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Abstract 

A region of  16.8 kb of  the Sym(biosis) plasmid pRL1JI of Rhizobium leguminosarum, consisting of  the es- 
tablished 9.7 kb nodulation region which confers nodulation ability on l/icia hirsuta and a region of  7.1 kb 
which appeared to be necessary for nodulation on E sativa and Trifolium subterraneum, was subcloned as 
fragments of  maximally 2.5 kb in a newly developed IncQ transcriptional fusion vector. The expression of  
these fragments was studied in Rhizobium. One constitutive promoter, pr.nodD, and three plant-exudate in- 
ducible promoters were found, namely the known pr.nodA and pr.nodFas well as a new promoter designated 
pr.nodM. The latter promoters were localized within 114 bp, 330 bp and 630 bp respectively and they regulate 
the transcription of  the operons nodA, B, C, I, J,, nodF, E and of  an operon of  at least 2.5 kb located in 
the 7.1 kb region. Induction of  the three inducible operons required plant exudate and a functional nodD 
product. The flavanone naringenin could replace plant exudate. Each of  the three inducible promoters con- 
tained a nod-box. A consensus for the nod-box sequence, based on known sequences, is proposed. The 
114 bp fragment which contains pr.nodA activity was used to localize pr.nodA by means of  deletion map- 
ping. The fragment which appeared necessary for complete pr.nodA activity is 72 bp in size, contains the 
complete nod-box and in addition a region of  21 bp downstream of  the nod-box, in which the loosely con- 
served sequence AT(T)AG appears to be important for promoter activity. 

Introduction 

Bacteria of  the genus Rhizobium are able to live in 
symbiosis with leguminous plants. After invading 
the roots they induce the formation of  nodules in 
which a differentiated form of  the bacterium, the 
bacteroid, fixes atmospheric nitrogen. In fast- 
growing Rhizobium species, which include R. 
leguminosarum with peas and vetches as their 
hosts, R. trifolii with clovers as their hosts, and R. 
meliloti with alfalfa as their host, many genes in- 

volved in nodulation and nitrogen fixation are 
localized on large plasmids, which have been desig- 
nated Sym(biosis) plasmids [2, 14, 17, 31]. The 
genetic organization and regulation of  these Sym 
plasmid-localized nod genes is currently under in- 
tensive investigation. 

The R. leguminosarum Sym plasmid pRL1JI is 
approximately 208 kilobase pairs (kb) in size [43]. 
Investigations using overlapping cosmid clones 
showed that the nod genes which are essential for 
induction of  nodules on peas are confined to a re- 
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gion of  9.7 kb of  the Sym plasmid [8, 9]. Studies on 
Tn5-induced nodulation mutants led to the defini- 
tion of  several subregions with discernable mutant 
phenotype [8-10, 44] and subsequent nucleotide 
sequencing resulted in a genetic map of  this nod re- 
gion as shown in Fig. 1, section B [12, 32, 39]. 

The genetic organization of  the nod region of  the 
R. trifolii Sym plasmid pANU843 appears to be 
very homologous with that of  pRL1JI. Therefore 
the convenient designation of  subregions as used 

for pANU843 [6, 7] was adopted for pRL1JI. The 
corresponding nod region of  R. meliloti appears to 
contain about the same genetic elements as found 
for R. legurninosarum and R. trifolii, but the or- 
ganization of  these elements is somewhat different 

[19, 22]. Mutants in nodA, B, C, D, corresponding 
with subregion I (Fig. 1), are deficient in root hair 
curling (Hac - )  and nodulation (Nod-) ,  whereas 
mutants in nodI, J (in R. leguminosarum and R. 
trifolii), constituting subregion II, are Hac ÷ but 
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Fig. 1. Genetic organization and regulation of  the nod region of  the R. leguminosarum Sym plasmid pRL1JI. Part A shows the frag- 
ments  which have been cloned in vector pMP92 and which were used in nodulat ion experiments. Part B shows the division in subregions 
I, II and III, the direction and approximate size of  the transcripts as deduced from this study and the known nod genes. Nod gene 

localization is according to ublished data [12, 39], except that, based on our own punpublished sequence data, the nodA translational 
start is drawn 91 bp closer to the Bcil site than  has been indicated in other studies [32, 39]. In part C the fragments cloned in expression 
vector pMPI90 are indicated. These fragments were screened for promoter activity. Arrows indicate the orientation towards lacZ of  
pMP190. Thin arrows: background expression; hatched arrows: constitutive expression; white arrows: inducible expression. Nod-boxes 
are indicated by triangles in the restriction map. Dotted vertical lines delineate the fragments a - f  which were used in hybridization 
experiments with synthetic oligonucleotides. Only those restriction sites which define the indicated clones are given in the restriction 
map. B, BamHI; Bg, BgllI; Xh, XhoI; A, AccI; H, HindlII; E, EcoRI; C, Clal; C',  ClaI dam methylated; Sp, SphI; Sa, Sail; Bc, BclI; 
S, Smal; K, Kpnl. 



delayed in nodulation. Mutants in subregions I and 
II can be complemented by corresponding genes of  
other fast-growing Rhizobium species and these 

genes are consequently designated as common nod 
genes. Mutants in nodE, F, corresponding with 
subregion III, show an exaggerated Hac phenotype, 
are delayed in nodulation, cannot be complement- 
ed by corresponding genes of  other Rhizobium spe- 
cies and are designated as host-specific nod genes. 
Surprisingly the host-specific nod genes of  R. 
leguminosarum and R. meliloti appear to be highly 
homologous in amino acid sequence [4, 39]. Addi- 
tional nod regions IV and V have been de~(ected in 
R. trifolii ANU843 and additional genes have been 
described in R. meliloti but have not been described 
in R. leguminosarum [4, 7, 19, 22]. 

