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Introduction

Rhizobium bacteria induce root nodules on leguminous plants. This bacterium-—
plant interaction is specific in that for example Rhizobium leguminosarum bv viciae
forms root nodules on Vicia plants but not on Medicago sativa, whereas the reverse
is true for R. meliloti. Root nodules are highly structured nitrogen-fixing symbiotic
organs, which are formed in a multistep process. After chemotaxis to and attachment
at the plant root hairs, Rhizobium induces root hair deformation and curling, followed
by the development of an infection thread which “grows” from the root hair tip into
the cortex. After the induction of a meristem, the root nodule is formed in which the
bacteria develop into nitrogen-fixing bacteroids. Mutants of the plant as well as of
Rhizobium have been found which are effected in the different stages of root nodule
morphogenesis (Vincent, 1980), indicating the existence in both organisms of genes for
each step in nodulation. Root nodule formation is a very complicated process and
exchange between both organisms of molecular signals is used to tune the sequence
of events in nodulation. Symbiotic signals should induce or repress the activity of
genes involved in nodulation or influence the activity of the gene products. To
understand root nodule morphogenesis it is essential to identify these symbiotic
signals of both, plant and bacterium. The aim of this paper is to summarize the recent
advances in research on molecular signals involved in the early stages of root nodule
morphogenesis with emphasis on the rhizobial signals.

Host specific induction of symbiotic root phenotypes
Two root phenotypes are often used in studies concerning root nodule formation
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and signal exchange. These are root hair deformation (Had) which is seen on
all leguminous plants (Vincent 1980; Zaat et al, 1987a; Canter Cremers et al,
1986; Faucher et al., 1988) and the formation of Thick and short roots (Tsr),
which is observed on Vicia sativa ssp. nigra (Van Brussel, 1986) and Triolium repens
(Canter Cremers et al, 1986) plants. In general Had is induced when a Rhizobium
species or biovar infects its specific host plant, whereas Tsr is formed
on V. sativa ssp. nigra when it is infected with R. leguminosarum bv. viciae. The
Rhizobium nod(ulation) genes required to induce these phenotypes are located on
Sym(biosis) plasmids (see Long 1989 for a review). In a coculture of plants and
rhizobia only part of the nod genes, nodABC and nodD of Rhizobium, are suf-
ficient to induce Had and Tsr phenotypes on V. sativa ssp. nigra (Faucher et al,
1988). However, Had on Medicago sativa is only induced when in addition the
nodH gene, one of the so called hsn (from host specific nodulation) genes of R.
meliloti, is also present, demonstrating that the specificity of the interaction
between Rhizobium and its plant host already takes place at this early stage.

Evidence for signal exchange between Rhizobium and its host plants

The existence of plant signals and bacterial signals was deduced from experiments
in which the plants and the bacteria were grown separately on each others spent
medium (Van Brussel et al., 1986). V. sativa ssp. nigra plants were grown axenically
on liquid Jensen medium and after seven days R. leguminosarum bv. viciae cells
were incubated in the medium, designated as root exudate. Subsequently the super-
natant of this bacterial culture was filter-sterilized and used as growth substrate
for axenic V. sativa ssp. nigra plants. After 7 days of growth the roots were examined
for the symbiotic root phenotypes Had and Tsr and the results were positive.
Plants grown on supernatants of bacterial cultures in medium without plant
products, or plants grown on sterile plant root exudate in which no rhizobia
had grown did not show the phenotypes (Van Brussel et al, 1986). This experiment
showed the existence of plant signals in root exudate, which are required to induce
the Rhizobium culture to produce the bacterial signal or signals called Tsr factor or
Had factor, which induce Tsr- and Had phenotypes on V. sativa ssp. nigra. Similar
data were obtained with R. leguminosarum bv. trifolii and Trifolium repens plants
(Canter Cremers et al., 1986).

Regulation of the nod genes and the bioassay for plant signals

Three types of nod genes are distinguished on the Sym plasmid: (i) The regulatory
gene nodD, which is constitutively expressed, (i}} The “common” nodABCIJ genes,
which are inducible and functionally exchangeable between the different Rhizobium
species and (iii) The hsn genes which are also inducible, and which are different in the
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different Rhizobium species or biovars. Examples of hsn genes are those found in the
nodFEL and nod M N operons of R. leguminosarum bv. viciae and genes in the nod FEG
and nodH operons of R. meliloti (see Long 1989 for a review).

All inducible nod operons are preceded by highly conserved 49 bp long nucleotide
sequences, designated as nod boxes which form an essential part of the inducible nod
promoters (Rostas et al., 1986; Schofield et al.,, 1986; Spaink et al., 1987a).

