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A mutation in the ilvC gene of Sinorhizobium meliloti 1021 
determines a symbiotically defective phenotype. ilvC mu
tants obtained from different A meliloti wild-type strains 
are able to induce root hair deformation on alfalfa roots 
and show variable activation of the common nodulation 
genes norfABC. All of these mutants are noninfective. The 
presence of extra copies of «oi/D3-v)V'M in an IlvC back
ground does not promote nod expression but allows the 
detection of low levels of Nod factor production. The sul
phation of the Nod factor metabolites, however, is not af
fected. Furthermore, IlvC strains induce a specific pat
tern of starch accumulation on alfalfa roots as well as of 
early nodulin expression. Hence, the pleiotropic action of 
the ilvC gene in A meliloti may reveal novel complexities 
involved in the symbiotic interaction.

Additional keywords', isomeroreductase, plant response, sym
biosis.

The symbiotic association between soil bacteria belonging 
to the genera Rhizobium, Sinorhizobium, Bradyrhizobium, and 
Azorhizobium and legumes leads to the formation of nitrogen
fixing root nodules. This association is host specific, thus 
Sinorhizobium meliloti is able to nodulate the Medicago, 
Melilotus, and Trigonella species. The molecular basis of this 
specificity is a signal exchange between the plant and bacte
ria. Certain flavonoid compounds released by the plant root, 
together with the rhizobial regulatory protein NodD, activate 
the transcription of nodulation genes. These genes collectively 
constitute a set of rhizobial genes known as nod, nol, and noe 
(Denarie et al. 1992; Schultze and Kondorosi 1998). The 
product of several of these genes are involved in the synthesis 
and excretion of signal molecules named Nod factors. The 
chemical structure of these molecules consists of a basic 
backbone of pi,4-linked V-acetvl-l)-gliicosamine that was N- 
acylated on the nonreducing sugar and TV-acetylated on the 
other residues. The chain length of this molecule depends on 
the strains and is determined by the NodC protein. Nod factor 
structures show differences in the substituents linked to the 
chitin oligomer backbone, which confers specificity to the
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action on the plant host (Dénarié and Debellò 1996; Spaink 
1995).

The rhizobial infection begins with the attachment of bacte
ria to the root hair tips where deformation (Had) and curling 
(Hac) are induced. The bacteria entrapped within the curled 
root hairs (Shepherd’s crooks) enter into the root by means of 
newly formed tubular structures known as infection threads 
(ITs). Concomitantly, at the site where infection takes place, 
dedifferentiation of the inner cortex cells occurs, giving rise to 
a nodule primordium. Once the ITs reach the primordium, 
bacteria are transferred as symbiosomes into the cytoplasm of 
the inner cortical cells and differentiate into the nitrogen fix
ing form known as bacteroids (Hirsch 1992). Alfalfa roots 
form indeterminate nodules that have a persistent apical mer
istem, followed by an infection zone containing a network of 
branched ITs, a nitrogen-fixing zone where the cells are filled 
of bacteroids, and a senescence zone where bacterial cells 
degenerate (Vasse et al. 1990). In addition to Nod factors, 
other bacterial components, including exopolysaccharides 
(EPS), lipopolysaccharides (LPS), capsular polysaccharides 
(CPS), and cyclic P-(l,2)-glucans are involved in the symbi
otic process (Breedveld and Miller 1994; Kannenberg and 
Brewin 1994).

Beside the nodulation genes, rhizobial genes involved in 
amino acid metabolic pathways also are required for an effec
tive nodulation of the plant hosts (Beringer et al. 1980; 
Kerppolla and Kahn 1988; Ninner and Hirsch 1998; Pain 
1979; Taté et al. 1999). We reported that a mutant auxotroph 
to isoleucine and valine mutated in the ilvC gene of S. meliloti 
1021 is symbiotically defective (Aguilar and Grasso 1991). 
This gene encodes the enzyme acetohydroxiacid isomerore
ductase, which catalyses the second step in the biosynthetic 
pathway for isoleucine and valine. Although this mutant is 
able to induce root hair deformation on alfalfa roots (Hirsch et 
al. 1982), we found that nodulation genes moJABC are not 
activated by the inducer luteoline (Aguilar and Grasso 1991). 
This suggests that a low basal level of nod gene expression 
may allow the synthesis of sufficient amounts of Nod factors 
for the plant response. Alternatively, in pianta nod induction 
might be different from that measured in the mentioned assay 
in vitro.

