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Transfer of a plasmid carrying the Rhizobium meliloti host
range nod genes to R. leguminosarum byv. viciae 1) enabled R.
L. bv. viciae to infect and nodulate alfalfa, the normal host of
R. meliloti, and 2) strongly inhibited the ability of R. . bv. viciae
to infect and nodulate its normal host, common vetch. Using
transposon Tn5-linked mutations, we showed that R. meliloti
nodH and nodQ genes were responsible for the changes in the
symbiotic specificity of R. I. bv. viciae. Using root hair
deformation (Had) and root deformation (Tsr) bioassays on alfalfa
and vetch, respectively, we demonstrated that the sterile
supernatant solutions of cultures of the various R. I. bv. viciae
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derivatives, in which the nod genes had been induced, contained
specific extracellular factors active on alfalfa or vetch. A
correlation was observed between the specificity of the symbiotic
behavior of bacterial cells in the nodulation tests and the specificity
of their sterile filtrates in the bioassays, which indicates that in
the R. I. bv. viciae hybrids the R. meliloti nodH and nodQ genes
determine the changes in host range by helping to convert the
vetch-specific signal(s) into an alfalfa-specific one(s). Both types
of signals active on alfalfa or vetch are heat-stable, have a
molecular mass less than 5,000 Da, and have some hydrophobic
properties.

The symbiotic interaction between fast-growing
Rhizobium species and their leguminous host plants can
be highly specific (Long 1984; Djordjevic et al. 1987). For
example, R. meliloti Dangeard strains nodulate Medicago,
Melilotus, and Trigonella species, while R. leguminosarum
bv. viciae can form nodules on Pisum and Vicia species.
In these symbiotic associations, the formation of nodules
is a complex process involving, schematically, the following
steps: root hair curling (Hac), infection thread formation
(Inf) within root hairs, and nodule initiation and
organogenesis (Nod) (Vincent 1980; Vasse and Truchet
1984; Debellé et al. 1986).

In R. meliloti, genetic, cytologic, and molecular studies
have shown that several common and specific nodulation
(nod) genes are clustered on approximately 16 kilobases
(kb) of the pSym megaplasmid (Kondorosi et al. 1984;
Debellé er al. 1986; Swanson et al. 1987). The nodABC
genes are called common nod genes, because mutations
in one of these genes can be complemented by cloned
nodulation genes from another Rhizobium species without
changing the host range (Kondorosi et al. 1984; Fisher
et al. 1985). Three allelic regulatory nodD genes are
responsible for activating the expression of nod genes in
the presence of plant root exudates (Mulligan and Long
1985; Gottfert et al. 1986; Honma and Ausubel 1987). These
nodD alleles could be involved in defining the host range
by controlling nod gene expression as a function of the
flavonoid composition of the legume host root exudates
(Horvath et al. 1987; Gyorgypal et al. 1988).
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The following observations indicate that the R. meliloti
nodH, nodFEG, and nodQ genes are host range
determinants: 1) mutations in nodH and nod FEG genes
cannot be fully complemented by the cloned nodulation
genes from other Rhizobium species (Kondorosi et al. 1984,
Debellé et al. 1986; Debellé and Sharma 1986; Horvath
et al. 1986; Swanson et al. 1987); 2) in contrast to the
wild type, strains having mutations in nodFE, nodH, and
nodQ show altered infection and nodulation of the
homologous host alfalfa and elicit root hair curling on
heterologous hosts such as clover and vetch (Debellé et
al. 1986; Horvath er al. 1986; Cervantes et al. 1989); and
3) the transfer of R. meliloti host range into R. I. bv. trifolii
Jordan requires the nodFE, nodH, and nod(Q genes
(Debellé et al. 1988; Cervantes et al. 1989).

What could be the mechanisms by which these host range
genes determine the plant-specific recognition? Van Brussel
et al. (1986) and Zaat et al. (1987) have devised bioassays,
based on vetch root deformation (Tsr phenotype) or root
hair deformation (Had), that allow the detection of an
extracellular factor(s) produced by R. /. bv. vicige. The
nodABC genes are required for the production of such
a factor(s). Using a Had bioassay with alfalfa, we have
recently shown that the nod H host range gene of R. meliloti
determines the production of an alfalfa-specific
extracellular signal (Faucher et al. 1988).

In this paper, we report the effect of the transfer of the
R. meliloti host range genes into R. I bv. viciae. The R.
L. bv. viciae transconjugants acquired the ability to infect
and nodulate alfalfa and showed a decreased infectivity
for their normal host, common vetch. Parallel changes in
the Had and Tsr specificity of the sterile filtrates of their
cultures were observed. The nodH and nod(Q genes were
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shown to play an essential role in these changes of
specificity. We also discuss how these results support, and
extend to R. L bv. vicige, the model that we previously
proposed for the functions of R. meliloti nod genes. These
results show that the nod4 BC genes might determine the
production of a “common” low molecular mass heat-stable
factor, which would be modified by the host range gene
products into a specific signal(s).