The regulation of the nod gene expression has been studied using plasmids in
which nod region DNA fragments are fused to the promoter-less Escherichia
coli structural lacZ gene. With these genetic constructs, designated reporter
plasmids, nod gene expression can be monitored as f-galactosidase activity
(Mulligan and Long 1985; Rossen et al, 1985; Innes et al., 1985; Wijffelman et al.,
1986; Zaat et al, 1987b). This system can also be used as a bioassay for nod gene
inducers. The expression of the inducible nod operons is under control of the nodD
gene product which, in a form activated by root exudate, initiates transcription of
these operons (Mulligan and Long 1985; Innes et al., 1985; Wijffelman et al., 1986;
Spaink et al., 1986).

Molecular Signals in Plant root Exudate

The plant signals were originally assayed by using the induction of Had- and Tsr
factor production of Rhizobium, which was detected with Had- and Tsr phenotypes
on Vicia, as bioassay (Van Brussel et al., 1986). This bioassay was replaced by a more
direct and more specific one, in which the induction of nod genes by plant signals
present in root exudate was measured as f-galactosidase activity with the reporter
plasmids described above. It appeared that nod gene inducers are flavonoid molecules
(Peters et al., 1986; Redmond et al., 1986; Firmin et al., 1986; Kosslak et al., 1987; Zaat
et al, 1989; Maxwell et al,, 1989). Root exudates contain sets of different inducer
molecules, the molecular composition of which is different for different plant species
(Zaat et al., 1988a; Gyorgypal et al., 1989; Maxwell et al., 1989). It was also found that
the NodD proteins of rhizobia with different host plant specificity differ in the set of
flavonoids by which they are activated (Zaat et al, 1988a, 1989). Thus, the set of
inducer molecules present in root exudate may determine host specificity (Spaink et
al,, 1987b; Horvath et al., 1987; Gyorgypal et al,, 1988; Bender et al., 1988), although,
most root exudates contain activators for more than one type of NodD protein. In
the latter case host specificity is determined by other factors. In addition to the natural
occurring inducers, a large number of commercially available flavonoids has been
tested for nod gene inducing activity. These data revealed structural requirements of
inducer molecules to be active with different NodD proteins, which have been
described in detail by Zaat et al., (1989).
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Symbiotic Signals of Rhizobium

The importance of the specificity of the bioassay

Historically, Rhizobium signals, though not mentioned as such, have been received
more attention than plant signals, since, in contrast to plant signals, -Rhizobium signals
could be recognized by the phenotype Had (root hair deformation). As early as 1900,
Hiltner (1900) discovered that Rhizobium contained substances capable of inducing
Had. Up to now however the molecule or molecules responsible for the induction of
this symbiotic phenotype have not been identified. This contrasts with the plant
signals which had been identified very rapidly once a very specific bioassay, as
described in the previous paragraph had been developed. Hence, one of the problems
in the identification of the Rhizobium factors is that bioassays using the phenotypes
Had or Tsr are rather impractical. They have to be carried out under axenic
conditions and are time consuming. Moreover, in a number of cases Had and Tsr
bioassays are not specific for symbiotic nod gene related factors of Rhizobium. These
phenotypes can for instance, also be induced in V. sativa ssp. nigra plants with
supernatants of high density cultures (10° — 10'° cells ml~ ') of Rhizobium strains that
do not contain a Sym plasmid, or with supernatants of cultures of Agrobacterium or
of a Beyerinkia strain (Van Brussel, unpublished results). The phenotype Had can also
be induced in white clover plants by a Rhizobium strain cured of its Sym-plasmid
(Canter Cremers et al., 1986). Ervin and Hubbell (1985) reported that almost every
fraction of Rhizobium trifolii cells cultured in synthetic laboratorium medium can
induce Had responses in white clover, although no nod gene inducers had been added
to the medium. To make sure that only a symbiotic nod gene related Rhizobium factor
is measured using Had and Tsr bioassays, every experiment must include numerous
controls that demonstrate that aspecific responses do not take place. For the isolation
of Had/Tsr factors that have symbiotic significance, this implies that the starting
material has to be obtained under conditions that eliminate possible presence of
products, which are not nod gene related and not flavonoid-dependent. Most
investigations (Van Brussel et al., 1986; Canter Cremers et al., 1986; Zaat et al., 1988a;
Faucher et al., 1988) have therefore been performed using symbiotic factor production
methods with low bacterial concentrations (10° — 10° cellsml™!). Under these
conditions supernatants of cultures of Rhizobium with noninduced nod genes or of a
Rhizobium without a Sym plasmid induce Had or Tsr phenotypes hardly or not at all.
However, a remaining problem is that upon concentration of the crude symbiotic nod
gene related factors, also the non specific factors are concentrated, and than, present
in higher concentrations, do induce Tsr and Had.

