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Abstract The highly conserved nod box sequence in the
promoters of the inducible nodulation genes of rhizobia is
required for transcription activation together with NodD,
a LysR-type transcriptional regulator, and a flavonoid as a
coinducer. DNA fragments containing nod box sequences
form two binding complexes when crude preparations of
Rhizobium leguminosarum bv. viciae are used: a NodD-
dependent and an additional, NodD-independent com-
plex. The role of individual nucleotides in the conserved
nod box sequence in complex formation and in nodulation
gene expression was investigated by introducing 13 indi-
vidual base-pair substitutions in the nodF nod box of
R. leguminosarum bv. viciae and studying their effect on
promoter activity and protein-DNA complex formation.
Two mutants showed decreased NodD binding and de-
creased promoter activity. Five mutants showed a NodD-
dependent complex as with the wild-type nodF nod box,
whereas their promoter activity was severely reduced af-
ter induction. This result is in agreement with earlier ob-
servations that NodD DNA binding also occurs in the ab-
sence of inducer. Four mutants were impaired in the for-
mation of the NodD-independent retardation complex.
Three of them showed no alterations in promoter activity,
meaning that no specific role for the protein forming the
NodD-independent complex could be established. The two
mutants in the highly conserved LysR motif of the nod box
were unable to direct coinducer-dependent promoter activ-
ity but, unexpectedly, their retardation patterns were not al-
tered. The remaining two mutants showed constitutive pro-
moter activity. The results are discussed in terms of the rel-
evance of conserved nucleotides and motifs identified in the
nod box.

Keywords Rhizobium · nod Box · nodD · Nodulation ·
Transcriptional regulation

Introduction

Bacteria of the genus Rhizobium can induce root nodules
on leguminous plants in a host-specific way. Within the
nodules, the bacteria reside in an altered form, designated
as bacteroids, in which they fix atmospheric nitrogen.
Both plant and bacterial signal molecules are required for
the formation of nodules. A large group of bacterial genes,
known as nod, nol, and noe (together known as nodula-
tion) genes, is involved in the nodulation process. In fast-
growing rhizobia like Rhizobium leguminosarum biovar
(bv.) viciae and Sinorhizobium meliloti, nodulation genes
are localized on a Sym(biosis) plasmid and organized in dif-
ferent operons. Mutations in the nodABC and nodFE genes,
each comprising separate operons, abolish nodulation. Most
nodulation genes are involved in the synthesis of specific
lipo-chitin oligosaccharides that induce the formation of
root nodules (Downie 1998).

Expression of many of the nodulation genes is posi-
tively regulated by the product of nodD in the presence of
flavonoids or isoflavonoids that are released by the plant.
NodD presumably interacts directly with the coinducer to
activate transcription but direct proof of this is lacking (for
a review see Schlaman et al. 1998). The protein NodD is
a member of the large LysR family of transcriptional reg-
ulators which share common features at the protein level,
in DNA target site recognition, and in their mode of tran-
scription activation (reviewed in Schell 1993). The promoter
regions of the nodulation operons, which are positively
regulated by NodD, contain a highly conserved sequence
that is known as the nod box (Rostas et al. 1986, and see
Fig.1) and which is essential for promoter activity (Fisher
and Long 1989; Rostas et al. 1986; Spaink et al. 1987).
The nod boxes contain three highly conserved stretches of
nucleotides, separated by two, short less-well-conserved
regions of three and six nucleotides, respectively (see 
Fig.1). Moreover, a so-called LysR motif, which is char-
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acterized by the sequence T-N11-A and which is present in
many promoters regulated by LysR-type transcriptional
regulators, has been recognized in nod boxes (Goethals et
al. 1992; Schell 1993) as well as a so-called NodD box,
which is a discrete, inverted repeat structure with the ba-
sic structure A-T-C-N9-G-A-T (Goethals et al. 1992).
Deletions in the highly conserved regions and insertions
in the central less-well-conserved region (nucleotides –55
through –50 in Fig.1B) lead to loss of promoter activity
(Fisher and Long 1993; Spaink et al. 1987; Wang and
Stacey 1991). However, insertion of ten nucleotides in this
region has very little effect on promoter activity (Fisher
and Long 1993). The NodD protein binds in the presence
and in the absence of flavonoids in vitro to the nod box, as
shown by gel electrophoresis retardation studies (Fisher
and Long 1993; Hong et al. 1988; Kondorosi et al. 1989;
Schlaman et al. 1992), and it protects a large area, includ-
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Fig.1A, B Primers used to induce mutations in the nodF nod box
and mutants obtained. A Primers are indicated with the mutant nu-
cleotide marked with an asterisk (*). Type 2 primers containing
two different mutant nucleotides at a certain position in a 1:1 ratio
are indicated with an asterisk and the two mutations. B The se-
quences of the wild-type nodF nod box and the mutants obtained.
Bases are numbered relative to the most 5′ transcription initiation
site of nodF (Spaink et al. 1989). Mutant 2.1 is a “spontaneous”
mutant that was described earlier (Schlaman 1992). Distribution of
mutants in different classes is after their phenotype (see text for
further details). Sequences in the nodF nod box homologous to the
consensus sequence are in bold. Boxed bases indicate the consen-
sus sequence of the rhizobial nod boxes (Fisher and Long 1989;
Spaink et al. 1987). Furthermore, the NodD box motif which has
the conserved A-T-C-N9-G-A-T repeat (Goethals et al. 1992) is in-
dicated and the LysR motif characterized as a T-N11-A repeat
(Goethals et al. 1992) is marked by asterisks. Pu is A or G