MATERIALS AND METHODS

Microbiological techniques. Bacterial strains and
plasmids are described in Table 1 and Figure 1. Conditions

Table 1. Bacterial strains and plasmids used in this study

used for bacterial growth and conjugation experiments have
been described elsewhere (Truchet et al. 1985; Debellé et
al. 1988). The introduction of R. meliloti nod::Tn5 and
nod::Tn5-233 insertions into pGMI515 was performed by
marker exchange experiments as follows. The self-
transmissible plasmid pGMI515 was introduced into the
various R. meliloti strains carrying nod::Tn$ insertions (see
Table 1). The recombinant pGMI515 derivatives carrying
the nod::‘Tn5 insertions were selected by mating with
Escherichia coli (Migula) Castellani & Chalmers GMI3540
and selecting the plasmid transfer in the presence of
tetracycline (10 ug/ml), kanamycin (40 ug/ml) for Tn3,
gentamycin (25 wg/ml), and spectinomycin (100 wg/ml)

Designation

Relevant characteristics®

Origin

Escherichia coli

EDS8767 supE sup F met hsdS recA56 Faucher ef al. 1988

GMI3540 Spontaneous Nal' derivative of ED8767 Faucher ez al. 1988
Rhizobium meliloti

RCR2011 = SU47. Wild type; Nod™ Fix" Rosenberg et al. 1981

on Medicago sativa

GMI5390 Region Ila nod2412::Tn5 Debellé et al. 1986

GMI5514 Region Ila nod2110::Tn5 idem

GMI5388 nodQ115::Tn5 idem

GMI5392 nodQ2402::TnS idem

GMI5381 nodE2309::TnS idem

GMI5378 nodF2407::Tn5 idem

GMIS598 nodG314::Tn5 Faucher er al. 1988

GMI5429 nodH2219::Tn5 Debell¢ et al. 1986

GM15375 nodH2121::Tn5 idem

GMI5624 A(nodEFGH)DEK 10 Debell¢ ez al. 1988

Rm1021 Spontaneous Str' derivative of SU47 Long et al. 1982

RmD3-1 Derivative of 1021; nodD;::Tn5-233 Sp* Gm'" Honma and Ausubel 1987

JT314 Derivative of 1021; nodG314::Tn5 Swanson et al. 1987

R. leguminosarum bv. viciae

248 Wild type; Nod* Fix™ on Vicia hirsuta

Van Brussel et al. 1986

and V. sativa subsp. nigra; pRL1JI

RBL1387 248 cured of its pRL1JI idem

RBL1409 RBLI1387 pRL1JInodA::Tn5 Zaat et al. 1987

RBL1412 RBL1387 pRL1JInodC::Tns idem
R. . bv. trifolii

ANUS843 Wild type; Nod™ Fix" on Trifolium repens Schofield et al. 1983

ANUS845 ANUS843 cured of its symbiotic plasmid idem
IncPI plasmids

RP4 Tc" Ap" Km' Tra* Datta et al. 1971

pGMISIS RP4’ (in vitro), Tc " Ap’ (Fig. 1) Truchet et al. 1985
“Nal = nalidixic acid, Str = streptomycin, Sp = spectinomycin, Gm = gentamycin, Tc = tetracycline, Ap = ampicillin, Km = kanamycin, and
"= resistant.
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Fig. 1. Physical and genetic map of the nodulation (nod) region of Rhizobium meliloti 2011. The horizontal line represents the restriction map
(E, EcoRI; H, HindlIl). The plasmid pGMI515 is shown below the physical map. Above the physical map, the arrows indicate the direction of

transcription of the nod genes.
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for Tn5-233. The pGMIS515 derivatives were then mated
from E. coli GMI3540 into the appropriate R. I. bv. viciae
strains. The R. L bv. trifolii ANU843 derivatives containing
the various nod::Tn$5 insertions and the nod deletion in
pGMISIS were described previously (Debellé et al. 1988).

DNA biochemistry. The pSym megaplasmid and the
other plasmids were visualized after agarose gel
electrophoresis (Rosenberg e al. 1981). The location of
the nod::Tn$5 insertions, after their introduction into the
appropriate plasmids, was checked by restriction fragment
analysis. Restriction endonucleases were purchased from
Boehringer Mannheim, London, U.K., and New England
Biolabs, Bishops’ Stortford, Herts, U.K. Plasmid isolation,
digestion by restriction enzymes, and agarose gel
electrophoresis were conducted by standard procedures
(Maniatis et al. 1982).

Plant cultivation. Seeds of Medicago sativa L. cv. Gemini
were obtained from Tourneur Fréres (F77120
Coulommiers, France), and seeds of V. sativa subsp. nigra
and of V. hirsuta were provided by G. Genier (Station
d’Amélioration des Plantes Fourrageres, INRA, F86600,
Lusignan, France). Alfalfa and common vetch nodulation
tests were performed as previously described (Truchet ez
al. 1984) on Jensen agar slopes (Vincent 1970), with a
Rhizobium inoculum of approximately 10° bacteria per
tube; 40 plants were used for each strain. Light microscopy
of presumptive nodules was performed as described
elsewhere (Truchet ez al. 1989). Reisolation of bacteria from
vetch and alfalfa nodules was performed as already
described (Faucher er al. 1988). Root hair infection
phenotypes were analyzed by light microscopy as described
previously (Vasse and Truchet 1984); 10 seedlings were
examined for each strain.