Here we examined the symbiotic behavior of S. meliloti 
ilvC mutants obtained from different wild-type strains to gain 
insight into the putative role of this gene in nodulation. The 
ilvC mutation negatively affects activation of moJABC genes,
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but the extent of this effect depends upon the strain studied. 
Overall, IlvC strains from different genetic backgrounds were 
noninfective, although they induced a specific pattern of 
starch accumulation on alfalfa roots. Thin-layer chromatogra
phy (TLC) analysis showed that the major sulphated forms of 
Nod factor could be detected in culture supernatants of IlvC 
strains. Analysis of early nodulin gene expression in ilvC 
structures revealed a specific pattern that was different from 
those induced by wild-type, Nod, or EPS mutant S. meliloti 
strains. Our results demonstrate that the ilvC function is plei- 
otropically required for symbiosis.

RESULTS

Isolation of S', meliloti ilvC mutants.
In order to assess the phenotype of ilvC mutants in different 

genetic backgrounds, we carried out site-specific mutagenesis 
of wild-type strains S. meliloti 41 and L5-30 These exten
sively studied strains have phenotypic and genotypic differ
ences compared with S. meliloti 1021. Briefly, S. meliloti 41 
contains a functional NolR repressor and constitutively pro
duces exopolysaccarides (EPS) EPS I, EPS II, and CPS, 
whereas strain S. meliloti L5-30 harbors moc and mos genes 
and nodulates other hosts in addition to Medicago spp. 
(Kondorosi et al. 1989; Rossbach et al. 1995; Wexler et al. 
1996; Williams et al. 1990).

Mutants were obtained by fragment-specific recombination 
with the z/vC::Tn5 DNA sequence cloned from the ilvC mu
tant Sml028 in the suicide plasmid pQB2. Transconjugants 
unable to grow on minimal medium were analyzed by South
ern blot with a Tn5 probe. All tested transconjugants showed a 
single restriction endonuclease designation (EcoRI) fragment 
identical in size to that found by probing EcoRI-digested 
DNA from the Sml021 ilvC mutant strain Sml028 (data not 
shown). From these transconjugants, one mutant was selected 
from wild-type strains SmL5-30 and Sm41, which were 
named SmM6 and SmM41, respectively, and used for further 
analysis. The only requirement of isoleucine and valine for 
growth was confirmed (data not shown). Herein, unless spe
cifically stated, IlvC strains refer to mutants Sml028, M6, and 
M41.

The IlvC strains were tested for their capacity to nodulate 
alfalfa. All of them were unable to induce nodules, although 
approximately 10% of the inoculated plants with the IlvC 
strains presented small, white ineffective nodules, as previ
ously found with the Sml028 strain (Aguilar and Grasso 
1991). Bacterial growth was observed next to the root, allow
ing us to assume that amino acids present in root exudates are 
sufficient for mutant growth. Plasmid pQBll containing the 
wild-type ilvC gene of S. meliloti was transferred into SmM41 
and SmM6 and restored the proto trophy and the ability to 
induce a successful symbiotic association with alfalfa.

These results confirmed our earlier observation performed 
on a derivative of strain Sml021 and demonstrate the impor
tance of ilvC for symbiosis as a rather general phenomena in 
the S. meliloti spp.

nod promoter activity varies among 
different ilvC mutants.

In order to assess whether the ilvC mutation in strains M41 
and M6 affects transcription of common nodulation genes, as 

reported for the mutant 1028 (Aguilar and Grasso 1991), we 
used the plasmid pRmM57 carrying a gene fusion between the 
moJABC promoter of S. meliloti and the /acZ reporter gene 
(Mulligan et al. 1985). Introduction of this plasmid in the 
wild-type and IlvC strains allowed us to test the flavonoid- 
inducing capacity of nodulation genes in each background. 
Levels of P-galactosidase differed among the wild-type strains 
assayed (Table 1), and the activity in strains Sml021 and L5- 
30 was five times higher than in Sm41, which is in agreement 
with the active presence of the repressor gene nol\l in strain 
Sm41 (Kondorosi et al. 1989). Either in rich-medium tryptone 
(TY) or minimal-medium GTS (Kiss et al. 1979), nodJCBC 
gene expression was found to be lower in each of the three 
ilvC mutant strains compared with the respective wild type. 
The individual measurements, however, differed among the 
mutant strains. For instance, a drastic decrease in nod gene 
expression to approximately 5% of the activity in the wild
type strains was found in mutants M41 and 1028, respectively, 
whereas the decrease of activity in SmM6 was lower, down to 
approximately 25% of the wild-type strain L5-30.

