincent (1970). 

Nitrogenase activity in root nodules was assayed by 
measuring the reduction of acetylene to ethylene by gas 
chromatographic analysis as described by Hardy et al. 
(1968). Stem nodulation was assayed on S. rostrata plants 
by applying a drop of an exponentially growing ORS571 
culture along the rows of well-developed root primordia. 

Root hair curling. Light microscopic analysis of root hair 
curling was carried out as described by Vincent (1970). 

Triparental matiiigs. In order to mobilize pLAFRl clones 
from E. coli to ORS571 or vice versa, triparental matings 
were carried out as described by Ditta et al. (1980) using 
pRK2013 as a helper plasmid. pLAFR1-containing 
ORS571 transconjugants were selected by plating the mat- 
ing mixture on LSR agar plates with 500 pg/ml carbenicillin 
and 10 pg/ml tetracycline. To mobilize pLAFRl clones 
back to E. coli, a rifampicin-resistant derivative of HB101 
was used as the recipient strain and transconjugants were 
selected on LB plates with 100 pg/ml rifampicin and 10 pg/ 
ml tetracycline. 

DNA preparation. Total DNA of strain ORS571 and of 
R.  meliloti 1021 was prepared according to Dhaese et al. 
(1979). In order to obtain clear lysates, bacteria were 
washed once in 0.4~01. cold TES (50mM Tris, 50mM 
NaCl, 5 mM EDTA, pH 8.0), and once in 0.4 vol. cold TE 
(20 mM Tris, 20 mM EDTA, pH 8.0). The cells were resus- 
pended in 0.2~01. 50mM glucose, 25mM Tris-HC1, 
pH 8.0, 10 mM EDTA, and treated with 20 mg/ml lyso- 
zyme at 37" C for 30 min. Pronase (preheated at 37" C) 
was added (500pg/ml final concentration), and the cells 
were incubated for 30 min. Lysis was completed by adding 
SDS (2.5% final concentration) and incubating at 37" C. 

For small-scale plasmid preparation the method of Birn- 
boim and Doly (1979) was used. For large-scale plasmid 
isolation the scaled-up version of the same method was 
used followed by purification of the plasmid DNA by ce- 
sium chloride-ethidium bromide gradient centrifugation 
(Maniatis et al. 1982). 

DNA biockenzistry and recoinbinant DNA techniques. The 
standard techniques described by Maniatis et al. (1 982) 
were used for digestion of DNA with restriction endonucle- 
ases (purchased from Boehringer, Mannheim, FRG), gel 
electrophoresis, Southern blotting, dephosphorylation of 
DNA, purification of DNA from agarose gels, ligation, and 
transformation of E. coli. For cloning of ORS571-1, 
ORS571-2, and ORS571-34 DNA in the cosmid vector 
pHC79, total ORS571 DNA was partially digested with 
San  to yield a good representation of restriction fragments 
in the 20-30 kb size range. Ligation to San-cut pHC79, 
in vitro packaging, and transfection to E. coli HBlOl were 
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as described by Maniatis et al. (1982). After transfection, 
E. coli HBlOl colonies resistant to 25 pg/ml kanamycin and 
to 100 pg/ml carbenicillin were selected, in order to isolate 
ORS571 DNA segments mutated by Tn5 transposition. A 
pLAFRl gene library of ORS571 DNA partially digested 
with EcoRI was provided by Dr. F. De Bruijn (Max- 
Planck-Institut für Züchtungsforschung, Köln, FRG), and 
introduced into E. coli BHB2600 by transfection and selec- 
tion for E. coli colonies resistant to 10 pg/ml tetracycline. 

DNA hybridization. DNA hybridizqtion was carried out in 
a non-fat dry milk based reagent as a substitute for Den- 
hardt's hybridization mix, according to Johnson et al. 
(1984). Filters were preincubated in 3 x SSC (0.45 M NaCl, 
0.045 M sodium citrate.2H20), 0.25% w/v non-fat dry 
milk (Gloria) for 2 h at  60" C. Hybridization was carried 
out overnight at 68" C in 3 x SSC, 0.25% w/v dry milk, 
0.5% SDS, 1 mM Na,-EDTA. 32P-labelled DNA probes 
were prepared by nick translation as described by Rigby 
et al. (1977). The blots were washed 6 times for 15 min at  
68" C in 3 x SSC, 0.5% SDS, and a final time in 3 x SSC. 

For low-stringency hybridization the same conditions 
were used but the hybridization and the washes were carried 
out at 60" C. Colony hybridization was carried out accord- 
ing to Maas (1983). The blots were exposed to X-ray films 
at - 70" C with an intensifying screen. 