Tsr and Had bioassays. The vetch Tsr bioassay was
conducted as described previously (Van Brussel ez al. 1986).
Twenty plants were used for R. L bv. viciae strains and
10 plants for R. I bv. trifolii. The significance of length
differences between two sets of plant roots was calculated
by the test of comparison of means (Scheffe 1959). Sterile
supernatant fluids from flavonoid-induced R. I bv. viciae
cultures were obtained using low density cultures
(approximately 5 X 10° bacteria per milliliter) as already
described (Faucher er al. 1988). The flavonoid inducers
naringenin or luteolin were used at a final concentration
of 1.5 uM.

The vetch and alfalfa Had bioassays were performed
as follows. Five germinated seeds with rootlets about I-
cm long were aseptically transferred onto Jensen agar
plates. The plates were sealed with Parafilm and placed
vertically for 24 hr (with alfalfa) or 48 hr (with vetch) in
a plant growth chamber (at 22° C with a 16-hr light period,
a relative humidity of 75%, Osram vFluora L 77 as the
type of light, and light intensity at the level of the top
of the plates of 30 uE-m %s7") to allow plant growth and
root hair development. Then 2 ml of a Rhizobium sterile
supernatant was poured to cover the alfalfa root system
(5 ml with vetch), and after 30 min, the excess liquid was
removed. A further incubation was performed for 16 to
24 hr in the plant growth chamber. The roots of the five
plants were transferred between slide and cover slip and
observed by bright field microscopy after staining by

methylene blue (Vasse and Truchet 1984). For each strain,
two series of 10 plants were prepared with two independent
preparations of sterile supernatants.

Preliminary fractionation of bacterial filtrates. The sterile
supernatant (50 ml) of a flavonoid-induced culture was
passed successively through ultrafilters with decreasing pore
diameter using an ultrafiltration cell (Type TCF10, Amicon
Corp., Danvers, MA). YM5 and YM2 filters (Diaflo
ultrafiltration membranes, Amicon) allowed permeation of
molecules with an apparent molecular mass of less than
5,000 and 1,000 Da, respectively. Each desalted fraction
was adjusted to the initial volume with Jensen medium
before Had assays.

Another type of fractionation was done by passing 5
ml of sterile supernatant through a C18 Sep-Pak reversed-
phase cartridge (Waters Associates, Milford, MA) and
eluting with ethanol. The ethanol eluate was dried, and
the dry extract was dissolved in Jensen medium and
adjusted to the original volume before Had assays.

RESULTS

Symbiotic behavior of R. I. bv. viciae (pGMI515) on
alfalfa. The pGMIS15 plasmid is an RP4-derivative that
carries the R. meliloti RCR2011 nod region 1I (including
the nod PQ genes), the host range genes nod FEG and nodH,
and the nodD; regulatory gene. It does not carry the
common nodABC genes or the regulatory nodD, gene (see
Fig. 1). This plasmid was previously shown to be
appropriate for in planta studies because of its stability
in Rhizobium (Debellé et al. 1988). R. L. bv. viciae 248,
as well as its RP4" derivative, neither infected (Hac™ Inf")
nor nodulated (Nod™) alfalfa. In contrast, R. [. bv. viciae
248 carrying the pGMI515 plasmid elicited the formation
of root-derived structures (Fig. 2A), which morphologically
resembled ineffective (Fix™) nodules.

Cytological studies by using a clearing procedure
(Truchet et al. 1989) revealed that some of these root
deformations had the histological traits of genuine nodules.
No bacteria could be reisolated from these surface-sterilized
root-derived structures. Light microscopy of the roots 4-7
days after inoculation showed that R. I. bv. viciae
(pGMIS1S) elicited strong reactions on root hairs of alfalfa
seedlings. Numerous root hairs had marked curling, most
of them without an infection focus in the center of the
curl (Hac’) and some of them being genuine shepherds’
crooks with a refractile infection focus (Hac™, Fig. 3A).
The few infection threads seen within small root hairs did
not stain with methylene blue at 7-11 days after inoculation
(Fig. 3B). The introduction of pGMI515 into R. I bv. viciae
enables this bacterium to infect alfalfa root hairs and to
elicit nodule formation on alfalfa roots.

Symbiotic behavior of R. I. bv. viciae (pGMI515) on
vetch. The wild-type strain R. I bv. vicige 248, as well
as its RP4" derivative, infected the homologous host V.
s. subsp. nigra effectively. Four days after inoculation
numerous shepherds’ crooks were formed, and infection
threads within root hairs were stained by methylene blue
(Fig. 3C). In contrast, with the R. L. bv. viciae pGMI515"
transconjugant the vetch infection was abnormal. Root
hairs with a marked curling were rare, and most of the
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curled hairs did not show an infection focus (Hac®) (Fig.
3D). In addition, infection threads were rare, short, and
often distorted, and only a small proportion were stained
(Fig. 3E).

