
Plant Physiol. (1988) 86, 1298-1303
0032-0889/88/86/1298/06/$01.00/0

Root Exudates of Various Host Plants of
Rhizobium leguminosarum Contain Different Sets of
Inducers of Rhizobium Nodulation Genes'
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ABSTRACT

Rhizobium promoters involved in the formation of root nodules on
leguminous plants are activated by flavonoids in plant root exudate. A
series of Rhizobium strains which alH contain the indudble Rhizobium
legumunosarum nodA promoter fused to the Eschenchia coli lacZ gene,
and which differ only In the source of the regulatory nodD gene, were
recently used to show that the regulatory nod! gene determnes which
flavonolds are able to activate the nod4 promoter (HP Spank, CA
Wtffelman, E Pees, RJH Okker, BJJ Lugtenberg 1987 Nature 328: 337-
340). Since these strains therefore are able to discriminate between various
flavonoids, they were used to determine whether or not plants that are
nodulated by R. kguminosarum produce different inducers. After chro-
matographic separation of root exudate constituents from Vicia saiva L.
subsp. nigra (L.), V. hirsuta (L.) S.F. Gray, Pisum sativum L. cv Rondo,
and Trifolinum subterraneum L., the fractions were tested with a set of
strains containing a nodD gene of R. leguminosarum, R. trifoli, or Rhi-
zobium melilot, respectively. It appeared that the source of nodO deter-
mined whether, and to what extent, the R. leguminosarnm nod4 promoter
was induced. Lack of induction could not be attributed to the presence
of inhibitors. Most ofthe inducers were able to activate the nodA promoter
in the presence of one particular nod! gene only. The inducers that were
active in the presence of the R. kguminosarum nod) gene were different
in each root exudate.

Plants of the family Leguminosae can establish a symbiosis
with bacteria of the genus Rhizobium. The first visible steps in
this interaction are attachment of the bacteria to the plant root
hairs, subsequent curling of these root hairs, followed by the
development of an infection thread which grows from the root
hair into the cortex. After the induction of a meristem a root
nodule is formed, in which the bacteria differentiate into bac-
teroids which fix atmospheric nitrogen. This symbiosis is a host-
specific interaction in that each species of Rhizobium forms nod-
ules on a specific, limited number of leguminous host plant spe-
cies (31). Many of the Rhizobium genes required for nodulation
are present on large Sym(biosis) plasmids (1, 3, 10, 15). The
operons nodABCIJ and nodD are functionally exchangeable be-
tween the different species, and the corresponding genes are
therefore referred to as 'common' (4, 9, 16, 32). Other nod genes
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present in each species code for host-specific nodulation func-
tions (2, 5, 6, 16, 32).
Rhizobium nod genes can be activated by plant root exudate

(14, 21, 24, 29, 33). The induction requires the presence of a
functional nodD positive regulatory gene, the expression of which
is constitutive (14, 21, 24, 26, 33, 34). The nod gene inducers of
various host plants are flavonoids. The major inducer of Rhi-
zobium meliloti nodA was isolated from alfalfa seed extract and
was characterized as the flavone luteolin (22). The Rhizobium
trifolii nodA gene inducers present in white clover seedlings are
7,4'-dihydroxyflavone, geraldone, and 4'-hydroxy-7-methoxy-
flavone, in order of decreasing activity (23). The major inducer
of Rhizobium leguminosarum nodA in Vicia sativa root exudate
copurifies with the flavanone fraction and can be replaced by
naringenin and a number of other flavonoids (34). Seed extracts
of pea are reported to contain two major inducers of R. kegu-
minosarum nodA, one of which was tentatively identified as
apigenin-7-0-glucoside (8). In addition to these naturally oc-
curring inducers, a number of commercially available flavones
and flavanones with appropriate hydroxylation and methoxyla-
tion patterns can induce nod genes (see Ref. 36 for a summary).
Flavonols and isoflavones are inactive, and some isoflavones
even inhibit induction of R. leguminosarum by pea root exudate
(8).
Using a series of isogenic strains that contain the nodD gene

of either R. leguminosarum, R. trifolii, or R. meliloti, Spaink et
al. (27) showed that the level of induction of the R. legumino-
sarum nodA promoter by different flavonoids was dependent on
the source of the nodD gene (27) and, therefore, was Rhizobium
species-specific. On the other hand, several studies have shown
that nodD can function across species (work from several lab-
oratories), and that crude exudates of nonhost plants can induce
nod gene expression (several laboratories). To explore this com-
plex behavior, we investigated the induction of the nodA pro-
moter of R. leguminosarum in the presence of the nodD genes
of either R. leguminosarum, R. trifolii, or R. meliloti by total
and fractionated root exudates of host plants of R. legumino-
sarum.