1 

Results 

Random transposon mutagenesis of strain ORS571 

For the mutagenesis of strain ORS571 we used the 
pSUP2021 vector (Simon et al. 1983) which carries a Tn5 
transposon on an efficiently mobilizable pBR325 derivative. 
The limited host range plasmid pBR325 cannot be main- 
tained as a separate replicon in ORS571. The Tn5-encoded 
resistance to streptomycin, which is not expressed in E. coli 
(Putnoky et al. 1983), is expressed in ORS571. Thus, after 
mating between E. coli SMlO(pSUP2021) and ORS571, 
streptomycin was used both to eliminate the E. coli donor 
and to select, in combination with kanamycin, for Tn5- 
harbouring ORS571 derivatives. Sm' Km' ORS571 trans- 
conjugants appeared at a frequency of about Two 
thousand of these colonies were purified and screened for 
the presence of pSUP2021 vector-encoded markers, for aux- 
otrophy and for free-living nitrogen fixation. They were 
all tested for nodulation capacity and symbiotic N2 fixation 
by inoculating the roots of sterile S. rostrata plantlets indi- 
vidually grown in test-tubes. 

Approximately half of the Sm' Km' ORS571 colonies 
also expressed the vector-encoded resistance to chloram- 
phenicol and/or tetracycline, indicating a cointegration of 
pSUP2021 in the ORS571 genome. The other half of the 
Sm' Km' colonies were sensitive to both chloramphenicol 
and tetracycline, and may have arisen by transposition of 
Tn5. 

Auxotrophic mutants were found with a frequency of 
1 %. Some were deficient in nodulation or in symbiotic N2 
fixation. These were not studied further. Among the non- 
auxotrophic ORS571 derivatives three major types of sym- 
biotically defective mutants were found. A first group of 
four Nif- mutants no longer fixed dinitrogen, either in the 
free-living or in the symbiotic state. They were easily recog- 
nized by their defective growth on solid medium when at- 
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mospheric Nz was the nitrogen source. In root nodules, 
induced by theSe mutants, no acetylene reduction was de- 
tected. The nodulated S. rostrata plants showed a nitrogen- 
starved phenotype. 

In a second group of seven Fix- mutants, the free-living 
N,, fixation was not affected at all, but ineffective root nod- 
ules were formed, without measurable acetylene reduction 
and again the nodulated plants looked nitrogen-starved. 
These Fix- mutants are defective in functions exclusively 
required for symbiotic N, fixation. Finally, we found two 
mutants, strains ORS571-1 and ORS571-2, which did not 
nodulate S. rostrata roots. They were not affected in their 
free-living N, fixation capacity. These Nod- mutants 
formed the basis of our present study. 

Features of Nod- mutants 

The Nod- mutants showed a slightly different phenotype 
when inoculated on roots of S. rostrata. Strain ORS571-1 
caused no noticeable response, whereas strain ORS571 -2 
reproducibly induced a faint swelling at  the junction of 
the lateral roots to the main root, precisely at the position 
where root nodules are normally induced by the wild-type 
strain ORS571. No effect was observed with either mutant 
upon inoculation of S. rostrata stems. Light microscopic 
examination (data not shown) of the root hairs present near 
the origin of the lateral roots, revealed normal root hair 
curling in the presence of the Nod- mutant 2 and a begin- 
ning of infection thread formation. No root hair curling 
was observed in the presence of the Nod- mutant 1. An 
elaborate morphological study of the effect caused by these 
and other symbiotic ORS571 mutants on root hair curling 
and infection thread formation will be described separately 
(Dreyfus et al., in preparation). 

Both Nod- mutants were sensitive to chloramphenicol 
and to tetracycline. Total DNA, digested with EcoRI, did 
not hybridize to nick-translated pBR325 DNA. With 32P- 
labelled DNA of the Tn5-containing vector pSUP2021 as 
a probe, a single 18.5 kb DNA fragment was detected in 
Southern hybridization of total EcoRI-digested ORS571-1 
DNA, corresponding to Tn5 transposition in a wild-type 
EcoRI fragment of about 12.7 kb. With strain ORS571-2 
a 12 kb EcoRI fragment hybridized to the pSUP2021 probe, 
indicating transposition of Tn5 in an approximately 6 kb 
wild-type EcoRI fragment. By selecting for the Tn5-en- 
coded resistance to kanamycin, the mutated DNA regions 
of strains ORS571-1 and ORS571-2 were cloned in E. coli 
plasmid vectors, for instance as partial SalI inserts in the 
cosmid vector pHC79 (clone pRG71 in Fig. 1, clone pRG21 
in Fig. 2) or as a single EcoRI fragment in pBR325 (clone 
pRG72 in Fig. 1). From a comparison of the physical map 
of these Tn5-containing clones with the map of clones com- 
plementing the Nod- mutations (see below) it was con- 
cluded that the Nod- phenotype of strains ORS571-1 and 
ORS571-2 was caused by the insertion of a Tn5 transposon 
(Figs. 1 and 2). 