The regulation of  the nod genes is still poorly un- 
derstood. Recent results indicate that nodD is tran- 
scribed constitutively, but that the other nod genes 
are not transcribed in bacteria cultured in the usual 
laboratory media. However, it has been reported 
that when bacteria, containing a functional nodD 
product, are cultured in the presence of  the root ex- 
udates of  their host plants, the genes in 
subregions I, II, III and IV of  R. trifolii ANU843, 
genes nodA, B, C and n o d e  E of  R. leguminosa- 
rum and genes nodA, B, C of  R. meliloti are tran- 
scribed indeed [16, 27, 33, 39, 42]. Recently the in- 
ducing compounds of  Trifolium repens root 
exudate and of  alfalfa seed exudate have been iden- 
tified as the flavones 7,4'dihydroxyflavone and lu- 
teolin, respectively, and it has been described that 
the flavanone naringenin can replace V. sativa exu- 
date as an inducer [13, 28, 30, 45]. 

In the present paper we show that for nodulation 
on some hosts of  R. leguminosarum a region addi- 
tional to the established nod region is required. To 
test whether the known nod region of  pRL1JI con- 
tains more p romote r s  besides the ones already 
described and to investigate the newly defined nod 
region for promoters both regions were screened for 
promoter activity by cloning fragments in a newly 
developed, versatile, transcription fusion vector. It 
appeared that the known nod region did not con- 
tain new promoters and that in the newly defined 
nod region one exudate-inducible promoter was 
present. For all inducible promoters exudate could 
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be replaced by the flavanone naringenin. The 
known and newly detected inducible promoters 
were localized on small fragments and one promot- 
er, pr.nodA, was localized very exactly by deletion 
mapping. 

Materials and methods 

Bacterial strains and bacterial crosses 

Bacterial strains and their relevant characteristics 
are listed in Table 1. Broad host range plasmids 
were mobilized from E. coli KMBLI164 to Rhizobi- 
um or A. tumefaciens using pRK2013 as the helper 
plasmid [5] and with additions of  10 mg.1-1 chlor- 
amphenicol and 1 g-1-1 streptomycin (IncQ vec- 
tors) or 2 mg.1-1 tetracyclin (IncP vectors) for 
plasmid selection and 20 mg.  1-1 rifampycin to 
select against E. coil  

Plasmid isolation and molecular techniques 

The E. coli cloning vector plC20H [24], the broad 
host range vectors and double-stranded bacteri- 
ophage M13 DNA were isolated as described previ- 
ously [3]. DNA of  Sym plasmid pRL1JI was isolat- 
ed according to Prakash et al. [29]. DNA 
manipulation and transformation of  E. coli ceils 
were essentially according to Maniatis et al. [23]. 
Nucleotide sequences were determined by the 
dideoxy chain termination method [35], using the 
bacteriophage M13 mp8 [25] or tgl31 [18] system. 
Each f~'agment was sequenced at least twice and, 
except in the deletion mapping of  pr.nodA, in both 
orientations. Enzymes, DNA primer and unlabeled 
nucleotides were obtained from Boehringer (Mann- 
heim, FRG), freeze dried large fragment (Klenow) 
of  DNA polymerase I was obtained from BRL 
(Gaithersburg, MD, USA) and (o~-35S)dATP was 
purchased from Amersham International plc 
(Amersham, UK). The synthetic oligonucleotides, 

5 ' - C TAGATTGGTAAAATTGATTGTTG - 3 ' 
3'  -TAACCATTTTAACTAACAACCATG-5' 
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Table 1. Bacterial strains and their relevant characteristics. 

Strain Relevant characteristics Reference or source 

E. coli 
KMBL1164 
JM101 

del(lac-proAB) thi F-  
del(lac-proAB) thi supE 
[F' traD36 ProAB + laclQZdelM15] 

P. van der Put te  

[46] 

Rhizobium trifolii 
LPR5045 RCR5, cured from Sym plasmid, Rif  R [15] 
RBL5560 LPR5045 with R. leguminosarum [17, 45] 

RBL5561 [45] 
RBL5580 [44] 

Sym plasmid pJB5JI ( = p R L 1 J I  mep: :Tn5) 
LPR5045 with pRL1JI  nodD::Tn5 

LPR5045 with pRL1JI  del50 kb 
from within node to the left 
KpnI-ClaI f ragment  with pr.  nodD, 
nodD in pMP92 

LPR5045 • pMP280 

this study 

Agrobacterium tumefaciens 
LBA4301 Ach5 T i -  Rec -  Rif R [15] 

were kindly donated by Prof. Dr J. H. van Boom, 
Leiden University. 

lactosidase indicator 3-bromo-4-chloro-5-indolyl- 
~-D-galactopyranoside (X-gal). 