MATERIALS AND METHODS

Preparation of Sterile Plant Root Exudates. Seeds of Vicia
sativa L. subsp. nigra (L.), Vicia hirsuta (L.) S.F. Gray, Pisum
sativum L. cv Rondo, and Trifolium subterraneum L. were surface-
sterilized and allowed to germinate as described previously (28).
For the production of root exudates, 15 seedlings of P. sativum
or 150 seedlings of V. sativa, V. hirsuta, or T. subterraneum were
grown in 750 ml of 10-fold diluted Jensen medium (30) as de-
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scribed previously (29). Diluted medium was used in order to
decrease the amount of medium components in lyophilizates of
the root exudates. The growth rate of the plants was the same
as in undiluted Jensen medium. Plants were grown for 7 d, and
each day 50 ml of culture medium was exchanged for the same
volume of sterile medium. Sterility of the samples was checked
as described previously (29). Sterile samples were centrifuged
for 15 min at 6000g to remove traces of plant material, and the
supernatant fluids were tested for nod gene-inducing ability. The
exudates were centrifuged rather than filtered, because a range
of filters tested retained the inducing activity for 20 up to 90%
(AAN van Brussel, unpublished results).
Thin-Layer Chromatography of Root Exudate Components.

Fifty ml of each root exudate sampled after 4 d was lyophilized,
and the lyophilizates were extracted three times with 10 ml of
96% ethanol. The extracts of each lyophilizate were pooled and
subsequently concentrated to 250 pu1. Thirty ,l of each concen-
trate was applied to a cellulose TLC plate (Merck 5552 or 5574,
Darmstadt, Federal Republic of Germany) as a band of 21 mm,
with spacings of 20 mm between two samples. This amount of
concentrate was sufficiently active for detection (equivalent to
approximately 10,000 units of 8-galactosidase), whereas it was
small enough to avoid substantial tailing of the inducers. A stand-
ard marker-mixture containing 1 j,g of naringenin (Sigma Chem-
ical Co.), 1 ,mg of luteolin, and 1Ag of 7-hydroxyflavone (Carl
Roth GmbH & Co, Karlsruhe, Federal Republic of Germany)
was applied at each side of the plate. The solvents used were
15% (v/v) acetic acid in water; t-butanol:acetic acid:water (3:1:1,
v/v); and chloroform:acetic acid:water (10:9:1, v/v). After de-
velopment, the plates were dried in a stream of warm air for 3
h and inspected under UV light of 254 and 366 nm wavelength.
Each lane resulting from one exudate was cut in three identical
sets of fragments of 7 mm wide and 10 mm high (Fig. 1), which
were tested for nodA promoter-inducing activity with the strains
RBL5280, RBL5283, and RBL5284, respectively (see below).
Each TLC analysis was performed twice as described above. The
RF values of inducing activities were calculated from the position
of the center of the inducing fragments.

Bacterial Strains, Plasmids, and Growth Conditions. The bac-
terial strains used in this study are listed in Table I. Plasmids
pMP154, pMP280, pMP283, and pMP284 have been described
previously (26, 27). Briefly, pMP154 is a transcriptional fusion
vector of the IncQ incompatibility class, containing the R. Iegu-
minosarum nodA promoter fused to the Escherichia coli struc-
tural lacZ gene. pMP280, pMP283, and pMP284 are derived from
pMP92 (27), a wide-host-range, mobilizable plasmid of the IncP
incompatibility class, and contain the nodD genes of R. legu-
minosarum, R. trifolii, and R. meliloti, respectively (27). Strains
RBL1280, RBL1283, and RBL1284 were constructed essentially
as described for similar constructs (26). Bacteria to be used for
the nodA promoter induction assay were maintained as described
previously (34). For stable maintenance of the recombinant plas-
mid pMP154, the antibiotics streptomycin (1 mg/ml) and chlor-
amphenicol (10 ,ug/ml), and for pMP280, pMP283, and pMP284
tetracycline (2,g/ml) were added to the medium. Cells were
grown in Jensen mineral medium (30) supplemented with ap-
propriate antibiotics and containing 20% B- medium (28) (for
strains derived from LPR5045) or 10% Luria complete medium
(19) (for strains derived from LBA4301). The bacteria were grown
to an A6. of 0.25 and used in the induction assay.
Assay for nodA Promoter-Inducing Activity. The assays were