Cloning ~Jnodulation genes 

A pLAFRl gene library of ORS571 DNA, constructed by 
Dr. F. De Bruijn (MPI, Köln), was used to select a clone 
which complemented the Nod- mutant ORS571-2. The 
pLAFR1 library was mobilized en masse from E. coli 
BHB2600 into ORS571-2 in a triparental mating with 
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Fig. 1. Physical map of nod locus Y of strain ORS571. The EcoRI 
(R) and San (S) restriction map of a 20.5 kb DNA region sur- 
rounding the Nod-1 Tn5 insertion is presented together with the 
map of the inserts of clones pRG70, pRG71, and pRG72. pRG71 
and pRG72 contain part of the mutated region of strain ORS571-1, 
cloned in the vectors pHC79 and pBR325, respectively. The 8.2 kb 
EcoRl fragment of the complementing pLAFRY clone pRG70, 
indicated in dotted lines, was probably artificially joined to the 
rest of pRG70 during the cloning (see text) 
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Fig. 2. Physical map of nod locus 2 of strain ORS571. A 40 kb 
DNA region surrounding the Nod-2 Tn5 insertion was character- 
ized. The SUD (S) and EcoRI (R) restriction maps of the inserts 
of clones pRG21 and pRG20 are presented. pRG21 contains part 
of the mutated region of strain ORS571-2. The pLAFRl clone 
pRG20 complements the Nod- phenotype of ORS571 -2 

E. coli (pRK2013) as the source of a helper plasmid. About 
3,000 Tc' ORS571-2 transconjugants were pooled and mass 
inoculated on S. rostrata roots. A few nodules appeared. 
Bacteria were reisolated from the surface-sterilized nodules 
and the pLAFRl clone they contained was mobilized back 
to E. coli HBlOl Rif' in a triparental mating, in order to 
facilitate its analysis. Thus, a clone, pRG20, was identified 
which contains five EcoRI fragments of 0.8, 3.7, 5.7, 6.3 
and 13 kb; respectively (Fig. 2). Southern hybridization of 
32P-labelled pRG20 DNA to EcoRI-digested total DNA 
of the wild-type strain and of the strain ORS571-2 showed 
that the 6.3 kb fragment of pRG20 corresponds to the Tn5- 
containing EcoRI fragment in the Nod- mutant (data not 
shown). When pRG20 was introduced into strain ORS571- 
2, all Tc' transconjugants tested had regained the wild-type 
nodulation capacity. They induced normal N,-fixing nod- 
ules on both roots and stems of S. rostrata. No effect on 
the Nod- phenotype of strain ORS571-1 was observed 
upon introduction of pRG20. 

A similar in vivo complementation experiment with the 
pLAFRl gene bank in strain ORS571-1 did not yield any 
nodules. Therefore, we used the Tn5-harbouring 18.5 kb 
EcoRI fragment of ORS571-1, cloned in pBR325 (clone 
pRG72 in Fig. 1) as a hybridization probe to select the 
corresponding wild-type sequence from the pLAFR3 gene 
library by colony hybridization. Of 384 colonies 1 hybrid- 
ized very strongly, while several others showed varying de- 
grees of hybridization. The latter clones contained one or 



another of a series of repeated sequences present at several 
positions in' the ORS571 genome (Goethais et al., unpub- 
lished results). The one, strongly hybridizing clone, pRG70, 
contained three EcoRI fragments of 6.8, 8.2 and 12.7 kb, 
respectively, that of 12.7 kb being the wild-type fragment 
homologous to the Tn.5-harbouring hybridization probe. 
When pRG70 was mobilized into ORS571-1, the nodula- 
tion capacity was restored. No effect of pRG70 was notice- 
able in Nod- strain ORS571-2. For an as yet unknown 
reason the mobilization frequency of clone pRG70 into sev- 
eral recipient strains was much lower than usual. When, 
for instance, pRG20 was mobilized into strain ORS571 -1 
or ORS571-2, Tc' transconjugants appeared with a fre- 
quency of 5 x 10-1 whereas the frequency of mobilization 
of pRG70 into the same recipient strains was 1,000 times 
lower. This feature might explain why pRG70 could not 
be selected by in vivo complementation of the nodulation 
deficiency after mobilization en masse of the pLAFR1 li- 
brary into strain ORS571-1. 

Physical characterization of the two nod loci 

The SalI and EcoRI restriction maps of the two ORS571 
DNA regions identified by Nod- Tn5 insertions are pre- 
sented in Figs. 1 and 2. They are based on restriction analy- 
sis of Tn.5-containing clones, isolated from the mutant 
strains, and of the corresponding complementing pLAFRl 
clones. 