ing virtually the entire nod box, from enzymatic and
chemical cleavage (Fisher and Long 1989; Kondorosi et
al. 1989; Machado et al. 1998). NodD induces a bending
of the nod box upon binding (Fisher and Long 1993) and
critical points of contact between NodD and nucleotides
in the nod box have been determined (Fisher and Long
1993; Schlaman 1992). The precise mode of action of
NodD and coinducer in inducing nodulation gene tran-
scription has not been completely revealed, although it
has been demonstrated for some cases that, in the pres-
ence of flavonoids, the binding of NodD to its target DNA
becomes stronger, and changes in Dnase I sensitivity of
the NodD-nod box complex suggest an altered binding
(Goethals et al. 1992; Kondorosi et al. 1989).

Besides the NodD-specific retardation complex, gel
electrophoresis retardation studies, using crude protein
extracts of R. leguminosarum bv. viciae and the nodA,
nodF and nodM nod boxes but not the nodO nod box, have
revealed a second retardation complex (Hong et al. 1988;
Schlaman 1992; Schlaman et al. 1992). This complex,
which migrates between the NodD-containing complex
and the free DNA fragment, might be similar to or differ-
ent from the NolR-containing complex observed when us-
ing extracts from S. meliloti (Kondorosi et al. 1989). Se-
quences similar to nolR sequences have been found in
R. leguminosarum bv. viciae, but a NolR target site is only
present in the nodA nod box of R. leguminosarum bv. viciae
(Kiss et al. 1998). The second retardation complex is formed
independently from NodD and has therefore been desig-
nated as a NodD-independent complex. It shows the exis-
tence of another nod-box-binding protein in R. legumi-
nosarum bv. viciae whose function is not yet understood.
Previously, a point mutation in the nodF nod box of
R. leguminosarum bv. viciae was described which could
not form the NodD-independent complex and which
showed very low promoter activity after flavonoid induc-
tion, whereas the NodD-dependent complex was normally
present (Schlaman 1992), suggesting that this NodD-inde-
pendent complex contains an activator of transcription.

To assess the role of individual nucleotides in the con-
served nod box sequence, we introduced single nucleotide
substitutions in the nod box in front of the nodFEL genes
of R. leguminosarum bv. viciae and transcription activation
was compared with complex formation. Crude bacterial
extract was used for these latter assays because we wanted
to obtain insight into a possible role of the various com-
plexes in nod gene transcription. The results are discussed
in terms of the relevance of conserved nucleotides and
motifs identified in the nod box.

Materials and methods

Plasmids, molecular cloning, and bacterial strains

Plasmid pMP2066 contains the nodFEL promoter of R. legumi-
nosarum bv. viciae isolated on a 116-bp SalI fragment using PCR
(Schlaman et al. 1992). This fragment and adjoining sequences of the
multi-cloning site were recloned as a SphI-BamHI fragment from
pMP2066 in pIC20R (Marsh et al. 1984), resulting in pMP2070.