In Figure 2B, it can be clearly seen that the presence
of pGMISI1S inhibited the nodulation of V. s. subsp. nigra.
In three of the five nodules collected, the reisolated bacteria
had lost the plasmid pGMI515, as indicated by the loss
of tetracycline-resistance and by plasmid profile studies.
This suggests that the plants selected the R. I bv. viciae
that had lost the infection-inhibitory plasmid pGMIS15.
To test the generality of this inhibitory effect, strains 248
and 248(pGMIS515) were inoculated on another species of
vetch, V. hirsuta; similar results were obtained (data not
shown). Thus, the presence of pGMIS1S in R. L. bv. viciae
results in a strong inhibition of infection and nodulation
of the homologous host, vetch. That this inhibition was
not due to a curing of the R. I bv. viciae pSym plasmid
by pGMI515 was shown by plasmid profile experiments
(data not shown).

R. meliloti genes determining the symbiotic changes. To
know which R. meliloti genes are responsible for the
symbiotic changes of R. [. bv. viciae, we introduced Tn5
insertions in the R. meliloti nod genes carried by pGMIS15.
The various mutants were tested on vetch (V. s. subsp.
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nigra and V. hirsuta) and alfalfa. Figure 2B shows that
mutations in either nodH or nod(Q restored a normal
common vetch nodulation. TnS insertions in nodD;, nodG,
and region nod 1la did not clearly suppress the inhibition
of vetch nodulation. Mutations in nodFE genes had an
intermediary effect. Similar results were obtained with V.
hirsuta (data not shown).

Cytology of common vetch infection revealed that nod H
or nodQ mutants were Hac® Inf" at four days after
inoculation, as were the R. /. bv. viciae 248 wild-type strain
and its RP4" derivative (compare Figs. 3C and 3F).
Mutants in the nod Ila locus nodD; and nodG genes had
an infection phenotype similar to the R. /. bv. viciae
(pGMISI1S) strain. Insertions in nodFE resulted in an
intermediate phenotype; these mutants were Hac™ Inf*, but
to a lesser extent than nodH and nodQ.

To check whether mutations in nodH or nodQ were
restoring vetch nodulation by causing an instability of
pGMI515, bacteria were reisolated from 15 nodules of vetch
seedlings inoculated by mutants carrying these mutations:
all 50 clones isolated from each nodule were tetracycline-
resistant. Four representative clones had the plasmid profile
of pGMI515" transconjugants.

It can be seen in Figure 2A that whereas Tn5 insertions
in nodD;, nod FEG, and nod locus 1la did not significantly
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Fig. 2. Nodulation kinetics of Rhizobium leguminosarum bv. viciae transconjugant strains on Medicago sativa (A) and Vicia sativa subsp. nigra
(B). Each point represents the mean value of 20 plants from two independent experiments. In A, the number of nodules represent the total number
of observed root-derived structures, some of them being genuine nodules. On alfalfa, no nodule could be observed even 4 wk after inoculation
with the following strains: R. I. bv. viciae 248 harboring the plasmid RP4 (= vector) or pGMI515 derivatives containing a TnS insertion in nodH

or nodQ. Symbols are given as follows. R. meliloti 2011 (

¢ ) and R. L bv. viciae 248 harboring the following plasmids: RP4 (O), pGMIS515

(@), pGMI515 nodD;::Tn5-233 (W), pGMI515 nodH2121::Tn5 (A), pGMI515 nodF2407::Tn5 (3¢), pGMI515 nod E2309::TnS (%), pGMI515 nodG314::TnS
(A), pGMI515 nodQ115::Tn5 (0), and pGMI51S region I1a nod2412:TnS ( 4p).
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affect the induction of nodule formation on alfalfa, (RBL1412) genes of R. L bv. viciae harboring the plasmid
insertions in nodH or nodQ completely suppressed pGMIS515 also suppressed nodulation on alfalfa. Cytology
nodulation. Tn5 insertions in nodA (RBL1409) or in nodC of alfalfa roots showed that nod H and nodQ mutants had

Fig. 3. Infection phenotypes. A and B, Alfalfa inoculated with Rhizobium leguminosarum bv. viciae (pGMI515). A, Hac® (arrows) and Hac" (double
arrowheads) phenotypes. B, Infection thread (arrowheads) in a curled root hair. C, Common vetch inoculated with the control strain R. I bv.
viciae (RP4) 4 days after inoculation. Hac® Inf* phenotype. Arrowheads point to infection threads. D and E, Common vetch inoculated with
R. 1. bv. viciae (pGMI515). D, Hac' phenotype (arrows). E, Inf* phenotype, unstained infection thread (arrowheads). F, Common vetch inoculated
by R. I bv. viciae (pGMI1515 nodQ115::Tn5) 4 days after inoculation. Hac* Inf" phenotype. Arrowheads point to infection threads. In all the
micrographs, the bar equals 100 pm.
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lost the ability to infect root hairs and were Hac™ Inf,
like the R. I. bv. viciae 248 (RP4) control strain. We can
conclude that nodH and nodQ genes are responsible for
the major symbiotic changes on both the homologous host
vetch and the nonhomologous host alfalfa.