performed as described previously (34). The level of nodA pro-
moter activity was determined as units of P-galactosidase (20).
Test volumes (4 ml) contained either 2 ml of exudate (unless
stated otherwise), or fragments of chromatograms, or a final
concentration of 400 nm of luteolin (Sigma Chemical Co.) as
inducers, and bacteria at an initial A__ of 0.06. Induction was

duplo, and 3-galactosidase activities of each induction experi-
ment were tested in duplo as well. In both cases, the duplicate
experiments showed a variation of less than 10% of the values
recorded.

RESULTS

Inducing Activity of Root Exudates in Time. The inducing ac-
tivities of root exudates of V. sativa, V. hirsuta, P. sativum, and
T. subterraneum were monitored in time by testing samples of
1- to 7-d-old exudates with strains RBL5280, RBL5283, and
RBL5284. In all cases exudates of 4-d-old cultures reproducibly
showed maximal inducing activity, i.e. the levels of induction
were at least as high as those of samples taken later. The levels
of induction obtained with samples taken earlier were different
for each combination of exudate and test strain, and data from
two independent duplicate series of samples showed a large varia-
tion. Therefore, exudates of 4-d-old cultures were used in further
experiments.

Induction of the R. keguminosarum nodA Promoter by Various
Exudates is Dependent on the Source of the nodD Gene. Exudates
of the 4-d-old host plants were tested for induction of the R.
leguminosarum nodA promoter in the presence of the homolo-
gous R. leguminosarum nodD gene (strain RBL5280) or in the
presence of the heterologous R. trifolii (strain RBL5283) and R.
meliloti (strain RBL5284) nodD gene (Table II). Since luteolin
induces all three test strains (27), it was used as a positive control.
Strain RBL5284, containing the nodD of R. meliloti, is not in-
duced to levels comparable to those of strains RBL5280 or
RBL5283 by maximally inducing concentrations of luteolin (Table
II). This is a characteristic of this particular strain (27). The level
of induction cannot be raised by adding higher concentrations
of luteolin or by incubation for longer periods. Thus, the induc-
tion of RBL5284 by an exudate should always be compared to
the induction of this strain by luteolin and not to the levels of
induction of RBL5280 or RBL5284 by the same exudate. Exu-
dates of V. hirsuta and P. sativum induced all three strains to
levels comparable to or higher than that of luteolin. V. sativa
exudate was a good inducer for strains RBL5280 and RBL5283
but activated the nodA promoter in strain RBL5284 only mod-
erately. T. subterraneum exudate induced RBL5283 to a level
exceeding that of luteolin but had hardly any inducing activity
with strains RBL5280 and RBL5284 (Table II).
To check the influence of the bacterial background on these

results, the same tests were carried out with strains RBL1280,
RBL1283, and RBL1284. These strains are derived from A. tu-
mefaciens cured of its Ti-plasmid and containing the same rel-
evant plasmids as strains RBL5280, RBL5283, and RBL5284,
respectively (Table I). The values of maximal induction of these
strains were lower than in the R. trifolii background, but the
pattern of induction of the nodA promoter by the four exudates
in the presence of the different nodD genes was the same (Table
II). Thus, the chromosomal background is not responsible for
the observed differences of induction.
Lack of Induction is Not Caused by the Presence of Inhibitors.