DNA fragments with assumed mutations in the nod box, as gener-
ated using PCR with pMP2070 as template (see below), were cloned
as BglII-EcoRI fragments into pIC20H (Marsh et al. 1984). These
constructs were named after the primer from which they originated
(Fig.1), e.g., as pMP7.20, and so on. Fragments with an estab-
lished mutation were cloned in front of a promoterless lacZ gene in
the wide-host range vector pMP220 (Spaink et al. 1987). These
plasmids were designated, e.g., as pMP220–7.20, and so on. Plas-
mid pMP2073 contains the wild-type nodFEL promoter in front of
lacZ in pMP220.

Plasmids were transferred to R. leguminosarum bv. viciae wild-
type strain RBL5560 (Zaat et al. 1987) using tri-parental mating
(Ditta et al. 1980). Plasmid pMP220–12.4 was also transferred to
rhizobial strains RBL5561, harboring nodD::Tn5 (Zaat et al. 1987),
and LPR5045, cured from the Sym plasmid (Hooykaas et al. 1982).

Derivatives of Rhizobium strain RBL1391, which is R. legumi-
nosarum bv. viciae 248 cured of the Sym plasmid, harboring either
plasmid pMP280 or pMP1070, were used to make crude protein
extracts (Schlaman et al. 1992). Plasmids pMP280 and pMP1070
are IncP vectors with the promoter and structural gene of nodD,
and with the nodABCIJ promoter region of R. leguminosarum bv.
viciae, respectively.

Site-specific mutagenesis

To mutate the nodF nod box, a set of oligonucleotide primers was
designed which differed in only one nucleotide from the original
sequence. The primers contained either one single substitution
(type 1 primers) or they were a mixture of two different primers in
each of which a nucleotide was replaced by another nucleotide
(type 2 primers) in a 1:1 ratio (see Fig.1). In this latter design, a
pyrimidine or purine was replaced by both possible purines and
pyrimidines, respectively. Mutations were introduced in the nodF
nod box by a two-step polymerase chain reaction (PCR) using Su-
pertaq polymerase enzyme and pMP2070 as template. In the first
step of PCR, the mutagenic primers were used together with the
standard –40 M13 primer. The double-stranded reaction product
was purified by electrophoresis on a 5% polyacrylamide gel (Sam-
brook et al. 1989) and used as primer in a subsequent PCR reaction
together with the standard M13 reverse primer to elongate the
product to cover the entire nodF nod box. In this second step of
PCR, the first ten cycles were performed with only the M13 re-
verse primer to enrich the template strand in order to favor anneal-
ing of the desired strand of the reaction product of the first PCR.
Subsequently, the first PCR product was added to the mix and 30
more PCR cycles were performed. The final PCR product was pu-
rified using native polyacrylamide gel electrophoresis (Sambrook
et al. 1989), digested with BglII and EcoRI, and cloned in pIC20H.
DNA sequences were confirmed by the dideoxy chain-termination
method (Sambrook et al. 1989).

Gel electrophoresis retardation assay

Wild-type nodF nod box derived from pMP2070 and mutant nodF
nod boxes from pMP7.20 and so on were isolated as 116-bp SalI
fragments and labeled by filling in the 3′ recessive ends using
Klenow enzyme and (α32P)-dCTP using standard methods (Sam-
brook et al. 1989). Estimated specific activity ranged between
7–17·103 dpm·(ng DNA)–1. Crude protein preparations were pre-
pared from rhizobia as described previously (Schlaman et al.
1992). Binding reactions were performed in volumes of 15 µl con-
taining 37 mM Tris-HCl (pH 8.3); 3.7 mM EDTA; 100 mM KCl;
0.15 mM dithiothreitol; 3.7% sucrose; 13% glycerol; 65 µg ml–1

of each herring sperm DNA, polydA·polydT, and polydI·polydC
(Pharmacia, Woerden, The Netherlands) as competing DNA; 13–
15 µg total protein extract; and 0.3–0.7 ng nodF nod box DNA
equivalent to 5000 dpm. This extract:DNA ratio was found in a pi-
lot experiment to be optimal to visualize the different complexes
(data not shown). The mix was incubated during 20 min at ambi-
ent temperature; subsequently, 3 µl Ficoll mix containing xylene
cyanol FF and bromophenol blue dyes was added. The samples
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were loaded on 5% polyacrylamide gels in Tris-borate-EDTA buffer
and run at ambient temperature at 10 V cm–1. The experiments of
which the results are presented in Fig.2 were performed under
slightly different conditions as follows: binding was performed at
21°C in the presence of 500 µg ml–1 herring sperm DNA as com-
petitor and the gels were run at 4 °C. Gels were dried and exposed
to Fuji X-ray films using intensifying screens.