A 20 kb DNA region (nod locus 1) surrounding the 
Nod- mutation of ORS571-1 was characterized. From a 
comparison of the overlapping regions of the partial EcoRI 
clone pRG70 and the partial SalI clone, pRG71, it followed 
that pRG71 contains an authentic piece of ORS571-1 
DNA, and that the 6.8 kb and 12.7 kb EcoRI fragments 
of pRG70 are authentic adjacent fragments of the wild-type 
genome. The additional 8.2 kb EcoRI fragment of pRG70, 
however, most probably represents a cloning artefact. In- 
deed, the leftmost 2.4 kb SalI fragment of pRG71 is not 
present as such in pRG70 (Fig. 1). Moreover, Southern hy- 
bridization of total ORS571 DNA and pRG70 DNA di- 
gested with SalI, HindIII, or BaniHI to 32P-labelled DNA 
of the 6.8 kb EcoRI fragment of pRG70 clearly demon- 
strated that the 8.2 kb and 6.8 kb EcoRI fragments are not 
present as neighbouring fragments in the ORS571 genome 
as they are in clone pRG70 (data not shown). When EcoRI- 
digested total ORS571 DNA was hybridized against a 
pRG70 probe, three EcoRI fragments identical in size to 
those in pRG70 were detected. Therefore, we have no evi- 
dence for potential genomic rearrangements as the cause 
of the observed discrepancies ; the most likely explanation 
is an artificial ligation of two independent EcoRI sites dur- 
ing the construction of the cosmid library. 

A 40 kb DNA region from nod locus 2, corresponding 
to the Nod-2 mutation was characterized. The clone 
pRG20 contains an authentic piece of ORS571 DNA de- 
rived from this region. Southern hybridization of HindIII, 
BamHI, and SaII digests of total ORS571 DNA and of 
pRG20 DNA to a 32P-labelled pRG20 probe revealed frag- 
ments in the genomic digests identical in size to internal 
fragments of the pRG20 partial EcoRI insert (data not 
shown). 

From a comparison of the physical map of nod loci 1 
and 2 in Figs. 1 and 2 it follows that there are no restriction 
fragments common to these two loci. In addition, no cross- 
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Fig. 3. Physical map of the EcoRl (R) and SalI (R) sites of a 
50 kb DNA region of strain ORS571 containing nif locus 1. The 
partial Su[I clone pRG33 contains the Nif- Tn5 insertion of strain 
ORS571-14. The clones pRG32, pRG34, pRG30, pRG33, and 
pRG35 contain partial EcoRI fragments in the vector pLAFRl. 
pRS2 contains ORS571 genes homologous to the nifHDK and the 
nifE genes of Klebsiella pnewnoniue (Elmerich et al. 1982; Norel 
et al. 1985) in a 13 kb BurnHI (B) fragment 

hybridization was observed between the clones pRG20 and 
pRG70. The two Nod- mutations are separated from each 
other by at least 27 kb. 

Location of the two nod loci relative to niflocus 1 
The nif locus 1 of strain ORS571 contains the structural 
genes for the nitrogenase complex. The clone pRS2 was 
initially isolated by Elmerich et al. (1982) on the-basis of 
homology to the cloned nifHDK genes of K.pneumoniae. - 
pRS2 consists of a 13 kb RamHI fragment of ORS571 
cloned in the vector pBR322. We used several approaches 
to isolate large clones derived from nif locus 1. From one :.I 
of our randomly isolated Nif- mutants, strain ORS571-14, .: 
a partial SalI fragment was cloned in the cosmid vector: 
pHC79 by selecting for the Tn5-encoded kanamycin resis- 
tance (clone pRG31). Restriction analysis of clone pRG31 
in comparison with clone pRS2 (Fig. 3) showed that the - 
Nif-14 Tn5 insertion was located in the nifD gene, as 
mapped by Elmerich et al. (1982). The clone pRG30 (Fig. 3) 
was isolated by mobilization en masse of the pLAFRl gene 
library into ORS571-14 and selecting for Nif i transconju- 
gants. The clones pRG32, pRG33, pRG34, and pRG35 
were selected.from the pLAFRl gene bank by colony hy- 
bridization using the 13 kb insert of pRS2 as a hybridiza- 
tion probe. This set of clones allowed the construction of 
a physical map of a 50 kb DNA region containing niflo- 
cus 1 (Fig. 3). 

Comparison of the EcoRI and SalI restriction maps of 
niflocus 1 and nod loci 1 and 2 (Figs. 1-3) shows that there 
are no overlaps between these three regions, since there 
are no common restriction fragments. The Nod-1 mutation 
is separated from the nifHDK genes by at least 35 kb, the 
Nod-2 mutation by at least 42 kb. Up to now we have 
not obtained any evidence for the presence of large plasmids 
in strain ORS571. The symbiotic genes of strain ORS571 
seem to be spread over a number of possibly widely sepa- 
rated loci on the chromosome. 