Broad host range expression and cloning vectors 

The constructions of  the broad host range cloning 
vector pMP92 and of  the IncP and IncQ broad 
host range transcriptional fusion vectors pMP220 
and pMP190, respectively, are presented in Fig. 2. 
These expression vectors were constructed to meas- 
ure transcriptional activity as ~-galactosidase ac- 
tivity starting from a promoter  cloned in the mul- 
ticloning site. The IncQ expression vector was used 
preferentially because of  its compatibili ty with the 
IncP cloning vector whereas the IncP expression 
vector was only used when it was necessary in clon- 
ing strategy. The background /~-galactosidase ac- 
tivity of  pMP220 and pMP190 in E. coli 
KMBLl164 was < 0.1 U and 0.1 U, respectively, but 
every randomly cloned fragment of  more than 
100 bp raised the activity to at least 1 U in E. coli 
and to 90 U and 150 U, respectively, in Rhizobium. 
The reason for this aspecific increase is not clear, 
but the phenomenon was used as an indication of  
fragment insertion on plates containing the j3-ga- 

Expression of nod-promoters 

Root exudates of  V. hirsuta were prepared by grow- 
ing one day old axenic seedlings during 48 h with 
roots submerged in Jensen medium [42], using one 
seedling for 10 ml exudate. The plants were re- 
moved, 20o70 (v/v) B -  medium [40] and 1 g.1-1 
streptomycin (IncQ vectors) or 2 m g .  1-1 tetracy- 
clin (IncP vectors) were added and the medium was 
inoculated with Rhizobium to give a n  A660 nm value 
of  0.04. The suspension was incubated for 20 h at 
28 °C under aeration, during which the A660 value 
increased to 0.1. Levels of/3-galactosidase were deter- 
mined according to Miller [26]. Experiments with 
naringenin were in the same medium supplemented 
with 100 nM naringenin. Experiments with A. 
tumefaciens and E. coli were in the same medium 
supplemetated with 5°70 Luria complete medium 
[23]. In the absence of induction each fragment in 
pMP190 caused a ~-galactosidase level specific for 
that fragment. As most of  these levels ranged be- 
tween 150 U and 700 U we considered levels up to 
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Fig. 2. Construction of broad host range expression and cloning vectors. X J003 contains the E. coli lacZ gene devoid of lac promoter 
and operator and a HindllI-BamHI fragment containing the ribosome binding site derived of the chloramphenicol acetyl transferase gene 
[21]. This fragment together with the lacZ gene was cloned as a DraI-HindlIl fragment in the EcoRV site and in one of the HindlII 
sites of the polylinker of plC20H [24], respectively, and subsequently as a HindlII fragment in the unique HindlII site of the IncP 
plasmid pTJS75 [36]. The remainders of the polylinker are indicated by dots. After removal of the HindlII and BgllI sites in the re- 
mainders of the polylinker by (partial) digestion and filling in with Klenow fragment of DNA polymerase I, the polylinker of plC20H 
was inserted to create the expression vector pMP220 with unique cloning sites in the multilinker as indicated and with Tc R as a resis- 
tance marker. The multilinker of plC20H was also inserted in pTJS75 to create the cloning vector pMP92. The IncQ vector pKT214 
[1] was used to construct pMP71 in which a HindlII-BamHI polylinker from plC20H replaces the Tc R. The HindlII-BgilI fragment 
of pMP103 was exchanged with this linker to create pMP184. Insertion of the polylinker of plC20H resulted in the expression vector 
pMP190 with unique sites in the polylinker as indicated and with Sm R and Cm R as resistance markers. Plasmids and polylinkers have 
not been drawn to scale. E, EcoRl; H, HindllI; B, BamHI; D, DraI; Sp, SphI; P, PstI; Xb, Xbal; K, KpnI; Sc, Sacl; C, ClaI; Bg, BgilI; 
Xh, Xhol; EV, EcoRV; Sa, Sail. 

700 U as background levels. Assays of  /~- 
galactosidase activities were carried out in triplicate 
and were reproducible within 20°70 from experiment 
to experiment. 

Results 

Cloning of  the nodulation region of  pRL1JI 

As many of  the known nod genes are contained on 
a 6.4 kb EcoRI fragment, purified pRL1JI D N A  
was restricted with EcoRI and size-selected frag- 

ments were cloned into plC20H. Colonies contain- 
ing the desired 6.4 kb fragment were identified by 
colony hybridization using pMP40, which harbours 
the 6.4 kb EcoRI fragment with Tn5 inserted in 
subregion III [44], as a probe. The presence of  the 
desired fragment was verified by restriction enzyme 
analysis using EcoRI, HindlII and BamHI (44). To 
isolate fragments adjacent to the 6.4 kb EcoRI 
fragment the purified pRL1JI D N A  was digested 
with BamHI, the fragments were ligated into 
plC20H and the resulting clone bank was screened 
by colony hybridization with the 3.0 kb and 0.7 kb 
EcoRI-BamHI fragments from the 6.4 kb EcoRI 
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fragment as probes (Fig. 1). Subsequent restriction 
enzyme analysis of  the isolated constructs showed 
that two BamHI fragments, 11.0 kb and 5.8 kb in 
size, overlapped the 6.4 kb EcoRI fragment. The 
three fragments were used to construct a more 
detailed restriction map (Fig. 1), to construct larger 
clones (Fig. 1) in pMP92 (Fig. 2) for nodulation 
studies and to construct 17 subclones in pMP190 
(Fig. 1). These 17 fragments, ranging in size from 
0.1 to 2.5 kb and together covering 17 kb, were all, 
with one exception, cloned in two orientations with 
respect to the lacZ indicator gene. 