It has been shown that multiple copies of nod\J3-syrM 
genes deregulate the expression of common nod genes 
(Gyorgipal et al. 1988). In order to assess the effect of the 
high number of copies of the regulatory genes nod\J3-syrM 
on the expression of nod genes in the ilvC mutant strains, 
plasmid pNID6 was introduced in ilvC strains. The P- 
galactosidase activity determined in strains carrying the 
nodMiC-lac/. gene fusion is shown in Table 1. Transcription 
activity of nod genes in JM57(pNID6) was 30 times higher 
than in strain JM57, indicating that the nod\J3-syrM genes 
have a positive effect on the nod promoter as expected 
(Kondorosi et al. 1991). In contrast, the plasmid pNID6 had 
no effect on the nod promoter activity in the ilvC background 
of strain JC1 (Table 1). These results suggest that the ilvC 
mutation prevents activation of the nod promoter by the regu
latory genes MoJD3-syrM. In addition, our data demonstrate 
that the effect of the ilvC mutation on the nod gene expression 
varies among different strains. Noteworthy is that the level of 
the remaining nod promoter activity in mutant SmM6 was 
higher than that of wild-type strain Sm41, yet SmM6 was 
unable to form wild-type nodules.

ilvC mutation reduces Nod factor production 
without affecting sulphation.

The production of Nod factors by the IlvC strains was in
vestigated by in vivo radioactive labeling of Nod metabolites 
and TLC analysis. As previously described, very low, unde
tectable amounts of Nod factors are produced by strain 1021 
(Baev et al. 1992). In order to increase Nod-factor yields, 
plasmid pNID6 containing the regulatory genes yv/'M and 
moJD3 (Gyorgipal et al. 1988) was transferred into S. meliloti 
strains. Culture supernatants of the resulting strains were 
analyzed with TLC. Several spots were detected in samples 
from wild-type strains SmL5-30(pNID6) and 
SmlO21(pNID6) (Fig. 1, lanes 1 and 6), whereas no discrete 
spots were found in a Nod mutant strain (Fig. 1, lane 5), 
which is unable to synthesize the basic lipooligosaccharide 
structure of the Nod factor (Denarie et al. 1992). IlvC 
(pNID6) strains produced significantly lower amounts of Nod 
factors than the wild-type strains, most likely as a result of 
reduced MoJ-promoter activity. Nevertheless, several spots 
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that correspond to spots absent in supernatants of a NodH 
mutant strain (Fig. 1, lane 4) were revealed with TLC (Fig. 1, 
lanes 3 and 7). Hence, these spots could be assigned to the 
major sulphated forms of Nod factors. Complementation of 
the Sml028 strain with the S. meliloti wild-type ilvC gene 
restored Nod factor production to wild-type levels (Fig. 1, 
lane 2). Although pNID6 has no effect on noi/ABC-promoter 
activity in the IlvC mutant strain JC1 (Table 1), we observed 
that pNID6 has a positive effect on Nod factor production in 
the IlvC mutant strains Sml028 and SmM6 (data not shown).

The main effect of an ilvC mutation, therefore, is its quan
titative decrease in Nod factor production without affecting its 
sulphation. This effect was observed in all mutants tested, 
regardless of the level of nod promoter activity. For instance, 
strains SmM6 and Sml028 produced similar levels of the Nod 
factor, yet differed in their nod transcriptional activity (Table 
1). The basis of this discrepancy is unknown to us.

Table 1. nod promoter activity in IlvC strains

a Rhizobial cells were grown in GTS medium with lie and Vai, except 
strains Sm41 (pRm57) and SmM41 (pRm57), which were grown in 
rich medium tryptone as a result of the low activity found in medium 
GTS. nd = nondetermined; +L = supplementation with 10 pM luteolin; 
-L = absence of luteolin.