Honzology between nod locus I 
and the coinnion nod genes of R. nzeliloti 

In order to investigate whether the nod loci of strain 
ORS571 are related to the common nod genes of R. nzeliloti, 
Southern-blotted EcoRI digests of the clones pRG20 and 
pRG70 were hybridized to the 32P-labelled 3.5 kb EcoRI- 
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BamHI insert of the clone pEK12 (Schmidt et al. 1984) 
which contains the nodABC genes of R. meliloti. Under low 
stringency hybridization conditions, at 60" C in 3 x SSC, 
the probe hybridized only to the 32.7 kb EcoRI fragment 
of pRG70 (Fig. 4). A unique weakly hybridizing band of 
similar size was revealed in EcoRI-digested total ORS571 
DNA (data not shown). No homology between pEK12 and 
pRG70 was detected when hybridization was carried out 
at 65" C. Subsequently, the homology to the nodABC probe 
was narrowed down to a 3 kb EcoRI-BamHI subfragment. 
A detailed restriction map of this fragment, subcloned in 

EcoRI-BamHI-cut pBR325 (pRG7011; Fig. 6) was con- 
structed and several digests were Southern-blotted and hy- 
bridized to two different probes. First, we used the node- 
containing 1.8 kb EcoRI subfragment from pJS209 (John 
et al. 1985). From Figs. 5 and 6 it can be seen that the 
rightward 1.65 kb Apd-BamHI fragment and the leftward 
1.5 kb ClaI fragment from the pRG7011 insert contain 
nodC homologous sequences. The nodC homology is lo- 
cated in the overlap between these fragments. When 
pRG7013 was digested with EcoRI + BgZII + BamHI, al- 
most all hybridization signals disappeared. We concluded 
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that a 0.1 kb BgnI fragment (which had run off the 0.8% 
agarose gel) ‘contains the strongest homology. Preliminary 
sequence data confirmed this conclusion. Secondly, we used 
the EcoRI insert of pJS204 (Schmidt et al. €984). This frag- 
ment contains nodA and part of nodB from R. meliloti. With 
this probe no conclusive hybridization results were ob- 
tained. Any potential sequence homology to nod locus 1 
must be extremely weak, much weaker than with the nodC 
probe. 

The Nod- 1 mutation, which is located approximately 
1.5 kb to the right of the nodC homology (see Fig. 6) was 
not complemented by pGMI149, a broad host range clone 
containing all nod genes from R. meliloti 1021 (Truchet 
et al. 1985). 

Discussion 

As an initial approach in searching for nodulation genes 
in strain ORS571 we carried out a random Tn5 mutagene- 
sis. Using the Tn5-carrying vector pSUP2021 from Simon 
et al. (1983) in ORS571, we obtained both true Tn5 transpo- 
sition and vector cointegration in approximately equal pro- 
portions. Vector cointegration mediated by the entire Tn.5 
transposon or by its ISSO-R element is a well-documented 
phenomenon in E. coli, where it is dependent on the recA 
product (Hirsche1 et al. 1982a, b). After the mutagenesis 
we screened not only for nodulation-defective ORS571 de- 
rivatives but also for mutants affected in the free-living 
and/or symbiotic N, fixation capacity. Nod-, Nif-, and 
Fix- ORS571 mutants were isolated. The Nif- mutants 
had lost both free-living and symbiotic N, fixation capacity. 
One of them was located in nif locus 1, a region of the 
ORS571 genome that contains genes homologous to the 
izifHDK genes of K. prieunroniae (Elmerich et al. 1982; 
Donald et al. 1986). The map position of the other Nif- 
mutants has not been determined. 

The Fix- ORS571 mutants fixed N, normally in the 
free-living state but induced ineffective nodules on S. ros- 
trata. Although we have not yet further characterized them, 
we want to point out the particular interest of this type 
of mutants and the great advantage of strain ORS571 for 
making the distinction between mutations affecting the N2 
fixation process sensu stricto and mutations affecting other 
functions required exclusively for the symbiotic association. 
The latter functions may be involved in bacteroid differenti- 
ation, interaction with the plant host, or regulation of sym- 
biotic N, fixation. 