In three cases, i.e. V. sativa exudate with strain RBL5284, and
T. subterraneum exudate with strains RBL5280 and RBL5284,
the nodA promoter was not or only slightly induced (Table II).
This could either mean that the inducers present did not match
the nodD genes or that, next to inducers, inhibitors of induction
were present in the exudates, and that these inhibitors matched
only the nodD genes of the strains that were not or only mar-
ginally induced. To discriminate between these possibilities, sub-
maximally inducing amounts of exudate of P. sativum, which is
active with all three test strains (Table II), were mixed with
exudates of V. sativa and T. subterraneum and the mixtures were
tested with the relevant test strains. The induction of RBL5284

assayed after 20 h of incubation. Each inducer was tested in
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Table I. Strains and Plasmids Used in This Study
Abbreviations: Cm, chloramphenicol; r, resistance; Rec, recombination; Rif, rifampicin; Sm, streptomycin;

Tc, tetracyclin.

Strain Relevant characteristics Reference

LPR5045 R. trifolii RCR5 rif cured of Sym plasmid pRtr5a P. J. J. Hooykaas
RBL5280 LPR5045(pMP280, pMP154) 27
RBL5283 LPR5045(pMP283, pMP154) 27
RBL5284 LPR5045(pMP284, pMP154) 27
LBA4301 Ag. tumefaciens cured of its Tumor inducing plas- 11

mid, Rec-, Rjfr
RBL1280 LBA4301(pMP280, pMP154) H. P. Spaink
RBL1283 LBA4301(pMP283, pMP154) H. P. Spaink
RBL1284 LBA4301(pMP284, pMP154) H. P. Spaink
Plasmids
pMP154 R. leguminosarum promoter nodABCIJ-lacZ fu- 34, 26

sion in the IncQ class expression vector
pMP19O, Cmr, Smr

pMP280 R. leguminosarum nodD inserted in the IncP class 27
broad host range vector pMP92 (26), Tcr

pMP283 R. trifolii nodD inserted in pMP92, Tcr 27
pMP284 R. meliloti nodD inserted in pMP92, Tcr 27

V. sativa exudate (Table III). Similarly, fourfold excess of T.
subterraneum exudate did not influence the level of induction of
P. sativum exudate with either strain RBL5280 or strain RBL5284
(Table III). Thus, the lack of induction in these three cases is
not caused by the presence of inhibitors.
Root Exudates of R. leguminosarum Host Plants Contain Dif-

ferent Sets of Inducers, which Vary in Activity Toward Different
nodO Genes. To characterize the inducing activity in the exudates
in more detail, exudates were concentrated and subjected to
TLC. Fragments of the chromatograms were tested with strains
RBL5280, RBL5283, and RBL5284. Of the solvents tested (see
"Materials and Methods"), 15% acetic acid proved to be the
most discriminative (data not shown). The exudates appeared to
contain a variety of inducers, most of which induced only one
of the test strains to a high level (Fig. 1). Surprisingly, none of
the exudates contained a 'common' inducer, i.e. a component
that induced all three test strains to a high level, e.g. like luteolin
in Table II. In V. sativa exudate at least three inducers were

detected. It cannot be ruled out that more than one inducer are

present in one TLC-fragment, but for simplicity one inducing
fragment will be designated as one inducer. One inducer of V.
sativa exudate induced RBL5280 (RF 0.30), a second one only
induced RBL5283 (RF 0.24), and a third one induced RBL5283
and, to a low level, also RBL5284 (RF 0.07). The low level of
induction of RBL5280 by the RF 0.24 fragment of this exudate
is most likely due to a slight tailing of the RF 0.30 inducer. This

phenomenon can be observed with most of the inducers (Fig.
1). V. hirsuta exudate contained two inducers, one of which
specifically induced RBL5280 (RF 0.01), and another one (RF
0.07-0.10) that induced both strains RBL5283 and RBL5284.
P. sativum exudate contained one inducer for strain RBL5280
(RF 0.35), one inducer for strain RBL5283 (RF 0.30), and a third
one inducing both strains RBL5283 and RBL5284 (RF 0.13). The
inducer of strain RBL5280 was not efficiently extracted from the
lyophilized P. sativum root exudate since 10 Al of the ethanolic
extract induced only to a level of 3,000 units of 83-galactosidase,
whereas the equivalent amount of the unconcentrated exudate
induced to a level of 18,300 units (Table II). This explains the
relatively low level of induction of this strain by the fragments
of the TLC compared to that of strains RBL5283 and RBL5284
(Fig. 1), whereas the induction of the three strains by total P.
sativum root exudate is approximately the same (Table II). T.
subterraneum exudate contained two inducers for strain RBL5283
(RF 0.30 and 0.07). The very low induction of strains RBL5280
and RBL5284 by the total root exudate was only observed in
TLC when five times the amount of concentrate was chromato-
graphed. The inducer at RF 0.30 appeared to activate RBL5280
slightly, whereas the weak induction of RBL5284 was caused by
a third compound, at RF 0.13 (Fig. 1).
The induction of RBL5284 by V. hirsuta exudate after chro-