Strain

ß-galactosidase (Miller units)3

-L +L

SmlO21(pRm57) 3.2 150.9
Sml028 (pRm57) 5.5 10.1
Sm41 (pRm57) 22.7 113.8
SmM41 (pRm57) 18.3 22.2
SmL530 (pRm57) 9.6 206.8
SmM6 (pRm57) 12.5 57.5
SmJM57 26.6 nd
SmJM57 (pNID6) 711.3 nd
SmJCl 26.2 nd
SmJCl (pNID6) 31.1 nd

1 2 3 4 5 6 7

Fig. 1. Butanol extracts of 14C-labeled Nod metabolites produced by the 
following strains containing the pNID6 plasmid. Lane 1. Sml021; lane 
2. SmlO28(pQBll); lane 3, Sml028; lane 4. Sml021 ;rorfH::Tn5; lane 
5, Sml021 >?otZC::Tn5; lane 6, SmL5-30; lane 7, SmM6.1 and II indicate 
sulphated and nonsulphated Nod metabolites, respectively.

IlvC strains do not form ITs.
The induction of plant response to inoculation with IlvC 

strains was investigated by microscopic examination. In order 
to facilitate these cytological studies with fluorescence mi
croscopy, plasmid pTB93F (Gage et al. 1996) expressing the 
sequence coding for the green fluorescent protein was intro
duced into the different strains. Seven days after inoculation, 
wild-type strains induced root hair curling and ITs (Fig. 2A). 
Nodules induced by these strains showed green fluorescence 
in the central region as expected (Gage et al. 1996; data not 
shown). Alfalfa plants inoculated with IlvC strains showed 
abundant hypertrophied root hairs with numerous branchings 
and swellings and, only exceptionally, curled root hairs (Fig. 
2B and data not shown). Green-fluorescent bacteria were at
tached to these root hairs, but we were unable to detect ITs. 
Nodules were undetectable even after 5 weeks of inoculation, 
although thick roots surrounded by long and deformed root 
hairs were observed in approximately 70% of the plants. 
However, small nodule-like structures without fluorescent 
bacteria inside (data not shown) were observed in approxi
mately 10% of the plants. The plant response induced by the 
different IlvC strains was the same. Our results indicate that 
ilvC mutant strains are still able to induce some plant re
sponse; however, the interaction between alfalfa and ilvC 
mutants is blocked at a very early step.

Specific molecular and cytological patterns 
of plant responses are induced by IlvC strains.

In order to assess plant response to inoculation with ilvC 
mutant strains at cellular and molecular levels, cortical cell 
activation (CCA) and accumulation of early nodulin gene 
transcripts in the inoculated tissues were investigated. To 
monitor CCA, a bioassay based on starch accumulation in 
inoculated roots was used (Ardourel et al. 1994). Seven days 
after inoculation with wild-type and ilvC mutants, respec
tively, starch accumulation in cortical cells was found. In the 
case of the wild type, starch accumulated in front of the ITs 
(Fig. 3A). Amyloplast accumulation also was found in the 
infection zone III of mature wild-type-induced nodules (data 
not shown). The pattern of starch accumulation induced by the 
different IlvC strains were similar among them but differed 
from those found within the wild-type strains. Starch accu
mulation also was detected in cortical cells from some secon
dary roots (data not shown). This became more evident 14 
days after inoculation (Fig. 3B) when cellular clusters with 
intense amyloplast accumulation that consisted of small corti
cal cells separated by periclinal septa were observed (Fig. 
3C).

Four weeks after inoculation, the peripheral cells of secon
dary roots with starch accumulation were distended and hy
pertrophied (Fig. 3D). The morphology of this region of the 
root was similar to that previously described as “galls” 
(Hirsch et al. 1982). The thickness of the secondary roots was 
more evident in zones where intense amyloplast accumulation 
was observed. Small, white root structures appeared at low 
frequency. Interestingly, at this stage numerous tertiary roots 
containing cells filled with starch granules were observed 
(Fig. 3D). In order to investigate whether these plant re
sponses to ilvC inoculation depend upon Nod factor activity, a 
double-mutant ilvC-nodC strain SmM131 was obtained from 
an Sml 021-derivative NodC (Table 2) and used to inoculate 
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alfalfa. Examination of inoculated roots revealed absence of 
amyloplast accumulation. This result demonstrates that acti
vation of cortical cells in response to the IlvC mutant strains 
requires wild-type nodulation genes from the bacterial symbi
ont. This also suggests that, in spite of the low level of pro
duction, Nod factors are still required. In addition, these re
sults demonstrated that ilvC mutants induce responses in 
cortical cells different from those found with wild-type 
strains.