In the present paper we concentrated on the character- 
ization of two nod loci from strain ORS571, identified by 
two independent Tn5 insertions which caused the loss of 
both root and stem nodulation capacity. With strain 
ORS571-1, mutated in nod locus 1, no noticeable response 
of either stems or roots of S. rostrata was observed. The 
strain no longer induced the curling of the root hairs present 
near the origins of lateral roots on the host plant. A 
pLAFRl clone, pRG70, was isolated which complements 
the Nod-1 mutation, and a physical map of a 20.5 kb DNA 
region surrounding the Nod- 1 mutation was constructed. 
Subsequently, we investigated whether nod locus 1 shows 
any homology to the common nodABC genes of R. meliloti 
(Kondorosi et al. 1984). This set of three contiguous genes, 
together with an adjacent regulatory gene nodD (Mulligan 
and Long 1985) is structurally and functionally conserved 
in the very related fast-growing Rhizobiuin species R. meli- 
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loti, R. leguminosarum, R.  trgolii, and R. phaseoli (Kondo- 
rosi et al. 1984; Török et al. 1984; Rossen et al. 1984; Djor- 
djevic et al. 1985; Lamb and Hennecke 1986). Also, a more 
widely divergent fast-growing Rhizobium species, the wide 
host range strain MPIK3030, has been shown to contain 
a gene homologous to nodC of R. meliloti (Bachem et al. 
1985). The presence of common nod genes has been demon- 
strated in several species of the slow-growing bradyrhizobia 
(Noti et al. 1985; Russell et al. 1985; Marvel et al. 1985; 
Lamb and Hennecke 1986). In strain ORS571, which is 
taxonomically sufficiently divergent from rhizobia and bra- 
dyrhizobia to be included in a new genus (Dreyfus et al., 
in preparation), we observed a weak homology to the nodC 
gene of R. meliloti. Under low stringency DNA hybridiza- 
tion conditions, a nodC-specific probe hybridized to a 
400 bp sequence some 1.5 kb away from the Nod-1 muta- 
tion in nod locus 1. The hybridization was strongest to the 
rightmost 200 bp of this sequence. Homology to the nodAB 
genes of R.  meliloti could not convincingly be demonstrated 
and if it exists at all in ORS571, it must be extremely weak 
and barely detectable. The Nod-1 mutation was not com- 
plemented by clone pGMI149 which contains the common 
nod genes of R. meliloti 2011 (Truchet et al. 1985). How- 
ever, preliminary results from an extensive site-specific mu- 
tagenesis of nod locus 1 indicate that Tn5 insertions in the 
region of nodC homology affect the nodulation capacity 
of strain ORS571 and can be complemented by pGMI149 
although not to the full wild-type Nod’, plienotype. The 
12.7 kb EcoRI fra,ment of nod locus 1, in which the nodC 
homology and the Nod-1 Tn5 insertion are located, also 
contains a copy of two unrelated sequences that are re- 
peated several times in the genome of ORS571. These se- 
quences are not present however in nod locus 2 or in nif 
locus 1 (Goethals et al., unpublished results). Further char- 
acterization is needed in order to determine their nature 
and to investigate any possible role in symbiosis. 

The second nod locus of strain ORS571 did not show 
any homology to the common nod genes and may contain 
genes comparable to the host-specific nodulation genes (haz) 
of R. meliZoti (Kondorosi et al. 1984). Strain ORS571-2, 
mutated in nod locus2, induced a slight swelling at the 
junction of the lateral roots with the main root of S. ros- 
trata and root hair curling stiIl occurred. The physical map 
of a 40 kb DNA region containing nod locus 2 showed no 
overlap with nod locus 1. Neither of the two nod loci is 
closely linked to niflocus 1 of which we determined a physi- 
cal map stretching 25 kb to the left and to the right of 
the nij”HDK genes. As we never obtained evidence for the 
presence of large plasmids in strain ORS571, we assume 
that nod locus 1, nod locus 2, and nij” locus 1 of ORS571 
are located on the chromosome, an organization which may 
reflect the closer relatedness of strain ORS571 to the bra- 
dyrhizobia than to the fast-growing rhizobia. 

At present, we are carrying out an extensive site-specific 
mutagenesis of the nod loci of strain ORS571 and are com- 
paring the effect of mutations on the interaction of ORS571 
with stems and roots of S. rostrata. 

AcX-no,Yledgentent. The authors wish to thank Dr. Frans De Bruijn 
for providing the pLAFRl gene library and Drs. Jeff Schell and 
Allan Caplan for critical reading of the manuscript. We also thank 
Ms Martine De Cock and Serge Elia for typing the manuscript, 
Kare1 Spruyt and Stefaan Van Gijsegem for preparing the figures 
and Lynn De Wynter, Hilde Decraemer, Ibraham N’Doye and 



298 

Saer N’Diaye for,excellent technical help. M.H. is a Senior Research 
Associate of the ,National Fund for Scientific Research (Belgium) 
and K.G. is a recipient of an IWONL fellowship. The work was 
supported by grants from the C.E.C. R & D programme “Science 
and Technology for Development” contract No. TSD-A-124 and 
by NATO Research Grant No. 600/83. It was also supported by 
grants from the “ ASLK-Kankerfonds”, the “Fonds voor Wetens- 
chappelijk Geneeskundig Onderzoek” (FGWO 3.0001.82), and the 
Services of the Prime Minister (OOA 12.0561.84). 