matography was reproducibly much higher than the induction
by equivalent amounts of ethanolic extract. The fragments of RF

Table II. Induction of the R. leguminosarum nodA Promoter by Legume Root Exudates in the Presence of the nodD Genes of R. leguminosarum,
R. trifolii, or R. meliloti

The induction experiments were carried out as described in "Materials and Methods." The levels of induction are expressed as units of
,B-galactosidase x 10-3. The values are the averages of two independent series of exudates from 4-d-old plants. Luteolin at a final concentration
of 400 nm, and medium without inducers served as positive and negative controls, respectively.

Test Strain Root Exudate

V. V. P. T. subterra- Luteolin Control
Designation Background Source of nodD saia hrua atvmnmsativa hirsuta sativum neum

RBL5280 R. trifolii R. leguminosarum 22.7 18.8 18.3 0.7 17.9 0.22
RBL5283 R. trifolii R. trifolii 18.3 18.7 22.5 27.5 21.2 0.68
RBL5284 R. trifolii R. meliloti 2.0 6.0 9.3 0.8 4.9 0.28
RBL1280 A. tumefaciens R. leguminosarum 10.8 9.6 8.6 0.8 6.2 0.40
RBL1283 A. tumefaciens R. trifolii 7.9 8.8 8.8 8.8 6.2 1.12
RBL1284 A. tumefaciens R. meliloti 1.2 2.3 5.1 0.9 1.5 0.82
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Table III. Induction of the R. leguminosarum nodA Promoter by
Mixtures ofActive and Inactive Exudates in the Presence of nodD of

R. leguminosarum or R. meliloti
Exudates from 4-d-old plants were used, and medium without added

inducers served as a control.

Induction
Inducing Exudate or
Mixture of Exudates Strain RBL5280 Strain RBL5284

(nodD R. keg.) (nodD R. mel.)
units 8-galactosidase x 10-3

P. sativum 2 ml 19.1 11.0
P. sativum 0.5 ml 12.0 7.9
T. subterraneum 2 ml 0.6 0.7
V. sativa 2 ml ND 2.0
P. sativum 0.5 ml + 11.2 8.3

T. subterraneum 2 ml
P. sativum 0.5 ml + NDa 7.2

V. sativa 2 ml
Control 0.25 0.28

a Not determined.

V. sativa V. hirsuta P. sativum T. subterraneum

FIG. 1. Induction of strain RBL5280 (containing nodD of R legum-
inosarum), RBL5283 (nodD of R. trifolii), and RBL5284 (nodD of R.
meliloti) by chromatogram fragments of root exudates from different test
plants. Chromatography and testing of the chromatogram fragments for
inducing activity were performed in duplicate, as described in "Materials
and Methods." Variation between the values of induction obtained in
these experiments was within 10% of the mean values. The mean levels
of induction for strain RBL5280 (A), RBL5283 (B), and RBL5284 (C)
are expressed as units of 8-galactosidase: (RI). 0-500 units: A. 500-
2500 units; (-), 2500-5000 units; (U), more than 5000 units; ()g. 500-
1000 units, only observed when a fivefold amount of concentrate was
applied. H, 7-hydroxyflavone; L, luteolin; N, naringenin.