Induction of early nodulin genes was investigated by re
verse transcription-polymerase chain reaction (RT-PCR) 
analysis of the root structures induced by the IlvC Sml028 
strain. This pattern of expression was analyzed for multiple 
molecular markers (Jimenez-Zurdo et al. 2000) and compared 
with the patterns observed for NodC -inoculated roots, spon
taneous nodules derived from Nar+ plants (Truchet et al. 
1989), and nodules induced by the Exo strain 0540, respec
tively. Several molecular markers expressed in the different 
nodule types were assayed, and a specific pattern of expres
sion was found for an ilvC mutant (Fig. 4). Enod40 was 
strongly expressed, whereas other nodulins such as 
MsNod800, MscplO, and MsNod20 were not detected. This 
analysis reveals a specific molecular response to ilvC mutants, 
which may indicate that signals other than Nod factors also 
are able to induce plant responses. Alternatively, induction of 
certain nodulin genes can be achieved with the very low level 
of Nod factors produced by the IlvC strains.

DISCUSSION

The defective symbiotic phenotype of ilvC mutants is not 
related to nutritional limitations because other S. meliloli Ilv 
auxotrophic mutants display a wild-type nodulation phenotype 

(Aguilar and Grasso 1991) and ilvC mutants increase their 
bacterial mass in the zone next to the roots (our unpublished 
data). This indicates that isoleucine and valine are not limiting 
bacterial growth in the alfalfa rhizosphere. The obvious infer
ence is that the ilvC mutation specifically affects symbiosis 
through a different mechanism. Here we present studies aimed 
to gain insight into the role of ilvC in symbiosis by identifying 
its possible targets in the early steps of nodulation.

Several rhizobial genes have been identified that are in
volved in different stages of nodule development. For in
stance, genes nod, nol, and noe are required during the very 
early events of infection such as IT formation (Denarie et al. 
1992, Schultze and Kondorosi 1998). Genes involved in EPS 
production are needed for bacterial invasion, whereas genes 
bac, nif, and // v participate in late stages of rhizobia differen
tiation or in the nitrogen-fixation process (Hirsch 1992; Leigh 
et al. 1985). The symbiotic interaction between ilvC mutants 
and alfalfa is blocked at a very early step. IlvC strains were 
able to induce root hair curling, CCA, and induction of a few 
nodulin genes. From these results, we can conclude that ilvC 
mutants retain some capability to induce plant responses and 
that this pattern is different from previously described defec
tive nodulation phenotypes.

It is clear that ilvC mutation blocks the induction of the 
nodMiC promoter. Since we had previously demonstrated that 
the regulatory gene nod\)\ is expressed in the ilvC mutant 
(Aguilar and Grasso 1991), we assume that the regulatory 
genes nod\J3 and svrM carried in pNID6 also are expressed in 
such genetic background. The impact of the ilvC mutation on 
the nod expression varies among the different strains, sug
gesting that intrinsic mechanisms could determine the degree 
of inactivation. For instance, the ilvC mutant that is derivative 
of wild-type strain SmL5-30 and harbors moc and mos genes 