Tsr reaction on common vetch of R. I. bv. viciae hybrids.
What could be the mechanisms by which R. meliloti nod H
and nodQ genes modify the symbiotic behavior of R. /.
bv. viciae? By comparison with nodulation assays, the
common vetch Tsr (thick and short roots) bioassay has
the advantage that it can be performed either with bacterial
cultures or with sterile filtrates of cultures grown in
conditions of nod induction (Van Brussel er al. 1986; Zaat
et al. 1987; Faucher et al. 1988). This possibility obviously
would facilitate the detection and isolation of symbiotic
signals,

We first studied the influence of the R. meliloti host
range genes on the Tsr-inducing ability of R. /. bv. viciae
by inoculating vetch seedlings with bacterial cultures. The
Tsr reaction was estimated by measuring the seedling root
length, and the significance of the observed differences was
estimated statistically. Results are given in Table 2. The
introduction of pGMI5I5 into R. [ bv. viciae 248
significantly decreased the Tsr effect. Tn5-induced
mutations in nodH or nodQ carried by pGMIS515 restored
fully the Tsr reaction, which was similar to the one induced
by the R. I. bv. viciae wild-type strain. A Tn5-233 insertion
in the nodD; gene significantly restored a slight Tsr

Table 2. Tsr phenotype on Vicia sativa subsp. nigra inoculated with strains
derived from Rhizobium leguminosarum bv. viciae and R. L b, trifolii

Recipient Mean root length®
strain Plasmid (cm)
Medium 9.7+ 1.2°
R. I bv. viciae
248
(Wild type) None 39407
Vector = RP4 39+0.5°
pGMIS51S 73+1.2¢
pGMIS51S nodH2121::Tn5 4.0 £0.5°
pGMIS1S5 nodH2219::Tn5 3.9 £ 04°
pGMIS515 nodQ115::Tn5 42+405°
PGMIS15 nodF2407::Tn5 6.6+ 1.8¢
pGMIS15 nodE2309::Tn5 6.0+ 1,2¢
pGMI515 nodG314::Tn5 6.5+ 1.2¢
pGMIS515 nodlla2110::Tn5 7.8+ 1.1¢
pGMISI15 nodlla2412::TnS 8.2+ 1.3
pGMIS5IS nodD;::Tn5-233 4.9+0.09°
(nodA::Tn5) None 9.9 +0.6°
pGMI515 9.0 +0.8°
(nodC::Tn5) None 10.1 £0.9°
pGMISI1S 9.3+0.7"
R. I bv. trifolii
ANU843
(Wild type) None 49+ 10"
Vector = RP4 44+08'
pGMIS1S 7.4 £ 0.6%
pGMI515 nodH2121::Tn5 4.8+ 0.6
pGMIS515 nodQ115::Tn5 4.1+£0.2
pGMI515 AnodEFGH 44405
ANUB4S
(pSym™) None 83+ 1.18

*Results were analyzed by comparison of means.
Ped<4Values followed by the same letter did not differ significantly (P
<0.01).
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reaction. Insertions into other pGMI515 nod genes did not
restore the Tsr reaction: the Tsr phenotype was not
significantly different from the one induced by the
pGMIS15" transconjugant.

We had shown earlier that the introduction of R. meliloti
host range genes into R. /. bv. trifolii drastically inhibited
its ability to infect and nodulate its homologous host white
clover (Debellé et al. 1988). As in the case of R. I bv.
viciae, these changes were determined by nodH, nodFEG,
and nodg (region IIb). Van Brussel et al. (1986) reported
that Nod™ strains of R. . bv. trifolii are also able to elicit
a Tsr reaction on common vetch. We checked the Tsr
phenotype of R. I bv. trifolii ANU843 and of its
transconjugants carrying pGMIS515 or pGMI5IS
derivatives having a Tn5 insertion in the various nod genes.
The results are given in Table 2. In R. L bv. trifolii, as
in R. L. bv. viciae, the R. meliloti nodH and nodQ genes
determine an inhibition of the Tsr effect on vetch.

Modifications in the production of extracellular
symbiotic signals. Instead of bacterial suspensions, the
vetch Tsr assay can be performed by using the sterile
supernatant of a culture that has been grown with an
appropriate nod-inducer flavonoid (Zaat et al. 1987;
Faucher et al. 1988). We thus checked the Tsr reaction
of the supernatants of the various hybrid strains, after
induction with naringenin for 24 hours.