Extension of  the nod region of  pRL1JI 

In order to allow the study of  nodulation indepen- 
dent of  the complete Sym plasmid we studied 
nodulation by Rhizobium strains containing clones 
of  the nod region. The clones were studied in an 
IncP vector because the IncQ vectors appeared not 
to be suitable for this purpose, supposedly because 
of  their relatively high copy number (E. Pees, un- 
published). Rhizobium LPR5045.pMP104 which 
contains all known Sym plasmid-localized nod 
genes of  pRL1JI, nodulated Vicia hirsuta, but not 
V. sativa and Trifolium subterraneum, both of 
which are also hosts for RBL5560 (Table 2). 
LPR5045.pMP225, with a larger cloned fragment, 
nodulated both T. subterraneum and E hirsuta but 
not V. sativa (Table 2). Since attempts to enlarge 
pMP225 with genetic material of  pRL1JI located to 
the left of  the fragment cloned into pMP225 were 
unsuccessful, complementation was studied in 
strain RBL5580, in which pRL1JI lacks the region 
left from node RBL5580.MP181 (Fig. 1) nodulated 
all three tested hosts (Table 2), indicating that the 
7.1 kb region left from node  contains genetic infor- 
mation necessary for nodulation of  at least two R. 
leguminosarum hosts. 

Expression studies of  nod fragments 

All pMP190 derivatives with cloned fragments 
(Fig. 1) were mobilized to the isogenic Rhizobium 
strains RBL5560 (pRL1JI) and RBL5561 (pRL1 

Table 2. N o d u l a t i o n  I o f  v a r i o u s  hos t  p l an t s  b y  Rhizobium 

s t ra ins  h a r b o u r i n g  v a r i o u s  f r a g m e n t s  o f  the  n o d u l a t i o n  reg ion  

o f  p R L 1 J I .  

Rhizobium s t r a in  H o s t  p l a n t  

V. hirsuta V. sativa 7". subterraneum 

L P R 5 0 4 5 . p M P 1 0 4  + - - 

L P R 5 0 4 5 . p M P 2 2 5  + - + 

L P R 5 0 4 5 . p M P 1 8 1  - - - 

R B L 5 5 8 0  - - - 

R B L 5 5 8 0 . p M P 1 0 4  + - - 

R B L 5 5 8 0 . p M P 2 2 5  + - + 

R B L 5 5 8 0 . p M P 1 8 1  + + + 

R B L 5 5 6 0  (con t ro l )  + + + 

1 F r a g m e n t s  (Fig.  1) were  c l o n e d  in p M P 9 2  (Fig.  2). N o d u l a -  

t i on  a s says  were  p e r f o r m e d  as  desc r ibed  [41]. H o s t  p l an t s  

were  c o n c l u d e d  to  r e s p o n d  pos i t ive ly  w h e n  a t  least  5 o u t  o f  

10 p l an t s  s h o w e d  n o d u l a t i o n  d u r i n g  the  s ame  i n c u b a t i o n  per i -  

o d  as the  c o n t r o l  w h i c h  was  i n o c u l a t e d  wi th  R B L 5 5 6 0 .  H o s t  

p l a n t s  were  c o n c l u d e d  to  r e s p o n d  nega t ive ly  w h e n  n o n e  o f  the  

10 p l a n t s  s h o w e d  n o d u l a t i o n  d u r i n g  the  s a m e  i n c u b a t i o n  per i -  

o d  as the  c o n t r o l  

nodD::TnS), while some constructs were in addition 
mobilized to one of  the Sym plasmid-less strains 
LPR5045 or LPR5045.pMP280. The resulting 
strains were tested for their ability to express /3- 
galactosidase in the absence and presence of  root 
exudates of  V. hirsuta and V. sativa. The exudates 
did not differ from each other in inducing capacity 
and therefore we will use the term exudate without 
further reference to the plant species. Two frag- 
ments, in pMP86 and pMP221, showed constitutive 
expression (Table 3). The promoter of  pMP86 was, 
according to its position, designated as pr.nodD. 
Constitutive expression of this promoter occurred 
only when the fragment was cloned in the indicated 
direction towards lacZ (Fig. 1) and the expression 
of  pr.nodD was 3-fold lower in the presence 
(RBL5560) than in the absence (RBL5561) of  a 
functional nodD product. To localize the promoter 
activity of  pMP221 more precisely, the SalI internal 
fragment was deleted leaving a 200 bp SmaI- 
HindIII fragment. This fragment still showed con- 
stitutive expression which makes it likely that the 
presumed promoter is a cloning artefact (see Dis- 

cussion). 
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Tested construct Bacterial strain Units ~3-galactosidase × 10 -3 