Fig. 2. Medicago sativa plants were inoculated with strains carrying the plasmid pTB93F. Infection process was followed by fluorescence microscopy. 
A, Curling and infection threads (ITs) observed 7 days after inoculation with wild-type strain SmL5-30. B, Occasional curling, but no ITs were observed 
with mutant SmM6. Arrowheads = attachment of the fluorescent bacteria to the root hairs.
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expressed a much higher residual nod activity than mutants 
from the other two wild-type strains. Whether the moc and 
genes or other particular function of L5-30 is important in 
modulating the effect of ilvC mutations needs to be investi
gated. On the basis of a consistent negative effect of ilvC mu
tations on nod gene expression, it is possible to speculate that 
the nonspecific binding of a molecule generated in an ilvC 
background may impair the molecular interaction between the 
nod promoter and the NodD activator. In this case, the ilvC 

mutants should induce normal nodules if coinoculated with 
another strain able to provide Nod factors, as demonstrated for 
Nod mutants (Kapp et al. 1990). Our results of coinoculation 
experiments in which the IlvC mutants and Exo mutants 
were combined, however, resulted in defective nodules identi
cal to those found with the Exo mutant (data not shown). 
These results indicated that the ilvC mutation may affect an
other molecule essential for effective nodulation, in addition 
to the Nod factor. Because nodules were observed when IlvC

Fig. 3. A to C, Pattern of starch accumulation in cortical cells of Medicago sativa inoculated with wild-type strains and IlvC derivatives. A, * = cortical 
cell activation that takes place in front of infection threads in roots inoculated with strain SmL5-30. B, Thickness of secondary roots with heavy starch 
accumulation that takes place 14 days after inoculation with SmM6. Rectangle = zone shown in C, where the cortical cells appear reduced in volume 
and separated by periclinal septa (ps). D, 4 weeks after inoculation with ilvC mutant SmM6. * = peripheral cells of secondary roots found distended and 
hypertrophied. Tertiary root containing cells filled with starch granules was observed. Bars: A = 50 um: B and D = 200 um: C = 25 um.
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mutant strains were coinoculated with wild-type strains in 
alfalfa, we ruled out the possibility that ilvC mutants produce 
compounds inhibitory of nodulation (data not shown). Our con
clusion is that ilvC mutations pleiotropically affect S. meliloti

1 1 4

EotxHÛ

MSNMKO

M5NMÜ77

Fig. 4. Reverse transcription-polymerase chain reaction (RT-PCR) 
analysis of nodulin expression. Total RNA from the following tissues 
were used as a template for cDNA synthesis. Lane 1, roots inoculated 
with the node mutant; lane 2. spontaneous nodules; lane 3, structures 
induced by Sml028; lane 4, nodules induced by the exo mutant. cDNAs 
were PCR amplified with specific primers for the nodulin genes (left) 
and analyzed by Southern blot.

nodulation genes and other functions required for symbiosis.
IlvC mutant strains do not induce IT formation, but root

hair curling and specific starch accumulation, mainly in sec
ondary roots, was observed. The amyloplast accumulation 
pattern is different to those reported for the double-mutant 
nodF-L strain Sm GMI6628 (Hac Inf ) (Ardourel et al. 1994) 
or the exoY mutant Sm 0540 (data not shown). This suggests 
that ilvC affects a rhizobial component other than the Nod 
factor, although Nod-factor activity is required for this re
sponse. The ability to carry sulphation on Nod factors seems 
to be more of a determinant of nodulation than its secreted 
amounts because mutant strains such as nodM, which show 
low levels of sulphated Nod factors, are still able to form ni- 
trogen-fixing nodules (Baev et al. 1992). In contrast, nodW 
mutants were unable to induce nodules (Roche et al. 1991). 
Nod-factor production by ilvC mutants is similar to that re
ported for nodFA mutants, indicating that the ilvC -induced 
starch-accumulation pattern is not likely a simple consequence 
of reduced Nod-factor secretion.

The possibility that IlvC strains are affected in EPS pro
duction is rather low because calcofluor assays evidenced 
fluorescence similar to that of the wild-type strains. In addi
tion, in the case of mutant strain SmM41, a Sm41 derivative 
that produces EPS I, EPS II, and CPS, KPS can replace EPSs 
during symbiotic nodule development (Williams et al. 1990).

Nevertheless, how the ilvC gene product plays a role in 
symbiosis remains an interesting yet still intriguing issue. The 
findings that the ilvC gene of yeast may play a novel function 
in the stability of mitochondrial DNA and that the enzyme 
encoded by the ilvC gene can function as an RNA-binding 
protein add new roles for this gene that differ from the well- 
characterized involvement in the metabolic pathways (Hentze 
1994; Zelenaya-Troitskaya et al. 1995). This also presents 
new perspectives when considering the ilvC pleiotropic effects 
in a symbiotic interaction.