Thus an important consideration in the choice of a bioassay is the specificity. Had
on white clover, or Had and Tsr on V. sativa ssp. nigra are not very specific. In
contrast, Had on Medicago sativa seems more specific since in coculture with
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Rhizobium this plant only exhibits the Had phenotype if besides the nodDABC genes
also the hsn gene nodH is present in the bacterial strain (Faucher et al., 1988; Banfalvi
et al, 1989). However, so far no information has been published dealing with the
possible induction of the Had phenotype by supernatants of high density cultures of
Rhizobium meliloti strains without a Sym plasmid.

As the induction of mitosis in a protoplast culture of plant cells can be brought
about by plant hormones, the bioassay for symbiotic factors described by Schmidt et
al. (1988), which is based on this phenomenon, must also be classified among the non
specific bioassays.

A more specific bioassay could be developed if the specific induction of plant genes
by nodulating rhizobia or the specific products formed by these proteins could be used
as bioassay. Plant proteins specifically induced upon infection with Rhizobium have
been found in root nodules and are called nodulins (Scheres et al, 1990). The
expression of one of these proteins, the early nodulin ENODI12 from pea, was
analyzed and appeared to be expressed in root hairs within 24 hours after infection
with R. leguminosarum bv. viciae, but not in root hairs of uninfected plants. The
“common” nod genes and the hsn genes were required for ENODI12 expression. Thus
ENOD12 expression can be used as a specific bioassay for the hsn genes related
factor(s) (Scheres et al., 1990).

Recent experiments in our laboratory have provided other possible test systems.
Root exudates of V. sativa ssp. nigra plants infected with R. leguminosarum bv. viciae
appear to have a much higher nod gene inducing activity than exudates of uninfected
plants. Thus this Rhizobium induces an increase in the production and/or excretion of
nod gene inducers in V. sativa ssp. nigra plants. The induction of Vicia was specific for
R. leguminosarum bv. viciae strains and required the presence of the nod LEFDABCIJ
genes in this bacterium. Also, a supernatant of a culture of R. leguminosarum bv. viciae
with induced nod genes appeared to have the same inducing effect on Vicia. Thus this
Rhizobium produces (a) guest specific factor(s) in the culture supernatant which can be
detected using the production or secretion of additional nod gene inducers as bioassay
(van Brussel et al, submitted). Up to now we did not find activity in this bioassay
under any other circumstances than described above. Therefore this bioassay is more
specific than the bioassays using the Tsr or Had phenotypes of Vicia, and is it now
possible to distinguish the guest specific Rhizobium factor(s) in normal Rhizobium
cultures with 10® — 10 cells ml™! in a mannitol-nitrate minimal medium. We are
currently using this bioassay to purify and subsequently identify the guest specific
factor(s) of R. leguminosarum bv. viciae.

Guest specificity and the nod genes of Rhizobium required
Two types of experiments can be done to detect the effect of symbiotic signals on
plants: (1) “coculture” experiments in which plants and Rhizobium are both present in
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the same culture, and (ii) experiments in which only the plant is present and the effects
on the plants of bacterial culture supernatants or bacterial fractions are tested. The
results in both types of experiments are different. For example Had and Tsr
phenotypes are both induced in coculture of V. sativa ssp. nigra and a Rhizobium strain
containing only the nodDABC genes and no other Sym plasmid located nod genes.
When, however, a sterile supernatant of a culture of the same strain with induced nod
genes is added to the same plants, the Tsr phenotype is not induced and only slight
root hair deformation is observed. The reason for this difference, which does not occur
when in addition to the nodDABC genes also the hsn genes of R. leguminosarum bv.
vicige are present in Rhizobium, is not known. However care has to be taken when
conclusions concerning excreted soluble factors of Rhizobium are drawn from coculture
experiments. Thus the soluble nod gene related Tsr factor of R. leguminosarum bv.
viciae has only been found in culture supernatants when the common nod genes as
well as the hsn genes were present in this bacterium (Van Brussel et al., 1986; Zaat et
al,, 1987a). Hence the soluble nod gene related factor must be reckoned to the guest
specific factors. Furthermore, we have seen in the preceding paragraph that the
production of the soluble R. leguminosarum bv. viciae factor which induces the
production and/or excretion of nod gene inducers by V. sativa ssp. nigra plants,
requires the presence of the Sym plasmid in Rhizobium. The nod genes which are
needed for production in Rhizobium culture remain to be determined. However, since
in coculture the nod LEFDABCIJ genes are required, it can be expected that at least
these genes are needed for the production in Rhizobium culture. Thus also the
production of this factor requires the hsn genes and hence must be considered as a
guest specific factor.