β-Galactosidase assay

To measure promoter activity, levels of β-galactosidase were de-
termined according to published procedures (Spaink et al. 1987). If
appropriate, hesperitin (150 nM) was added to the bacterial cul-
tures to induce nodulation gene transcription.

Results

Design of nod box mutagenesis

In R. leguminosarum bv. viciae the promoter of the
nodABCIJ operon promotes stronger transcriptional activ-

ity than do promoters of other nodulation operons (Spaink
et al. 1987). However, this promoter overlaps with the
nodD promoter, which is constitutively expressed and au-
toregulated. To avoid complications, the nod box from the
slightly weaker nodFEL promoter (indicated as nodF nod
box) was selected for mutational analysis. The nod box
consists of three highly conserved DNA regions, sepa-
rated by two less-well-conserved regions (Fig.1B). Sites
for mutation were chosen in the highly conserved regions,
including the LysR motif (Goethals et al. 1992), as these
regions are the most important for both promoter activity
and NodD binding (Fisher and Long 1993; Kondorosi et
al. 1989; Spaink et al. 1987). Furthermore, they were cho-
sen to be evenly dispersed over the conserved regions
with two to three nucleotides in between them. In the cen-
tral less-well-conserved region, only one site was mutated
to introduce a BamHI site (indicated as 1.1 in Fig. 1B).
The desired mutations were introduced in the nodF nod
box using PCR techniques and the mutagenic primers de-
picted in Fig.1A.

Isolated nodF nod box mutants

Forty clones with a presumed nodF nod box mutation,
which were isolated after PCR amplification with individ-
ual mutagenic primers, showed restriction fragments of
the expected size and were further analyzed by nucleotide
sequencing. Twenty out of these 40 clones showed more
than one base-pair mutation and were discarded, except
for one (designated as 15.4 in Fig.1B). From the remain-
ing 20 clones, six showed the same base-pair substitution
at the same position as in other clones and were therefore
discarded, leaving us 14 different nod box mutants.

The single nodF nod box mutations that were sub-
jected to further analyses are shown in Fig.1. Primer 8,
consisting of a 1:1 mixture of primers with two possible
base-pair substitution at a certain position, was the only
one out of ten of this type of mixed primers that resulted
in both possible mutants (mutants 8.10 and 8.11). One mu-
tant, designated as 15.4 in Fig.1B, contained the expected
bp substitution according to primer 15 as well as a “spon-
taneous” mutation (T–32→C) next to it. Because this latter
mutation was at an interesting position of the nod box,
this mutant was included for further characterization. In
weak nod gene promoters, for example the nodO nod box,
a C residue is always substituted for the consensus T–32.

The mutant designated as 2.1 in Fig.1B has been iso-
lated before and was described earlier as a Supertaq-poly-
merase-induced base-pair substitution in the synthesis of
the nodF nod box as a 116-bp SalI fragment (Schlaman
1992).

Promoter activity of mutant nod boxes

To determine the promoter activity of the mutant nodF
nod boxes, the mutated DNA fragments were cloned in
front of the promoterless lacZ reporter gene in pMP220
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Fig.2 Retardation complexes formed with the nodF nod box.
DNA fragments are wild-type nodF nod box sequence (lanes 1–3,
7–9) and mutant 2.1 (lanes 4–6). Protein extracts added to the
lanes are from: no protein extract (lanes 1, 4, 7), RBL1391.pMP280
(with NodD, lanes 2, 5, 8) and RBL1391.pMP1070 (without
NodD, lanes 3, 6, 9). Protein extracts were obtained from narin-
genin-induced (lanes 1–6) or uninduced (lanes 7–9) cultures. The
NodD-dependent and the NodD-independent retardation complexes
are indicated with D and A, respectively. The unbound DNA frag-
ment is indicated with ❍