No inducer V. hirsuta Naringenin 
exudate 2 (100 nM) 

pMP86 RBL5561 (nodD-) 
RBL5560 (nodD ÷ ) 

pMP221 RBL5561 (nodD-) 
RBL5560 (nodD +) 

pMP154, 151 RBL5561 (nodD-) 
(pr.nodA) RBL5560 (nodD ÷) 
pMPI68, 152 RBL5561 (nodD-) 
(pr.nodF) RBL5560 (nodD + ) 
pMP250, 191 RBL5561 (nodD-) 
(pr.nodM) RBL5560 (nodD +) 
pMP158 RBL5561 (nodD-) 
(pr.nodA,nodD) LPR5045 (Sym-) 

LBA4301 
(A. tumefaciens) 
KMBL1164 
(E. colO 

pMP157 RBL5561 (nodD-) 
(pr.nodF, nodD) LPR5045 (Sym - ) 

LBA4301 
KMBL1164 

pMP280 + pMP250 LPR5045 (Sym-) 
(pr. nodD, nodD + LBA4301 
pr.nodM) KMBL 1164 
Other clones RBL5561 (nodD-) 

RBL5560 (nodD +) 
pMP190 (no DNA 
cloned) RBL5560 (nodD ÷ ) 

6.0 5.8 6.0 
2.0 2.0 2.0 
4.0 n.t. 3.9 
3.9 n.t. n.t. 
0.3 0.3 0.3 
0.2 18 16 
0.4 0.4 0.4 
0.4 12 7.4 
1.0 1.0 1.0 
0.9 8.5 5.2 
0.3 26 29 
0.3 27 30 
0.7 26 26 

0.001 n.t. 0.001 

0.7 15 12 
0.7 16 11 
0.3 23 23 
0.001 n.t. 0.001 
0.9 9.3 5.7 
0.9 10.0 10.0 
0.001 n.t. 0.001 
0.15-0.7 0.15 -0.7 0.15 -0.7 
0.15-0.7 0.15 -0.7 0.15-0.7 

0.05 0.05 0.05 

1 Fragments of the nod region of pRL1JI were cloned in pMP190 (Fig. 
using/3-galactosidase as a marker of expression. 

2 Identical results were obtained with exudate of V. sativa. 

1) and tested for the presence of (inducible) promoter activity 

The clones in pMP151, 154, 152, 168, 191 and  250 

showed inducible  expression, i.e. were only  ex- 

pressed in the presence of  bo th  exudate and  a func-  

t ional  n o d D  product  (Table 3). Expression oc- 

curred only  when  the fragments  were or iented 

towards lacZ as indicated in Fig. 1. The other  n ine  

fragments  (Fig. 1) showed only  background  expres- 

sion in bo th  or ienta t ions  towards lacZ. 

The clones with inducible  promoter  activity indi- 

cate inducible  n o d  promoters,  two of  which could 

be designated,  according to their localizations,  as 

pr .nodA and  pr .nodF A third promoter,  at a so far 

un ident i f ied  locus, was designated as p r . n o d M  

(see Discussion).  These three promoters  have been 

localized on fragments  of  114 bp (pMP154), 330 bp 

(pMP168) and  630 bp (pMP250),  respectively. The 

114 bp f ragment  of  pMP154 did not  show pr .nodD 

activity in the reverse or ien ta t ion  towards lacZ 

(pMP188), indicat ing that  (part of) the pr .nodD is 

located right from the BclI  site and  thus right f rom 

pr .nodA (see Fig. 1). 
The f ragment  in pMP157 and,  in reverse orienta-  

t ion, in pMP158 conta ins  pr .nodA,  pr .nodF and  the 

intact  nodD gene, bu t  no t  an  intact  pr.nodD. Sur- 

prisingly we found  that  expression from this frag- 

men t  was dependent  on  p lant  exudate bu t  indepen-  
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dent on Sym plasmid-localized nodD (see 
Discussion). Expression occurred equally high in 
RBL5561 and LPR5045 (Sym-) ,  indicating that 
no other Sym plasmid-localized functions are re- 
quired for pr.nodA and pr.nodF activity. Rhizobi- 
um LPR5045.pM280, i.e. pMP92 with the nodD 
gene and pr.nodD but no other nod genes, was used 
to test the dependence o f  pr.nodM (pMP250) o f  
other Sym functions than nodD. Also pr.nodM re- 
quired for expression exudate and a nodD product 
but no other Sym functions (Table 3). The inducible 
promoters could be expressed in A. tumefaciens, 
provided that nodD was present, but not in E. coli 
(Table 3). 

Nucleotide sequencing and nod-boxes 

The nucleotide sequences of  the promoter-active 
fragments in pMP154, 168 and 250 were deter- 
mined. All three sequences contained a strongly 
conserved region, the nod-box [34], 49 bp in size 
(Fig. 3). The nod-boxes of  R. leguminosarum were 

compared with the published nod-boxes of  R. 
trifolii, R. meliloti, Bradyrhizobium sp. and B. 
japonicum and a consensus for nod-boxes was de- 
rived (Fig. 3). Two synthetic oligonucleotides, con- 
stituting part o f  the nod-box, were used to test 
whether more nod-boxes occur in the nod region. 
Fragments covering the regions a - f  o f  the restric- 
tion map (Fig. 1) were cloned in bacteriophage M13 
mp8, the synthetic oligonucleotides were annealed to 
the single-stranded form and D N A  nucleotide se- 
quencing was performed. Each o f  the fragments b, 
c and d showed a clear sequence ladder with one of  
the oligonucleotides,  identical with the sequence 
determined with the M13 primer system. Fragments 
a, e and f did not show a sequence ladder, indicat- 
ing that sequences homologous  to the nod-box are 
absent in these regions. In conclusion, the nod re- 
gion of  pRL1JI contains 3 nod-boxes. 