A soluble nod gene related factor present in a culture of R. meliloti bacteria with
induced nod genes causes Had on Medicago sativa plants. A TnS mutation in the hsn
gene nodH causes the disappearance of this effect (Faucher et al., 1988). Introduction
of the hsn genes of R. meliloti in the R. leguminosarum bv. viciae strain 248 suppresses
the presence of Tsr factor (which affects V. sativa ssp nigra) in culture supernatants of
this strain and causes the appearance of Had factor for Medicago sativa. The hsn genes
of R. meliloti responsible for this effect are nodH and nodQ (Faucher, 1989a). Thus the
production of R. meliloti symbiotic factor also requires hsn genes and therefore is guest
specific.

As the nod gene promoters do not function in Escherichia coli, nod gene expression
in this bacterium can only be obtained if these promoters are replaced by E. coli
promoters. Recently, Banfalvi et al. (1989) found indications for the production of a
nodABC genes related soluble factor produced by an E. coli strain containing the
nodABC genes of R. meliloti cloned behind an E. coli promoter. All three mentioned
nod genes are required for the production of this factor, which is present in the
supernatant of the E. coli culture and induces the Had phenotype on Trifolium repens
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but not on Medicago sativa. When, in addition, an E. coli promoter preceded hsn gene,
the nodH gene, is introduced in this E. coli strain, its culture supernatant causes Had
on Medicago sativa as well as on Trifolium repens. The data show that the common
nod genes, nodABC, alone code for the production of (a) factor(s) and induce(s) the
symbiotic root phenotype Had on Trifolium repens but that for Had factor production
on Medicago sativa additional hsn genes are required. This confirms the guest
specificity of the R. meliloti Had factor.

Schmidt et al. (1988) found (a) factor(s) in the cytosol of strains of R. meliloti, which
contain all the nod genes except the nodBC genes or except the nodC gene. The
factor(s) was (were) detected by induction of mitosis in a plant protoplast culture. The
cytosol of the strain lacking only the nodC gene was more active in the assay than the
cytosol of the strain lacking the nod BC genes, indicating according to the authors that
the NodA protein is involved in generating a factor which is converted by the NodB
protein. into a more active compound. To obtain root hair deformation with a
bacterial cytosol fraction, nodAB genes are not sufficient and an additional nodC gene
is required (Schmidt et al, 1988; Banfalvi et al., 1989). Since in the experiments of
Schmidt et al. (1988) the hsn genes are always present, the factors produced may not
be encoded by the common nodAB genes alone. Thus it cannot be decided whether
this factor is “common” or guest specific.

In conclusion two types of soluble nod gene related Rhizobium factors have been
described: (i) guest specific factors, different for the different Rhizobium species, which
in Rhizobium or E. coli require the presence of the common nod genes and one (nodH
in E. coli) or more hsn genes and, (ii) a “common” factor, which can be produced by
an E. coli strain containing the nodABC genes. Why this common, nodABC-
related factor cannot or only in very low concentrations be found in Rhizobium culture
supernatants is not known. One of the possibilities is that this factor is only produced
in low concentration by the Rhizobium strain but, owing to an other type of
regulation, in a higher concentration by the E. coli strain.

Chemical properties

The chemical identity of symbiotic signals that influence plant cell growth and
morphogenesis is very important for the understanding of the root nodule morphogenesis
and for plant morphogenesis in general. Up to now very little information is available
about these signals. The data that exist are based on indirect evidence which will be
given below.