To study the specificity of the supernatants, we also
checked them on alfalfa using a Had bioassay. The
previously described alfalfa Had bioassay (Faucher et al.
1988), based on growing the seedling in the glass slide
assembly of Fahraeus (1957), was replaced by a method
in which seedlings were grown on agar plates; a similar
method has been devised independently by Dazzo et al.
(1988) with clover. This new assay was quicker (18 hr instead
of 6 days) and required smaller volumes of supernatants
(2 ml instead of 20 ml). Moreover, screening for the Had
phenotype was easier because hair branching was the most
frequent deformation, as in the assay for white clover
proposed by Bhuvaneswari and Solheim (1985). According
to assays, branching affected only a part of the root,
including the growing root hair zone and the beginning
of the mature hair zone, or was extended over the whole
root system (Figs. 4A and 4B). Occasionally branched root
hairs could also be loosely undulated. While the Tsr reaction
could be measured and analyzed statistically, the Had
reaction was not easy to quantitate; however, the differences
between straight and branched root hairs were very striking
as can be seen in Figure 4. As a control, branching was
never observed on plants treated with the Jensen medium
alone, the Jensen medium containing the flavonoid inducer,
or with the supernatant of uninduced rhizobial cultures
(Figs. 4C and 4D).

Results of bioassays are given in Table 3. Both vetch
Tsr and alfalfa Had activities were lost when either nodA
or nodC was inactivated, showing that the supernatant
activities on both hosts were dependent on the R. /. bv.
viciae common nodABC operon. Supernatant activities
required the addition of a flavonoid inducer to the rhizobial
culture. It is worth noting that sterile filtrates containing
the same nod inducer, naringenin, elicited vetch or alfalfa
reactions according to the bacterial strain used. This shows



Fig. 4. Alfalfa Had bioassays. A and B, Hair branching induced by the sterile supernatants from luteolin-induced Rhizobium meliloti 2011 (A)
and naringenin-induced R. leguminosarum bv. viciae (pGMI515) (B). C and D, Straight root hairs from control plants inoculated with Jensen
medium containing the flavonoid inducer naringenin (C) or with the supernatant of noninduced R. I. bv. viciae (pGMI515) (D). In all the micrographs,
the bar equals 100 um.

Table 3. Had phenotype on Medicago sativa and Tsr phenotype on Vicia sativa subsp. nigra of sterile supernatants obtained after flavonoid induction
of cultures of Rhizobium leguminosarum bv. viciae 248 and its derivatives

Yetch
Recipient Alfalfa Mean root length®
strain Plasmid Inducer* Had" (cm)
Medium - 10.1 +1.2¢
N - 10.1 £ 1.1¢
Wild type None - 9.5+0.9¢
None N - 50+ 1.3°
None L - ND
RP4 N - 4.9 £0.6°
pGMIS15 - 8.4+ 1.2
pGMIS5IS5 N + 8.5+ 1.3
pGMISIS L + ND
pGMIS515 nodH2121::Tn5 - 9.1 +£1.5
pGMIS1S5 nodH2121::Tn5 N - 6.3+% 1.5
pGMI515 nodH2121::Tn5 L = ND
pGMIS15 nodQ115::TnS - 10.7 £0.5¢
pGMIS15 nodQ115::Tn5 N - 63107
pGMIS515 nod(Q2402::Tn5 N - 6.1£0.7"
pGMIS1S nodE2309::Tn5 N + 7.2+ 1.08
pGMI515 nodG314::TnS N + 7.1+£0.7
pGMIS15 nodlla2412::TnS N + 8.5+ 0.9
PGMI515 nodD;::Tn5-233 N + 6.5+ 08"
nodA::Tn5 None N - ND
pGMIS515 9.1+ 0.7
pGMISIS N - 8.6+ 1.1°
nodC::Tn5 None N - ND
pGMIS515 - 8.9 +0.9°
pGMI515 N - 9.9 £0.7°

*Supernatants were obtained from cultures induced by naringenin (N) or by luteolin (L). Control supernatants were prepared without any flavonoid.
®Had" and Had~ phenotypes correspond to those described in Figure 4.

Results were analyzed by comparison of means. ND = not determined.

- 18yalues followed by the same letter did not differ significantly (P <0.01).
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that the specificity of the symbiotic signals depends on
the Rhizobium nod genes and not on the flavonoid inducer.
Whereas the supernatant of the R. I. bv. viciae wild-type
strain was Tsr™ on vetch and Had™ on alfalfa, the
supernatant of the pGMI515" transconjugant was Tsr™ on
vetch and Had" on alfalfa. When R. /. bv. viciae derivatives
carrying various R. meliloti nod::Tn5 insertions in the
pGMIS15 were tested, only the nodH and nod(Q mutations
significantly increased the Tsr effect and suppressed the
alfalfa Had reaction. Thus, the correlation between the
specificity of the symbiotic behavior of the various bacterial
strains and the specificity shown by their sterile super-
natants with the vetch Tsr and alfalfa Had bioassays is
very clear. Filtrates of Rhizobium cultures that were Tsr™
on vetch were shown to be also Had™ on the same host.

The vetch Tsr and the vetch or alfalfa Had activities
of the various supernatants were not detectably altered after
autoclaving for 30 min at 110° C, showing that the extra-
cellular Had factors are heat-stable. When supernatants
active on vetch or on alfalfa were filtered with ultrafiltration
membranes, the largest amount of Had activity was found
to pass through a 5,000-Da cutoff membrane (YMS5), but
was retained over a 1,000-Da cutoff one (YM2). Reversed-
phase chromatography with a C18 Sep-Pak cartridge
showed that both Had factors, active on alfalfa or vetch,
have some hydrophobic properties, because the supernatant
Had activity was retained on the C18 phase and could
be eluted with ethanol.