(Spaink et al. 1987) and transferred to R. leguminosarum
bv. viciae wild-type strain RBL5560. As a positive con-
trol, plasmid pMP2073, which contains lacZ under con-
trol of the wild-type nodFEL promoter, was used. Activity
was determined as the number of units  of β-galactosidase
produced in the absence or presence of the nodulation
gene coinducer hesperitin. The results, presented in Table 1,
showed three classes of mutants. In class I mutants, the
promoter activity was not, or only slightly, affected (mu-
tants 7.20, 8.10, 8.11,and 1.1). Class II mutants had an el-
evated level of promoter activity in the absence of coin-
ducer, i.e. they are constitutive mutants (mutants 5.6 and
12.4). In mutant 5.6, the promoter activity showed a four-
fold increase and a 30% reduction compared to the control
in the absence and presence of coinducer, respectively.
Mutant 12.4 showed almost the same level of promoter
activity in the presence or absence of coinducer, and the

levels were substantially higher than that of the wild-type.
Therefore, transcription from this mutant promoter is
completely constitutive. In class III mutants, the promoter
activity was very low in the presence of coinducer (mu-
tants 9.3, 10.6, 6.4, 11.2, 2.1, 13.4, 14.1, 15.4, and 16.1).
In the absence of coinducer, the three mutants 6.4, 15.4,
and 16.1 had a higher level of activity than the uninduced
control. Mutants 2.1, 9.3, 10.6, 11.2, 13.4, and 14.1 showed
an activity equal to or slightly reduced compared to the
uninduced control.

The completely constitutive mutant 12.4 was further
characterized (Table 2). Surprisingly, it was found that the
constitutive phenotype appeared to be completely inde-
pendent of the presence of NodD protein, as shown by 
the high levels of promoter activity in the NodD-lacking
Rhizobium strains RBL5561 (nodD::Tn5) and LPR5045
(pSym–). Even in Escherichia coli, considerable promoter
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Table 1 Promoter activity of
nodF nod boxes with base pair
substitutions as determined by
measuring β-galactosidase ac-
tivity. Plasmids are present in
Rhizobium leguminosarum bv.
viciae strain RBL5560. Hes-
peritin (150 nM) was used as
flavonoid coinducer. β-Galac-
tosidase activity is expressed in
Miller Units (U). Data are the
mean of four independent ex-
periments, except for the con-
trol, which is the mean of ten
independent experiments, each
performed in quadruplicate,
with a deviation (standard er-
ror) less than 10%

Class Plasmid β-Galactosidase Activity relative to wild-type

–Hesperitin +Hesperitin –Hesperitin +Hesperitin

Wild-type
pMP2073 220 2390

Mutants
I pMP220–7.20 310 1820 1.4 0.8

pMP220–8.10 300 2320 1.4 1.0
pMP220–8.11 360 2480 1.6 1.0
pMP220–1.1 220 2380 1.0 1.0

II pMP220–5.6 830 1710 3.8 0.7
pMP220–12.4 3320 3630 15.1 1.5

III pMP220–9.3 120 180 0.6 0.1
pMP220–10.6 190 270 0.9 0.1
pMP220–6.4 380 340 1.7 0.1
pMP220–11.2 140 100 0.6 0.0
pMP220–2.1 190 420 0.9 0.1
pMP220–13.4 240 170 1.1 0.1
pMP220–14.1 160 330 0.7 0.1
pMP220–15.4 300 330 1.4 0.1
pMP220–16.1 300 270 1.4 0.1

Table 2 Promoter activity of
the constitutive mutant nodF
nod box pMP220–12.4 in vari-
ous bacterial backgrounds. 
β-Galactosidase activity is ex-
pressed in Miller Units (U).
Hesperitin (150 nM) was used
as flavonoid coinducer. Data
are the mean of four indepen-
dent experiments each per-
formed in quadruplicate, with a
deviation (standard error) less
than 10%. ND Not determined

Bacterial strains and plasmids β-Galactosidase Activity relative to wild-type

–Hesperitin +Hesperitin –Hesperitin +Hesperitin

R. leguminosarum bv. viciae
RBL5560 (nodD+)

pMP2073 220 2390
pMP220–12.4 3320 3630 15.1 1.5

RBL5561(nodD–)
pMP2073 240 310
pMP220–12.4 4400 4400 18.3 14.2
LPR5045(pSym–)
pMP2073 240 300
pMP220–12.4 4100 ND 17.0 ND