Since the Tsr factor is not produced any more by R. leguminosarum bv. viciae when
cloned hsn genes of R. meliloti are present in this bacterium, and instead a R. meliloti
Had factor is formed, Faucher et al. (1988, 1989a} proposed as a working hypothesis
that the Tsr factor is modified into a Medicago sativa specific Had factor. Furthermore,
since the production of these symbiotic signals requires the nodAB(C) genes in the
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producing strain, Banfalvi et al. (1989) suppose that both these symbiotic signals are
related. This is in accordance with the fact that the genetically well defined symbiotic
signals of Rhizobium, that are related to known nod genes, are heat stable and that
their molcular weights are smaller than 5000 Da as determined by ultrafiltration
(Faucher et al,, 1989a; Banfalvi et al., 1989; Van Brussel et al., unpublished). The
nodAB related factor of R. meliloti even passes through a filter with a 1000 Da cut-off
(Schmidt et al., 1988). This was not the case with the guest specific factors of R. meliloti
and R. leguminosarum bv. viciae (Faucher et al, 1989a). Thus for the moment the
experimental evidence fits with the model of Faucher et al. (1988, 1989a) that the
nodABC genes are involved in generating a low molcular weight compound or
compounds, which are converted by the products of the hsn genes of Rhizobium in
guest specific factors.

One of the possibilities, namely that the flavonoid inducer molecules are converted
by Rhizobium into the bacterial symbiotic signal (Van Brussel et al., 1986) has been
investigated in our laboratory. In these experiments we used a hybrid nodD gene
which codes for a constitutive inducing NodD protein, ie. that induces the nod
operons without requiring activation by flavonoid inducer molecules (Spaink et al.,
1989). When this hybrid nodD gene is present in R. leguminosarum bv. viciae, Tsr- and
Had factor were produced in its culture in absence of flavonoids (Zaat 1988b). The
factor responsible for the increased nod gene inducing activity in the V. sativa ssp.
nigra exudate was also produced (Van Brussel et al., submitted). Thus it is unlikely
that flavonoid molecules are the precursors of these Rhizobium symbiotic signals.
Banfalvi et al. (1989) came to the same conclusions based on the fact that Had factor
is produced in absence of flavonoids by an E. coli strain containing the cloned
nodABC genes.

Recently Faucher et al. (1989b) extracted the R. meliloti Had factors produced by
cultures with induced nod genes with ethylacetate and butanol. Subsequent purification
of the factors was carried out by HPLC chromatografy with a C18 reversed phase
column and a water/acetonitrile gradient. They found 2 peaks which were absent
when the factor producing R. meliloti strain contained a Tn5 mutation in the nodA or
the nodC genes, showing that the common nod genes are required for the compounds
responsible for the 2 peaks. When the same bacterium contained a Tn5 mutation in
the nodH or the nodQ gene, both peaks were less prominent and a third peak with
more hydrophobic properties appeared, providing biochemical evidence that both of
these hsn genes are involved in the modification of the extracellular factors. NMR and
mass spectrometry data also indicated that these factors are of low molecular weight.

Future Prospects

Since the symbiotic signals of Rhizobium are being studied by a number of groups
and since more specific bioassays are available now, we expect that the chemical
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structure of these signals will be elucidated in the near future. The role of the symbiotic
signals of Rhizobium in root nodule morphogenesis can then be determined and their
guest specific properties studied. As the knowledge of the first plant signal has been
an important tool in the study of rhizobial nod gene regulation, we expect that
knowledge of the Rhizobium signals will be of great help in the study of the regulation
of plant genes involved in nodulation. It remains to be determined whether the
increased nod gene inducing activity found in root exudate of V. sativa ssp. nigra plants
infected with R. leguminosarum bv. viciae represents a second plant signal in response
to Rhizobium signals, or that it simply reflects processes that are going on in the root.
In the latter case investigations on the role of flavonoids in plant cell differentiation
become very interesting.

Note Added in Proof

Recently (Lerouge et al, Nature (London). 344: 781-784 (1990)), the R meliloti
host-range singal NodRm! was identified as a sulfated f-1-4-tetrasaccharide of
D-glucosamine in which three amino groups are acetylated and one is acylated with
a C16 biunsaturated fatty acid. NodRm1l induces specific root hair deformation on
alfalfa plants.

Spaink et al. (Henneke, H. et al, Proceedings of the 5th International Symposium
on the Molecular Genetics of Plant-Microbe Interactions, September 1990, Inter-
laken, Switzerland, APS-press, in press) reported on several symbiotic signals, among
which biovar specific signals, of R leguminosarum bv. viciae. These signals are related
to the NodRm1 signal, however the sulfate group at the reducing end of the
D-glucosamine chain (which in one case is a pentasaccharide) is lacking and they
contain an O-acetyl group, which is nodL dependent and required for the induction
of increased nod gene inducing activity in Vicia sativa ssp. nigra root exudate. Also
the fatty acid chain has a somewhat different composition.

The sulfate group on NodRml is involved in host-specificity of R meliloti. The
determinant(s) of host specificity in the symbiotic signals of R leguminosarum bv. viciae
is(are) not known yet.
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