0.07 and 0.13 induced 4800 and 9200 units of 3-galactosidase,
respectively, whereas 10 ,ul of extract induced only 3700 units.
Thus, V. hirsuta root exudate probably contains inhibiting ac-
tivity for the induction of strain RBL5284, and this inhibitor(s)
is separated from the inducers by chromatography. The inhibiting
activity was not detected when the total root exudates were as-
sayed for induction, since the inhibitor(s) still allow a level of
induction comparable to that caused by luteolin (Table II). In
all other cases, the inducing activity of an exudate for a given
test strain after chromatography was comparable to the activity
of equivalent amounts of extract.

DISCUSSION

Host-Specificity of nod Gene Induction by Root Exudates of
Host Plants of R. keguminosarum. The induction of the R. leg-
uminosarum nodA promoter requires the presence of a func-
tional nodD gene (24, 26, 33, 34) and host plant root exudate
(24, 26), or a flavonoid inducer related to the ones present in
the exudates (8, 33, 34). The results presented in this paper show
that the level of induction of the R. leguminosarum nodA pro-
moter caused by sterile root exudates of three R. leguminosarum
host plants, V. sativa, V. hirsuta, and P. sativum, and that of T.
subterraneum, depends on the source of the nodD regulatory
gene (Table II). Since T. subterraneum, which is a host plant of
R. trifolii, can also be nodulated by R. leguminosarum, although
in an aberrant fashion (13), the root exudate of this plant was
also tested. In the presence of the R. leguminosarum nodD gene,
only the root exudates of the real R. leguminosarum host plants
mentioned above induce the nodA promoter to the maximum
level (strain RBL5280 in Table II), whereas the R. trifolii nodD
gene also mediates a high level of induction by T. subterraneum
root exudate (strain RBL5283 in Table II). In the presence of
the R. meliloti nodD, only exudates of V. hirsuta and P. sativum
can accomplish maximal induction of the promoter (strain RBL5284
in Table II). However, the moderate level of induction observed
in the presence of the R. meliloti nodD gene by V. sativa root
exudate is apparently sufficient for nodulation, since a R. leg-
uminosarum strain carrying a TnS insertion in nodD can be com-
plemented for nodulation on V. sativa by pRmSL26 (32), which
carries the nodD gene of R. meliloti (7).
The observed pattern of induction is not caused by the com-

bination of the various nodD genes and the R. trifolii back-
ground, because the equivalent A. tumefaciens strains show the
same pattern, although the maximum levels of induction are
lower (Table II). The chromosomal background thus is involved
in determining the sensitivity of the bacterium for inducers, whereas
the nodD gene determines whether and to what relative extent
the nodA promoter is induced by an exudate.

Inhibitors of nod Gene Induction. The exudates that do not or
only marginally induce the nodA promoter in combination with
a particular nodD gene do not contain inhibitors responsible for
these low levels of induction (Table III). This implies that the
observed pattern of induction is entirely determined by the com-
bination of the inducers present in the exudates and the nodD
genes present in the bacteria. This 'nodD-specificity' of the in-
duction of the nodA promoter by root exudates reflects the nodD-
dependent level of induction of the same promoter, observed
with various commercially available flavonoid inducers (27).
Although V. hirsuta exudate induces RBL5284 to,a level com-

parable to that of the standard inducer luteolin (Table II), it
contains both inducing and induction-inhibiting activity for this
strain (Table II; Fig. 1). This situation is comparable to that
reported for the induction by pea exudate of a R. leguminosarum
nodC-lacZ fusion under control of the homologous nodD gene,
in which it appeared that the most active fraction obtained after
separation could be inhibited by other fractions (9). However,
in our experiments with strain RBL5280 and P. sativum root

*1
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exudate extract, a situation which is homologous to that de-
scribed above, we found no indications for the presence of in-
hibitors (Table II; Fig. 1). The reason for this difference may be
that different procedures for the preparation of root exudate and
exudate concentrate/extract were used, or that different cultivars
of P. sativum secrete different mixtures of flavonoids inducers
and/or inhibitors.
Host Plants of the Same Cross-Inoculation Group Exude Dif-