E. coli
JM101

pMP2073 0 0
pMP220–12.4 1500 1500 >1500 >1500
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Fig.3A–C Retardation com-
plexes formed with mutated
nodF nod boxes harboring a
single base pair substitution. In
A–C, protein extracts added to
the labeled DNA fragment are
from the following sources:
Lanes 1, 4, 7, 10, 13, 16
no protein extract added,
lanes 2, 5, 8, 11, 14, 17
RBL1391.pMP1070 (without
NodD), lanes 3, 6, 9, 12, 15,
18 RBL1391.pMP280 (with
NodD). Mutant nodF nod box
DNA fragments are: A Lanes
1–3 pMP7.20, lanes 4–6
pMP5.6, lanes 7–9 pMP8.10,
lanes 10–12 pMP8.11, lanes
13–15 pMP2070 (wild-type).
B Lanes 1–3, pMP10.6, lanes
4–6 pMP6.4, lanes 7–9
pMP11.2, lanes 10–12
pMP2070 (wild-type), lanes
13–15 pMP9.3 (long expo-
sure). C Lanes 1–3 pMP12.4,
lanes 4–6 pMP14.1, lanes 7–9
pMP15.4, lanes 10–12
pMP2070, lanes 13–15
pMP13.4 (long exposure).
D NodD-dependent complex,
A NodD-independent complex



activity was detected, whereas the control plasmid
pMP2073 did not show any activity at all in this heterolo-
gous background.

Behavior of mutant nod boxes 
in electrophoretic retardation assays

To analyze whether patterns of protein complexes formed
by total rhizobial extracts with the mutated nodF nod boxes
are altered compared to the wild-type nodF nod box, elec-
trophoretic gel-retardation assays were performed. The
wild-type nodF nod box showed two retardation com-
plexes. One of the complexes is NodD-dependent (desig-
nated as D in Fig.2 and Fig.3), as it only formed with pro-
tein extracts obtained from R. leguminosarum bv. viciae
strains containing nodD. The other complex (designated
as A in Fig.2 and Fig.3) formed with protein preparations
derived from all tested R. leguminosarum bv. viciae strains,
including those strains lacking nodD; it is therefore indi-
cated as a NodD-independent complex (or A-complex).
The observation that more than one retardation complex is
formed with nod box DNA has been reported before for
R. leguminosarum bv. viciae (Hong et al. 1988; Schlaman
1992; Schlaman et al. 1992) as well as for other rhizobia
(Goethals et al. 1992; Kondorosi et al. 1989). Usually, it was
observed that the NodD-independent complex with wild-
type nodF nod box was more abundant than the nodD-de-
pendent complex under our experimental conditions. How-
ever, the opposite was observed when higher amounts of
competitor DNA were used (up to 500 µg ml–1) suggest-
ing a higher sequence specificity of NodD protein than of
the protein forming the NodD-independent complex for
nod box DNA. Since more A-complex seemed to be formed
by lysates lacking NodD than by lysates having NodD, it
may be that binding sites of NodD overlap with those of
the unknown protein forming the A-complex.

Special interest in the NodD-independent retardation
complex (A) arose from the observation with nodF box
mutant 2.1, which could not form this complex and
showed very low promoter activity after flavonoid induc-
tion, whereas the NodD-dependent complex was normally
present (Fig.2 and Schlaman 1992). To investigate the re-
lationship between the NodD-independent complex (A) and
promoter activation in more detail, all other nodF nod box
mutants were subjected to gel electrophoretic retardation

assays. Several independent experiments, each with a set
of various mutants, were performed and in each set wild-
type nodF nod box served as a control. The results are
presented in Fig.3; within each panel the results of the
mutants should be compared with that of the wild-type in
the same panel. As shown in Fig.3, extracts of R. legumi-
nosarum bv. viciae carrying or not carrying nodD did not
form the NodD-independent complex with the nodF nod
box mutants 7.20, 8.10, and 8.11 (Fig.3A, lanes 1–3, 7–12),
whereas with all other mutants the A-complex was formed.

The mutants 9.3 and 13.4 showed reduced binding
with NodD, as could be concluded from the fact that, re-
producibly, much longer exposure times were needed to
observe the NodD-dependent retardation complex (D) in
the case of both these mutants (Fig.3B, lanes 13–15 and
Fig. 3C, lanes 13–15, respectively). Moreover, mutant 13.4
showed also weak A-complex formation. All other mutants
(5.6, 12.4, 10.6, 6.4, 11.2, 14.1, and 15.4) showed patterns
of retardation complex formation indistinguishable from
that of the wild-type nodF nod box control (Fig.3A, lanes
13–15 and Fig.3B, lanes 10–12).

The phenotypes of the nodF nod box mutants in tran-
scription activation and retardation complex formation are
summarized in Table 3.