Deletion analysis of  the nodA promoter 

The 114 bp fragment in pMP154 was used to locate 

R.le 

R.tr 

R. me 

B.pa 

B.ja 

pr.nodA 

pr.nodF 

pr.nodM 

pr.nodA 

pr.nodF 

pr.nodA 

pr.nodF 

pr.nodH 

nod4 

nod5 

nod6 

Consensus 

GGGTTGAATATCCATTCCATAGATGATTGCCATCCAAACAATCAATTTTACCAATCTTTCGGATCACTTATAGAA 

CGAGCCACAATCCATAGTGTGGATGCTTTTGATCCACACAATCAATTTTACCAATGATGCCATATGATCCATAGC 

GTGGGCGACATCCATATCGTGGATGATAGCTATCCCAACAATCAATTTTACTAATCTGTTTGGATTTATTAGCAC 

GCATTCTCGATCCACGCTGTAGATGATTGCGATCCAAACAATCAATTTTACCAATCTTTCGGAGTGCTTATTAGA 

CATTCCTTCATCCATACTGCGGATGCTTTCGATCCAATCAATCAATTTTACCAATCCTTCGGCATGCTCCATAGC 

ATGTGCGGCATCCATATCGCAGATGATCGTTATCCAAACAATCAATTTTACCAATCTTGCAGAGTCCTATTAGAG 

GTCACAGACATCCATTTCACGGATGGCCGACATCCAAACAATCGATTTTACCAATCCCACTGATATGTAGCACAA 

CGTTCTCATATTCACAGGCTGGATCCCTCTCATAAAAACAATCGATTTTACCAATCTGGGCGACTGCGATTAAAA 

TCTTTTCTTATCCATAGGGTGGATGATTGCTATCCTCATAATCGATTTTACCAATCTTGCTGAATGTTATTTAGG 

GCTGATGTCATCCACCGCGCGGATAAAGGTG-TCCAAACAATCGATTTTACTAATCATCAAGTGTGCTCGATAGG 

ATGTGCGGTATCCATAGCGGAGATGAT-TGTTCCCAAACAATCGATTTTACCAATCCCATTAGAGAACCCTGAAA 

TGTGAGTCTATCCATCGTGTGGATGTATTCTATCGAAACAATCGATTTTACCAGATTGCGGAATGTTGGATAGCA 

GATGAGTCTATCCATCGTGTGGATGTGTTCTATCGAAACAATCGATTTTACCAAACTGGGGG 

YATCCAY..YUYUGATG .... Y.ATC.AAACAATCUATTTTACCAATCY 1-13 bp AT(T)AG 

183 bp to nodA 

157 bp to nodF 

163 bp to nodA 

113 bp to nodF 

192 bp to nodA 

184 bp to nodF 

229 bp to nodH 

Fig. 3. Nod-boxes  in fragments with inducible promoter activity and nod-box consensus. The sequences of  the fragments pMPI54, 168 
and 250, which show inducible promoter activity (Fig. 1), were compared with each other and showed extensive homology within part 
of  their sequences, designated as the nod-box. The R. leguminosarum nod-boxes were compared with nod-boxes of  R. trifolii [37], R. 
meliloti strain 41 [34], Bradyrhizobium sp. (Parasponia) [38] and B. japonicum [20] and consensus was concluded when at least I1 
out of  the 13 bases at a given position are either identical or in the same nucleotide class. The nod-boxes preceding the nodA (11), nodF 
and nodH genes [4] of  R. meliloti strain RCR2011 were identical to those of  strain 41. Basepairs not fitting the consensus are underlined 
as is the sequence AT(T)AG which albpears to be part of  the promoter (Fig. 4). Y, pyrimidine; U, pur ine ; . ,  arbitrary base or basepair 
deletion. 



the inducible promoter activity more precisely. De- 
letions were made from either the left or the right 
end of  the fragment by means of  Bal31 and frag- 
ments with suitable deletions were, after recloning 
in pMP220, tested in Rhizobium for induction 
(Fig. 4). Deletions from the left end (the BgllI site 
in nodD) were hardly impaired in promoter activity 
as long as the nod-box consensus DNA was not 
reached, but a deletion removing 13 bp from the 
nod-box consensus had hardly any promoter activi- 
ty left. Deletions from the right end (BclI site) were 
impaired in promoter activity when less than 21 bp 
downstream of  the nod-box consensus remained 
(pMP301-  307). This indicates the sequences down- 
stream of  the nod-box are important for the 
pr.nodA function (see Discussion). 
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Naringenin is an inducer for all three inducible 
promoters 

We tested all Rhizobium, A. tumefaciens and E. 
coli strains mentioned in Table 3 on inducibility by 
the flavanone naringenin, a compound which has 
been shown earlier to induce the pr.nodA of  R. 
leguminosarum [45]. The plant-exudate inducible 
promoters appeared to be induced by naringenin to 
levels 60-100o70 of  those reached by induction 
with plant exudate. As for induction by plant exu- 
date, only a functional nodD product was neces- 
sary besides naringenin for the induction of  all 
three inducible promoters in Rhizobium, as well as 
in A. tumefaciens (Table 3). 