ferent nod Gene Inducers. Testing of exudate fractions obtained
after chromatography with strains carrying nodD genes of the
three tested Rhizobium species revealed (a) that each exudate
contains more than one inducer; (b, that most of the inducers
have a strong preference for one of the nodD genes, i.e. they
induce the nodA promoter to substantial levels only in the pres-
ence of one particular nodD gene; (c) that more than one inducer
for one test strain can be present in a given exudate, which is
consistent with data published earlier (8, 22, 23); and (d) that
the inducer(s) for a given test strain are not the same in all
exudates (Table III). The latter conclusion is best illustrated by
the inducers of strain RBL5280, which contains the R. legumi-
nosarum nodD gene. The exudates of V. sativa, V. hirsuta, and
P. sativum each contain another inducer for this strain (Fig. 1).
In the clover cross-inoculation group a comparable situation ex-
ists. The major inducer in T. subterraneum exudate for strain
RBL5283, which contains the R. trifolii nodD gene, has an RF-
value of 0.30 (Fig. 1), whereas the major inducer isolated from
T. repens seedlings is 7,4'-dihydroxyflavone (23), which has an

RF-value of 0.18 in the same chromatographic system (18). This
means that inducers isolated from root or seed exudates or ex-

tracts from one host plant are not necessarily identical to those
from another host of the same cross-inoculation group. In this
respect it will be of interest to find out whether these differences
are related to the plant species, or whether different cultivars of
the same host plant species also show diversity in their spectra
of nod gene inducers.

Relationship between Pattern of Induction and Host-Specificity
of Nodulation. Until recently the nodD gene was considered to
be common, since it was interchangeable between Rhizobium
species when these were tested for nodulation on a selected
number of host plants (4, 9, 16, 32). However, the nodD genes
from different species of Rhizobium behave differently in their
response to commercially available flavonoid inducers and ex-
udates of two plants of the clover cross-inoculation group (27).
In the case of T. pratense, the host-specificity of nodulation seems
to be controlled at the level of induction. In the presence of the
nodD gene of R. trifolii, the natural symbiont of this plant, the
root exudate activates nod promoters and only this nodD gene,
and not that of R. leguminosarum or R. meliloti, complements
a R. trifolii nodD mutant strain for nodulation on T. pratense
(27).

In the interaction between the wide host-range Rhizobium
strain MPIK3030 and Macroptilium atropurpureum, the host plant
also seems to control host specificity at the level of nodD me-
diated induction. This plant cannot be nodulated by R. meliloti,
unless it carries the nodD gene of strain MPIK3030. This finding
correlates with data obtained with a R. meliloti nodC-lacZ
expression probe. In the presence of a nodD gene from strain
MPIK3030, the plant factors from both M. atropurpureum and
Medicago sativa, a host plant of R. meliloti, are effective induc-
ers, whereas in the presence of the R. meliloti nodD gene only
plant factor(s) of M. sativa mediate induction (12).
The situation with T. subterraneum is less evident. This plant

is a host of R. trifolii, but it can also be nodulated by R. leg-
uminosarum. However, the infection is accomplished in an aber-
rant way. The bacteria are supposed to enter the root through
breaks in the epidermis where the laterals emerge. The root hairs
of the host are not curled, and infection threads are not formed
(13). This is consistent with the fact that the inducers in T.

subterraneum exudate do not induce the nodA promoter in the
presence of the R. leguminosarum fzodD gene (Table II; Fig. 1),
since the activation of the nodABC genes is required for root
hair curling (4, 16, 32). However, since the nodABC genes also
seem to be required for the induction of a nodule meristem (17),
they will have to be activated once the bacteria have entered the
root. The root therefore must contain either sufficiently high
concentrations of the same, or even one or more different, in-
ducers than the ones secreted by T. subterraneum. Thus, nod
gene activation might be controlled at several steps in the nod-
ulation process and not only in the initial induction by the root
exudate.

V. sativa, V. hirsuta, and P. sativum, all real host plants of R.
leguminosarum, do not determine host-specificity by the inducers
present in their exudates, since their exudates induce all three
test strains to at least substantial levels (Table II). Yet, wild-
type R. trifolii or R. meliloti do not normally nodulate these
plants of the pea cross-inoculation group. Therefore, in these
cases the host-specificity must be determined at later stages of
the symbiotic process, in which the host-specific nodulation genes
must be involved. Since the adhesion of the bacteria to the plant
root hairs is not host-specific (25), it will be of great interest to
investigate the host-specific characteristics of the signals which
the bacteria send back to the plant (29, 32, 35).
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