DISCUSSION

The transfer of plasmid pGMI515 (containing the R.
meliloti host range genes) into R. /. bv. vicige modifies
its symbiotic behavior in two ways: the hybrid strain has
acquired the ability to infect and nodulate alfalfa, and it
has a decreased ability to infect and nodulate its original
host, common vetch. A similar type of interaction between
symbiotic genes of different species was first reported by
Beynon et al. (1980). The R. meliloti genes that are
responsible for both types of changes are nodH and nodQ.
R. meliloti nodH and nodQ mutants have an extended
host range and are Hac® Inf' on common vetch. Thus,
the R. meliloti nodH and nodQ genes, when present
together, prevent R. I. bv. viciae and R. meliloti from
infecting vetch. However, these two genes have different
symbiotic roles, because for nodulating alfalfa, nodH is
required in both R. I bv. viciae and R. meliloti, whereas
nodQ) is essential in R. /. bv. viciae but not in R. meliloti.

The transfer of pGMI515 into R. I bv. trifolii had also
been shown to modify the symbiotic behavior of the
recipient strain in two ways: by enabling it to nodulate
and infect alfalfa and by suppressing its ability to infect
and nodulate its original host, white clover (Debellé et al.
1988). The R. meliloti genes involved in this type of
“dominance” were nodH, nodFE, and nod(Q.

R. meliloti host range genes such as nodFE, nodH, and
nodQ behave in R. I bv. viciae and R. I. bv. trifolii as
the avirulence (avr) genes of phytopathogenic bacteria, that
is they suppress or inhibit the virulence of recipient strains
on some of their hosts (Staskawicz et al. 1984; Gabriel
et al. 1986). In the case of nodFE, for which alleles are
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present in R. /. bv. trifolii as in R. meliloti, the R. meliloti
nodFE genes are dominant. The R. meliloti nodH and
nodQ genes seem not to have alleles in R. /. bv. viciae
and R. . bv. trifolii (Rodriguez-Quinones et al. 1987; Surin
and Downie 1988; Schwedock and Long 1989), and they
are thus epistatic on R. I bv. vicige and R. L. bv. trifolii
host-specific nod genes. Thus the host range genes of R.
meliloti can be dominant or epistatic, as are the avr genes.
This formal analogy might reflect similarities between the
molecular mechanisms of host specificity in Rhizobium and
phytopathogenic Pseudomonas and Xanthomonas.

The recent development of various biological assays has
revealed that common nod genes of R. I bv. viciae and
R. meliloti determine the production of extracellular
compounds. The use of Tsr and Had assays on common
vetch has shown that in R. /. bv. vicige, the nodD and
nodABC genes are required for the production of Tsr and
Had factors (Van Brussel er al. 1986; Zaat er al. 1987).
Indeed, R. L bv. viciae and R. [. bv. trifolii strains cured
of their pSym and containing the cloned nodDABC genes
allow the production of Tsr and Had factors when
cocultivated with their host plants (Canter Cremers et al.
1986; A. A. N. Van Brussel, personal communication). Both
Tsr and Had factors are heat-stable and of low molecular
weight.

It seems likely that the same factor or factors are
responsible for eliciting the Tsr and Had vetch reactions
(Zaat et al. 1987). In an R. meliloti strain deleted of all
the nod genes, the cloned R. meliloti nodD,ABC genes
are sufficient to generate the production of a HadV factor(s)
active on vetch (Faucher e al. 1988). Thus, the common
nodABC genes of both R. I bv. viciae and R. meliloti
determine the production of HadV factors; we propose
to call these factors HadVc (¢ for common). The R. meliloti
nodAB genes are involved in generating compounds that
stimulate mitosis of plant protoplasts. These compounds
are also heat-stable, of low molecular weight, and partially
hydrophobic (Schmidt ez al. 1988). All these common nod
gene-mediated factors that have been detected using various
bioassays might belong to the same class of “common
HadVc” molecules.

Using an alfalfa Had bioassay, we previously showed
that in R. meliloti the host range nodH gene determines
the production of an alfalfa-specific HadA extracellular
signal (Faucher ez al. 1988). We have now shown that the
R. meliloti nodQ gene, when introduced into R. I. bv. viciae,
is also involved in generating an alfalfa-specific HadA
signal. Thus, at least two R. meliloti host range genes are
involved in generating host-specific signals. The HadA
signals, like the HadVc signals, are heat-stable, of low
molecular weight, and partially hydrophobic. The changes
of symbiotic specificity of R. L. bv. viciae hybrids carrying
various combinations of R. meliloti nod H and nodQ genes
strictly parallel the changes in the Tsr and Had specificity
of sterile supernatants of flavonoid-induced cultures, which
indicates that these two genes might contribute to host
specificity by mediating the production of specific
extracellular signals.