E B S/X Bg/Bc BgX/S P 

J ,  , , I  I ,  ' F / T  

E B S/X Bg Bc/BgX/S P 
j I I , I " J 

p M P  

330  

335  

336  

332  

1.02,  

0 .51 - -  

1.0 0 .14 r  

1 0 . 9  0 . 0 2 ,  

t O. 9 0.01 ' 

10.04 0.0  r 
AGATC TAG G C C T TTAAAACG CAT GGGTTGAATATC CAT TCCATAGATGATTGC C ATC CAAACAATCAATTTTAC CAAT C TTTC G GATCAC TTATAGAAd~AC C C G GAACrfTGATC 
r CTAGATC CGGAAATTTTGCGTACC CAACTTATAGGTAAGGTATCTACTAACGGTAGGTTTGTTAGTTAAAATGGTTAGAAAGC CTAGTGAATATC % TT'IGGGCCTTGAACTAG 

Bgl r l  B c l l  

p M P  

0 . 9 9  r-.---. 3 0 0  

- 3 0 5  

301 

303  

3 0 6  

3 0 4  

3 0 7  

Fig. 4. Deletion mapping of the pr.nodA of pRL1JI. The 114 bp BclI-BgllI fragment (heavy line) with pr.nodA from pMP154 was in- 
serted in 2 orientations in the Sail site of bacteriophage M13 mp8 using a BgilI-XhoI linker fragment from plC20H. Double-stranded 
DNA was digested with BamHl and subsequently treated with Bal31 during 10-20 sec. After filling in protruding ends with Klenow 
fragment the DNA was recircularized in the presence of KpnI linker. After transformation single-stranded isolates were sequenced start- 
ing from the M13 primer site (hatched area) and nod promoter fragments with suitable deletions were recloned in expression vector 
pMP220 using (a) the KpnI and Bglll sites or (b) the KpnI and PstI sites, resulting in either case in a correct orientation towards lacZ. 
After mobilization to Rhizobium RBL5560 expression induced in the presence of 100 mM naringenin was measured and expressed as 
fraction residual promoter activity (1.0 corresponds to 11 500 U ~-galactosidase induced by the undeleted fragment in pMP220). Frag- 
ments with deletions starting from the Bcll site (pMP300- 307) and fragments with deletions starting from the BgilI site (pMP330- 336) 
are indicated with the relative activity of the corresponding fragment. The nod-box consensus (Fig. 3) and the sequence ATAG (see Dis- 
cussion) are underlined. E, EcoRI; B, BamHI; S/X, Sail-Xhol-junction; Bg/Bc, BgilI-Bcil junction; Bg, BgllI; P, Pstl. 
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Discussion 

Size of  the nod region of  pRL1J1 

The known nodgenes of the R. leguminosarum Sym 
plasmid pRL1JI,  which are essential for nodulation 
on V. hirsuta and Pisum sativum, are clustered in 
the subregions I, II  and III  (Fig. 1) on a 9.7 kb 
EcoRI double fragment (Table 2 and refs. 8-10) .  
However, our results with the clones pMP225 and 
pMP181 (Fig. 1 and Table 2) indicate that also the 
7.1 kb region left of  the known Sym plasmid- 
localized nod genes contains genetic information 
which is essential for nodulation on some host 
plants. R. leguminosarum clearly does not require 
the same number of  genes for the nodulation of  its 
various host plants in that T. subterraneum and es- 
pecially V. sativa are more fastidious than V. hirsu- 
ta (Table 2). Although the authors do not draw this 
conclusion, the data of  Downie et al. [9] indicate 
that the 7.1 kb region may be important  for effi- 
cient nodulation of  host plants which have no ab- 
solute requirement for this region since the cosmid 
clone plJ1089, containing DNA left from the 
EcoRI double fragment, nodulates P sativum 3.5 
times more efficient than the cosmid plJ1085 which 
lacks this DNA. The discovered additional nod re- 
gion in R. leguminosarum may be comparable with 
the additional nod regions IV and V of R. trifolii 
[7] and the nodG and nodH genes of  R. meliloti [4] 
although physical and functional homology be- 
tween regions of  the three fast-growing Rhizobium 
species has not yet been reported. 

Identification of  nod promoters 

During screening of  the investigated nod region for 
the presence of  nod promoters one constitutive and 
three exudate-inducible promoters were detected 
(Table 3 and Fig. 1). The constitutive promoter, 
with transcription leftwards, was identified as 
pr.nodD. Rossen et al. [33] has described pr.nodD 
as well and observed that this promoter  is subjected 
to autoregulation, a result confirmed by our experi- 
ments (Table 3). Another  clone which showed con- 
stitutive expression (pMP221) probably does not 

represent a nod promoter  since: (i) deletion of  an 
internal SalI fragment leaves only a 200 bp SmaI- 
HindIII fragment which still contains constitutive 
promoter  activity. This fragment is located in the 
open reading frame of  nodC (the Sinai site and the 
left SalI site are located only 10 bp apart); (ii) a 
SmaI-BamHI fragment, with the same SmaI site as 
present in pMP221 and the BamHI site 15 bp 
downstream of  the HindIII site of  pMP221, showed 
only 50°7o of  the activity of  pMP221; (iii) Tn5 muta- 
tions in nodA and B are polar for the whole 
n o d A - J  operon (E. Pees, unpublished). Therefore 
it is more likely that the constitutive expression of  
pMP221 is a cloning artefact than a nod promoter. 