References 
Bachem CWB, Kondorosi E, Banfalvi Zs, Horvath B, Kondorosi 

A, Schell J (1985) Identification and cloning of nodulation 
genes from the wide host range Rhizobium strain MPIK3030. 
Mol Gen Genet 199:271-278 

Beringer JE (1974) R factor transfer in Rhizobium leguminosarum. 
J Gen Microbiol 84:188-198 

Bimboim HC, Doly J (1979) A rapid alkaline extraction procedure 
for screening recombinant plasmid DNA. Nucleic Acids Res 

Bolivar F (1978) Construction and characterization of new cloning 
vehicles. III. Derivatives of plasmid pBR322 carrying unique 
EcoRI sites for selection of EcoRI generated recombinant DNA 
molecules. Gene 4: 121-1 36 

Boyer HW, Roulland-Dussoix D (1 969) A complementation analy- 
sis of the restriction and modification of DNA in E. colì. J 
Mol Biol 41 :459472 

Chandler MR (1978) Some observations on infection of Arachis 
hypogaea L. by Rhizobium. J Exp Bot 29:749-755 

Dhaese P, De Greve H, Decraemer H, Schell J, Van Montagu 
M (1979) Rapid mapping of transposon insertion and deletion 
mutations in the large Ti-plasmids of Agrobacterium tumefa- 
ciens. Nucleic Acids Res 7 : 1837-1849 

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

Djordjevic MA, Schofield PR, Ridge RW, Morrison NA, Bassam 
BJ, Plazinski J, Watson JM, Rolfe BG (1985) Rhizobium nodu- 
lation genes involved in root hair curling (Hac) are functionally 
conserved. Plant Mol Biol 4: 147-160 

Dreyfus B, Dommergues YR (1981) Nitrogen fixing nodules in- 
duced by Rhizobium on the stem of the tropical legume Sesbunia 
rostrata. FEMS Microbiol Lett 10: 313-317 

Dreyfus B, Elmerich C, Dommergues YR (1983) Free-living Rhìzo- 
bium strain able to grow under N, as the sole nitrogen source. 
Appl Environ Microbiol 45 : 71 1-71 3 

Dreyfus B, Alazard D, Dommergues YR (1984) Stem-nodulating 
Rhizobia. In: Klug MG, Reddy CE (eds) Current perspectives 
of microbial ecology. American Society for Microbiology, 
Washington DC, pp 161-169 

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

Duhoux E (1984) Ontogénèse des nodules caulinaires du Sesbania 
rostrata (légumineuses). Can J Bot 62:982-994 

Duhoux E, Dreyfus B (1982) Nature des sites d’infection par le 
Rhizobium de la tige de la légumineuse S. rostrata Brem. C 
R Séances Acad Sci [ I l l ]  291 :407411 

Elmerich C, Dreyfus B, Reysset G, Aubert JP (1982) Genetic analy- 
sis of nitrogen fiation in a fast-growing Rhizobiuni. EMBO 

Friedman AM, Long SR, Brown SE, Buikema WJ, Ausubel FM 
(1982) Construction of a broad host range cosmid cloning vec- 
tor and its use in the genetic analysis of Rhizobium mutants. 
Gene I8  : 289-296 

Gebhardt C, Turner GL, Gibson AH, Dreyfus B, Bergersen FJ 
(1984) Nitrogen f i i n g  growth in continuous culture of a strain 

7 : 1513-1 523 

165 : 72-81 

J 1 :499-504 

of Rhizobium sp. isolated from stem nodules on Sesbunia ros- 
trata. J Gen Microbiol 130:843-846 

Hardy RWF, Holsten RD, Jackson EK, Burns RC (1968) The 
acetylene-ethylene assay for N, fixation : laboratory and field 
evaluation. Plant Physiol43 : 11 85-1207 

Hirschel BJ, Galas DJ, Berg DE, Chandler M (1982a) Structure 
and stability of transposon 5-mediated cointegrates. J Mol Bio1 

Hirschel BJ, Galas DJ, Chandler M (1982b) Cointegrate formation 
by Tn5, but not transposition, is dependent on recA. Proc Natl 
Acad Sci USA 79:4530-4534 

Hohn B (1979) In vitro packaging of /z and cosmid DNA. Methods 
Enzym0168 : 299-309 

Hohn B, Collins J (1980) A small cosmid for eMicient cloning of 
large DNA fragments. Gene 1 I : 291-298 

Jarvis BDW, Gillis M, De Ley J (1986) Intra- and intergeneric 
similarities between the ribosomal ribonucleic acid cistrons of 
Rhizobium and Bradyrhizobium species and some related bacte- 
ria. Int J System Bacteriol 36:129-138 

John M, Schmidt J, Wieneke U, Kondorosi E, Kondorosi A, Schell 
J (1985) Expression of nodulation gene nodC of Rhizobium meli- 
loti in Escherichia colì: role of the nodC gene product in nodula- 
tion. EMBO J 4: 2425-2430 