Discussion

Inducible nodulation gene expression

Transcription of many nodulation genes in rhizobia re-
quires the transcriptional activator NodD protein, an acti-
vating flavonoid (so-called coinducer) derived from the
host plant, and a conserved nod box DNA sequence. In-
formation on structural requirements of nod boxes for ex-
pression has mainly been obtained from deletion and in-
sertion analyses. Deletions from the 5′ and 3′ ends of the
nod box covering more or less of the conserved regions
abolishes transcription (Spaink et al. 1987; Wang and
Stacey 1991) as do insertions in the central non-conserved
region (Fisher and Long 1993). However, insertion of ex-
actly ten nucleotides in this region has no effect on tran-
scription activation (Fisher and Long 1993). From in vitro
assays it has become evident that NodD protein binds to
nod boxes both in the presence and absence of coinducers.
Several lines of evidence support the model that the
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Table 3 Summary of pheno-
types of mutants in the nodF
nod box

Class Mutant numbers Promoter activity Retardation complexes

NodD Complex NodD-independent 
Complex

I 7.20; 8.10; 8.11 (Almost) normal Normal Absent
II 5.6; 12.4 At least partially Normal Normal or reduced

constitutive
IIIA 2.1 Decreased Normal Absent
IIIB 9.3; 13.4 Decreased Reduced Normal or reduced
IIIC 10.6; 6.4; 11.2; 14.1; 15.4 Decreased Normal Normal



NodD-nod box binding alters upon addition of appropri-
ate flavonoid coinducers: increased binding to nod box se-
quences in S. meliloti, Azorhizobium caulinodans, and
Sinorhizobium fredii (Goethals et al. 1992; Kondorosi et
al. 1989; Machado et al. 1998) and changes in DNase I foot-
prints (Kondorosi et al. 1989). However, in other cases the
affinity and/or binding of NodD for nod boxes seemed not
to be affected (Fig.2 and Fisher and Long 1989; Fisher et
al. 1988; Hong et al. 1988). These apparently conflicting
data may be the result of differences in the experimental
set-ups. Except for NolR (Kondorosi et al. 1991), the role
of additional proteins that bind to the nod box in tran-
scription activation is not understood.

The present study is the first one in which single nu-
cleotide mutants, evenly dispersed over the entire nod
box, were investigated for their role in promoter activa-
tion and protein complex formation. All mutants showed
an altered phenotype compared to the wild-type nodF nod
box either in transcription activation, protein complex for-
mation, or both, confirming the importance of the con-
served residues in the nod box.

Promoter activity and NodD binding

Most of the nodF nod box mutants showed complete loss
of promoter activity, whereas altered protein complex for-
mation was only detected in some cases (Table 3). Sur-
prisingly, in none of these so-called class III mutants was
NodD binding completely abolished; only mutants 9.3
and 13.4 showed severely reduced NodD binding (Fig. 3B,
lanes 13–15 and 3C, lanes 13–15, respectively), indicat-
ing that NodD protein binding is not sufficient for pro-
moter activity. It should be noted that both these mutants
are transversions and both are located at a similar position
in either one of the inverted repeats of the NodD box. It
has been proposed that the inverted repeats of the NodD
box form loop structures to which the NodD protein binds
as a dimer (Goethals et al. 1992). The mutations 9.3 and
13.4 might severely influence the 3-dimensional configu-
ration of such loop structures, thereby preventing efficient
binding of NodD protein.

Two mutants (10.6 and 6.4) were chosen for analysis
of the LysR motif (Goethals et al. 1992; Schell 1993).
These mutants showed lack of, or at least very decreased,
transcription activation upon addition of coinducer. Muta-
tions in the LysR motif constructed previously also showed
complete lack of transcription activation (Goethals et al.
1992). The results show, however, that the retardation pat-
terns of our mutants were unaltered (class IIIC mutants,
Fig.3B, lanes 1–6); this is in contrast to earlier observa-
tions in which a mutation in the LysR motif severely re-
duced NodD binding (Goethals et al. 1992). It cannot be
excluded that our mutants lead to altered NodD binding,
but the retardation assays used here are not sensitive enough
to detect subtle differences.