Two known and one new exudate-inducible 
promoters were detected (Fig. 1 and Table 3). 
Pr.nodA regulates the rightward transcription 
from nodA, which appears to extend to nod J, as no 
other inducible promoters were located in this re- 
gion. This result is consistent with those of  genetic 
complementat ion studies which showed that muta- 
tions in nodI or J could not be complemented by 
polar Tn5 induced mutations in nodA, B, or C (E. 
Pees, unpublished). Pr.nodA was localized on a 
114 bp fragment (pMP154) and has been localized 
within 72 bp by means of  deletion analysis (see be- 
low). Pr.nodE which has been localized within 
330 bp (pMP168), regulates transcription leftwards. 
As no other promoters have been detected in this 
region the nodE and F genes can be assumed to 
form one operon of  at least 1.5 kb. A similar con- 
clusion, based on sequence data and induction ex- 
periments, was reached by Shearman et al. [39]. 
The third exudate-inducible promoter  is located in 
the 7.1 kb region. Sequencing showed it to be locat- 
ed upstream of a large open reading frame (H. 
Spaink, unpublished). Since the same open reading 
frame was detected by Downie and was named 
nodM by him (J. A. Downie, personal communica- 
tion) we designate the third promoter  as pr.nodM. 
The promoter  was localized in a 630 bp fragment 
(pMP250) and controls an operon of  at least 2.5 kb 
as can be deduced from the inducible expression of 
pMP191 and the lack of other exudate-inducible 
promoters left from pr.nodM. 

All three inducible promoters require a function- 
al nodD gene for induction (Table 3). From the in- 



duction of  pr.nodA in LPR5045.pMP158 and of  
pr.nodF in LPR5045.pMP157, both of  which lack 
the pr.nodD, the presence of  a functional nodD 
product in these strains must be concluded. This 
suggests that the nodD gene in these clones is 
either transcribed from weak promoters in the ex- 
pression vector pMP190 or is transcribed from a 
secondary nodD promoter, located between the 
BclI and BgllI sites (Fig. 1), which is too weak to 
be detected in our assays. These results strongly 
suggest that a low amount  of  nodD product is 
sufficient for induction of an exudate-inducible 
promoter. 

Nod-boxes and deletion mapping of pr.nodA 

The three detected exudate-inducible promoters 
contain a highly conserved nod-box. Compar ison  
with the nod-boxes of  other Rhizobia led to a con- 
sensus sequence of  49 bp (Fig. 3). The nod-boxes 
belonging to the pr.nodA of  R. leguminosarum and 
the pr.nodA of  R. meliloti fitted the derived con- 
sensus completely, whereas the other nod-boxes 
showed 1 - 5  mismatches with the consensus se- 
quence (Fig. 3). 

Rostas et al. [34] have reported three nod-boxes 
in the nod region of  pRL1JI,  corresponding with 
the nod-boxes of  pr.nodA, pr.nodFand with a third 
one located on the 3.3 kb EcoRI fragment on 
which nodI and J are located. Our hybridization 
experiments do not confirm this third nod-box 
since fragment f (Fig. 1) did not show hybridization 
with the synthetic oligonucleotides. Our third nod- 
box, in pr.nodM, was reported by Rostas et al. [34] 
and is located on a 2.2 kb EcoRI fragment (sites not 
shown in Fig. 1). 

Deletion analysis of  pr.nodA (Fig. 4) showed 
that the promoter  is located within a stretch of  
72 bp, which sequence contains the complete nod- 
box and in addition 21 bp downstream of  the nod- 
box consensus. Interestingly, comparison with oth- 
er nod-boxes shows that either a sequence ATAG or 
ATTAG or a sequence closely resembling these 
(Fig. 3) occurs frequently at 1-13 bp (9 -13  bp in 
nod-boxes from established nod promoters) down- 
stream of  the nod-box. This consensus, as well as 
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the results from our deletion analysis, which 
showed that removal of  (part of) this sequence 
(pMP303, 304, 306 in Fig. 4) strongly reduces the 
promoter  activity, suggest that this sequence also 
forms part  of  the inducible promoter. We are 
presently investigating exactly which parts of  the 
nod-box are essential for inducible promoter  activi- 
ty. 

Concluding remarks 

The nod region of  pRL1JI,  defined as the region of 
this plasmid which contains the essential genetic in- 
format ion for nodulation on all R. leguminosarum 
hosts tested until now, contains one constitutive and 
three inducible promoters, which together consti- 
tute one regulon. Induction of  the inducible 
promoters requires naringenin (or related com- 
pound) as well as a low amount  of  nodD product, 
but no other Sym plasmid-localized functions. 
Promoters may have remained undetected in case a 
complete operon, including initiation and termina- 
tion signals, was present on one fragment. The 
small size of  the fragments, averaging 1 kb and 
never exceeding 2.5 kb, and the almost complete 
coverage of  the nod region, makes it unlikely that 
more constitutive or naringenin-inducible 
promoters than described here will be present in the 
nod region. Moreover, no additional nod-boxes, 
which are part  of  the inducible nod promoters, 
were detected by hybridization. 
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