Johnson DA, Gautsch JW, Sportsman JR, Elder JH (1984) Im- 
proved technique utilizing nonfat dry milk for analysis of pro- 
teins and nucleic acids transferred to nitrocellulose. Gene Anal 
Techno1 1 : 3-8 

Kondorosi E, Banfalvi Z, Kondorosi A (1984) Physical and genetic 
analysis of a symbiotic region of Rhizobium meliloti: identifica- 
tion of nodulation genes. Mol Gen Genet 193:445-452 

Lamb JW, Hennecke H (1986) In Bradyrhizobium japonicum the 
common nodulation genes nodABC, are linked to nifA and fixA. 
Mol Gen Genet 202:512-517 

Maas R (1983) An improved colony hybridization method with 
significantly increased sensitivity for detection of single genes. 
Plasmid 10:296-298 

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

Marvel DJ, Kuldau G, Hirsch A, Richards E, Torrey JG, Ausubel 
FM (1985) Conservation of nodulation genes between Rhizo- 
bium meliloti and a slow-growing Rhizobium strain that nodu- 
lates a nonlegume host. Proc Nat1 Acad Sci USA 82: 5841-5845 

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

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

Mulligan JT, Long SR (1985) Induction of Rhizobium meliloti nodC 
expression by plant exudate requires nodD. Proc Natl Acad 
Sci USA 82: 6609-661 3 

Norel F, Desnoues N, Elmerich C (1985) Characterization of DNA 
sequences homologous to Klebsiella pneumoniae ni jH,  D,  K and 
E in the tropical Rhizobium ORS571. Mol Gen Genet 

Noti JD, Dudas B, Szalay AA (1985) Characterization of cosmid 
clones containing genes for nodulation and effectivity from 
cowpea Rhizobium. In: Szalay AA, Ausubel FM (eds) The mo- 
lecular genetics of the bacteria-plant interactions. (Proceedings 
of the Second International Symposium.) Cornell University 
Press, Ithaca, p 60 

Olsson JE, Rolfe BG (1985) Stem and root nodulation of the tropi- 
cal legume Sesbanìa rostrata by Rhizobium strains ORS571 and 
WE7. J Plant Physiol 121 :199-210 

Putnoky P, Kiss GB, Ott I, Kondorosi A (1983) Tn5 carries a 
streptomycin resistance determinant downstream from the kan- 
amycin resistance gene. Mol Gen Genet 191 :288-294 

Rigby PWW, Dieckmann M, Rhodes C, Berg P (1977) Labeling 
deoxyribonucleic acid to high specific activity in vitro by nick 
translation with DNA polymerase I. 3 Mol Biol 133:237-251 

159: 557-580 

199:352-356 



* I .  

I 
l * 

."U 

Rossen L, Johnston AWB, Downie JA (1984) DNA sequence of 
the Rhizobium legurninosarum nodulation genes nodAB and C 
required for root hair curling. Nucleic Acids Res 12:9497-9508 

Russell P, Schell MG, Nelson KK, Halverson-LJ, Sirotkin KM, 
Stacey G (1985) Isolation and characterization of the DNA 
region encoding nodulation functions in Bradyrhizobiuriija~oni- 
cum. J Bacteriol 164: 1301-1308 

Schmidt J, John M, Kondorosi E, Kondorosi A, Wieneke U, 
Schröder G,  Schröder J, Schell J (1984) Mapping of theprotein- 
coding regions of Rhizobium meliloti common nodulation genes. 

Simon R, Priefer U, Piihler A (1983) Vector plasmids for in-vivo 
and in-vitro manipulations of Gram-negative bacteria. In: 
Piihler A (ed) Molecular genetics of bacteria-plant interaction. 
Springer, Berlin Heidelberg New York, pp 98-106 

Török I, Kondorosi E, Stepkowski T, Pósfai J, Kondorosi A (1984) 
Nucleotide sequence of Rhizobium meliloti nodulation genes. 
Nucleic Acids Res 12:9509-9522 

EMBO J 3:1705-3711 

299 

Truchet G,  Debellt F, Vasse J, Terzaghi B, Garnerone A-M, Ro- 
senberg c, Batut J, Maillet F, Dénarik J (1985) Identification 
of a Rhizobium meliloti pSym2011 region controlling the host 
specificity of root hair curling and nodulation. J Bacteriol 
164:120&1210 

Tsien HC, Dreyfus BL, Schmidt EL (1983) Initial stages in the 
morphogenesis of nitrogen-fixing stem nodules of Sesbania ros- 
trata. J Bacteriol 156: 888-897 

Vincent JM (1970) A manual for the practical study of the root- 
nodule bacteria. Blackwell Scientific, Oxford 

Communicated by J. Schell 

Received August 4, 1986 



t 