Promoter activity 
and the NodD-independent binding complex

Additional NodD-independent binding complexes migrat-
ing in the retardation assay between the NodD-dependent
complex and the free DNA fragment have been observed
using extracts from R. leguminosarum bv. viciae (Hong et
al. 1988; Schlaman 1992; Schlaman et al. 1992), S. meliloti
(Kondorosi et al. 1989) and A. caulinodans (Goethals et al.
1992). The nature of such complexes may differ, depend-
ing on the nod box and the bacterial strain. For S. meliloti,
it has been shown that this complex with the nodA pro-
moter is formed by the repressor of nodulation gene ex-
pression NolR (Kondorosi et al. 1989, 1991). In R. legu-
minosarum bv. viciae nolR, homologous sequences have
been detected but a NolR DNA target site is absent in the
nodF nod box (Kiss et al. 1998). It has been shown previ-
ously (Schlaman et al. 1992) that in R. leguminosarum bv.
viciae the NodD-independent complex was found to be
specific for nod boxes of strong nodulation gene promot-
ers, since it is not formed with, for instance, the weaker
nodO promoter (De Maagd et al. 1989). Furthermore, the
complex is specific for rhizobial protein extracts, as it is
not observed using E. coli extracts (Schlaman 1992), indi-
cating that it is not formed by proteins of the general tran-
scription machinery.

It was reported previously that nodF nod box mutant
2.1 formed an unaltered NodD retardation complex, but that
the NodD-independent binding complex was absent and
transcription activation was decreased (Schlaman 1992).
This prompted the hypothesis that an unknown protein
may be involved in the stimulation of nod promoter activ-
ity. However, here it was shown that, although with class
I mutants 7.20, 8.10, and 8.11 the NodD-independent re-
tardation complex was not formed (Fig.3A, lanes 1–3 and
8–12, respectively), these mutants nevertheless exhibit
high inducible promoter activity (Table 1). The NodD-
independent complex formed with R. leguminosarum bv.
viciae nodF nod box has therefore no clear function in
transcription activation but apparently is not required for
NodD-dependent transcription activation.

Constitutive nod gene transcription

Surprisingly, two nodF nod box mutants (5.6 and 12.4)
were (partially) independent from flavonoids in their abil-
ity to activate nodulation gene transcription (class II mu-
tants, Table 1). These mutants are at different locations in
the nod box (Fig.1), and therefore it is unlikely that a sin-
gle conformational change is responsible for this pheno-
type. It cannot be excluded that the mutation(s) resulted in
a new recognition site for RNA polymerase, making tran-
scription therefore independent of NodD and coinducers.
Mutant 12.4 showed the most pronounced phenotype in that
its transcription activation was completely independent
from NodD and that it even showed significant promoter
activity in E. coli (Table 2), an observation that, until now,
has never been reported for rhizobial promoters.
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In the gel-retardation assay, both class II mutants formed
retardation patterns characteristic of the NodD-dependent
and the NodD-independent complexes. However, mutant
12.4 distinguished itself from the wild-type in that the
NodD-dependent complex was more abundant than the (A)
complex, whereas in the wild-type the reverse was the case
under the same experimental conditions (Fig.3C, lanes 1–
3). Interestingly, mutant 12.4 (A–41→T transversion) maps
at exactly the same position as mutant 2.1 (A–41→G tran-
sition), which showed severely decreased transcription ac-
tivation and lacked the NodD-independent retardation
complex (Fig.2) suggesting that this nucleotide is at a key
position for binding of the protein in the NodD-indepen-
dent retardation complex. In agreement is our result of re-
duced amounts of NodD-independent complex observed
for mutant 13.4, which maps directly adjacent at position
–40 (Fig.3C, lanes 13–15). The NodD-dependent com-
plex is unexpected for mutant 5.6, since the altered nu-
cleotide in this mutant forms a base pair at a critical point
of contact between the protein NodD and the nod box
(Fisher and Long 1993; Schlaman 1992). It is likely that
other interactions between NodD and the nod box still ex-
ist and are sufficient to form complexes visible in a retar-
dation assay.

In summary, we conclude from the data obtained with
the class II and class IIIC nod box mutants, both of which
showed unaltered retardation complex formation but com-
pletely opposite phenotypes in promoter activity, that for-
mation of a NodD-dependent retardation complex is an
insufficient criterion to judge functionality in transcrip-
tion activation. Mutants such as our class II and class IIIC
types can be very helpful in developing assays to discrim-
inate between protein–promoter binding, which does or
does not lead to transcription activation. Such discrimi-
nating assays would be of great use for the study of all
promoters dependent on activation by proteins of the LysR
family. Furthermore, it can be concluded that the different
classes of mutants we obtained are evenly dispersed over
the entire nod box. This shows that the nod box is not
built up of simple blocks with distinct functions, but rather
that it functions as an entity in transcription activation.
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