Mutations in R. /. bv. viciae nod A or nodC genes resulted,
for the various hybrid strains, in the loss of the ability
to infect alfalfa and vetch on one hand and to produce



extracellular factors active on alfalfa or vetch on the other.
How can the epistatic effect of nodABC on nodH and
nodQ be interpreted? What are the respective roles of
common and specific nod genes in the production of the
Had factors?

Two simple hypotheses can be proposed for the origin
of the common and specific Had factors: HadVc and HadA
are not chemically related and are produced by independent
metabolic pathways, or HadVc and HadA are chemically
related and part of the same biochemical pathway. Whereas
the results of some bioassays are difficult to interpret in
the frame of the “two-independent-pathways” hypothesis,
all the bioassay results obtained so far either with R. meliloti
mutants (Faucher et al. 1988) or with R. [. bv. viciae hybrids
(this work) are compatible with the hypothesis that HadVc
and HadA are part of the same pathway. For example:
1) mutations in nodH or in nodQ result in the simultaneous
disappearance of HadA and appearance of HadV activity;
2) there is an epistatic effect of mutations in nod4 BC upon
nodH and nodQ; and 3) both HadA and HadVc factors
are heat-stable and behave similarly both in ultrafiltration
and reversed-phase chromatography experiments.

If we hypothesize that the Had factors are synthesized
by the same pathway, then the epistasy of nod4BC over
nodH and nodQ suggests that the common nod genes act
upstream of the host range genes in the pathway. Both
the R. I. bv. viciae and R. meliloti nod A BC genes determine
the production of a HadVc factor that might serve as a
precursor for the synthesis of the species-specific Had
signals; this might be the physiologic explanation of the
mutual complementation of the nodABC genes from
different species.

To produce an alfalfa-specific Had A signal(s), the nodQ
gene is essential in R. [ bv. viciae but not in R. meliloti.
This could be because to produce HadA signals in the
R. I bv. viciae hybrids, the R. meliloti host range nodH
and nodQ genes might have to mediate the modification
not only of the “common” precursor HadVc, but also of
vetch-specific HadVs (s for specific) signals modified by
the products of the species-specific R. I bv. viciae nod
genes. The fact that a mutation in either nodH or nodQ
results in a loss of HadA activity suggests that these two
genes act on a linear pathway. Our model to interpret these
results is described in Figure 5. Schmidt et al. (1988)
assumed that R. meliloti nodC is not involved in generating
the mitosis-stimulating factor(s) and might be a potential
signal transducer. We do not know whether nodC is
involved in the export of an alfalfa-specific factor(s).

Several recent reports have shown that the nodD genes
can control the host range of Rhizobium species by
regulating the expression of other nod operons as a function
of the flavonoid composition of root exudates of legume
hosts (Horvath et al. 1987; Spaink et al. 1987; Gyorgypal
et al. 1988). The presence of R. meliloti nodD; in R. .
bv. viciae hybrids had an influence on eliciting the Tsr
reaction on vetch, which could be explained by the
previously reported very high level of nod activity required
for inducing the Tsr phenotype (Zaat et al. 1987). This
result suggests that the nod D; gene is involved in the control
of the level of expression of R. meliloti nod genes in R.
. bv. viciae and that it activates nod genes not only in
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Fig. 5. A model for the role of nod genes in the production of symbiotic
extracellular signals. Hypotheses to explain the “dominance” of
Rhizobium meliloti host range nod genes over those of R. leguminosarum
bv. viciae are: 1) the enzymes encoded by the R. meliloti nodH and
nodQ genes have a higher affinity for the HadVc precursor than the
enzymes encoded by the R. I bv. viciae host range genes; and 2) the
products of nodH and nodQ genes can convert the HadVs signal(s) into
HadA signal(s). The model postulates the existence of Had signal receptors
on the root hairs of common vetch and alfalfa hosts. Hsn = host-specific
nod region of R. I bv. viciae. The dotted line within the Had symbols
means that they might represent either HadVc or HadVs, or both.

the rhizosphere or root surface of a homologous host
(Gyorgypal et al. 1988), but also of a nonhomologous host
such as vetch.

In contrast, the changes of the R. . bv. viciae specificity
of infection and nodulation, associated with the transfer
of pGMIS5I1S, were not due to a nodD gene because a
plasmid derivative containing a Tn5-233 insertion in nodD;
caused the same symbiotic changes as did the pGMISI1S.
In addition, the same flavonoid induced in different strains
the production of Had signals of different specificity.

We can thus conclude that the specificity of infection
and nodulation is determined in R. meliloti on at least
two levels: 1) nodD genes activate the expression of other
nod operons as a function of specific plant signals, and
2) host range genes such as nod H and nodQ, once activated,
determine the production of bacterial extracellular signals
that allows the recognition of specific legumes.

In this paper, we have described agar plate Had bioassays
on vetch and alfalfa that are much more convenient than
the assays previously described (Zaat et al. 1987; Faucher
et al. 1988). They require small volumes of culture filtrates,
are simpler to perform, and the results can be read rapidly.
We are currently using these assays to purify the HadA
and HadV signals. Determination of their chemical
structure should allow us to decipher the role of the various
nod genes in the synthesis and export of these symbiotic
signals.
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