Table 2. Bacterial strains and plasmids

Strains or plasmids Characteristics Source or reference

Sinorhizobium meliloti
1021 Wild type. Smr derivative of Sm SLT47 Meade et al. 1982
L5-30 Wild type. Smr Kowalski etal. 1970
41 Wild type A. Kondorosi
1028 ilvC: :Tn5 mutant of Sml021 Aguilar and Grasso 1991
M6 i/vC::Tn5 mutant of SmL5-30 Tliis work
M41 z7vC::Tn5 mutant of Sm41 Tliis work
node nodC:: Tn5 mutant of Sml021 A. Kondorosi
nodW nodd:: Tn5 mutant of Sml021 A. Kondorosi
0540 e.voY::Tii5 mutant of Sml021 Muller etal. 1988
Sm JC1 z7vC::Tn5 mutant of JM57 Tliis work
JM57 Sml021 /ro/RpSym nodCv.lacZ, Mulligan and Long 1985
S111M131 ilvC mutant derivative of nodC strain (obtained by homologous recombination of the suicide 

plasmid pMA58)
Tliis work

Escherichia coli
S17-1 RP4 2-Tc::Mu-Km::Tn7 on the chromosome; mobilization strain Simon 1984

Plasmids
pQB2 pSLTP 205 carrying 11-kb EcoRI restriction fragment of Sm 1028 containing a Tn 5 inserted in 

the ilvC gene
Aguilar and Grasso 1991

pQBll ilvC from 1021 in pSUP104. CmR. TcR Aguilar and Grasso 1991
pRmM57 nodNBC-lacZ. SpR.TcR Mulligan and Long 1985
pTB93F ptrp-GFP-S65TinpMB393. SpR.Cmr Gage etal. 1996
pNID 6 Containing zrorfD3-5yrM TcR Györgipal et al. 1988
pRK2013 Helper plasmid for mobilization of IncP and IncQ plasmids. Kin1 Ditta et al.1980
pMA58 pSUP 102 carrying the HinAX I I-Aiml11 fragment from plasmid pQB 11 with a lacZ-Gm cas

sette (Becker et al. 1995) inserted in the Ad site of the ilvC gene
Aguilar (unpublished)
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MATERIALS AND METHODS

Bacterial strains, plasmids, and media.
Strains and plasmids used in this study are listed in Table 2. 

Escherichia coli strains were maintained on Luria-Bertani 
agar. S. meliloti strains were grown on TY medium or GTS 
minimal medium. When necessary, amino acids isoleucine 
and valine were added at 0.40 mM final concentration. Anti
biotic concentrations for E. coli and S. meliloti were 
(micrograms per milliliter): tetracycline (Tc) 10 and 10, chlo
ramphenicol (Cm) 60 and 100, kanamycin/neomycin 
(Km/Nm) 25 and 100, spectinomycin (Sp) 200 and 200, and 
streptomycin (Sm) 400 for S. meliloti.

Bacterial biparental matings were carried out as described 
(Simon 1984) with E. coli SI7-1 as a donor strain. The trans
fer of pNID6 and pTB93F plasmids from E. coli to S. meliloti 
was carried out by triparental mating with helper plasmid 
pRK2013 (Dittaetal. 1980).

Southern analysis.
Total DNA from the strains under study were digested with 

EcoRI and analyzed by Southern blotting with 32P- 
radiolabeled pQB2 (Table 2) as a probe, as previously de
scribed (Aguilar and Grasso 1991).

Analysis of nod promoter activity.
Assays for P-galactosidase activity were performed as de

scribed (Miller 1972). Rhizobial strains carrying the pRmM57 
plasmid (Table 2) were grown with continuous shaking at 
28°C in TY or GTS (plus isoleucine and valine) medium sup
plemented with Tc. To assay for expression induction of 
common nod genes, diluted cultures in fresh medium (optical 
density [OD] at 600 nm of 0.05) were incubated for 16 h with 
and without 10 liM luteolin. Units of P-galactosidase were 
calculated as indicated by Miller (1972). Reported data are the 
averages of three independent experiments, each performed 
twice.

TLC analysis of Nod factor production.
In vivo labeling of nod factor was carried out as described 

(Baev et al. 1992). One-milliliter cultures grown at OD600 of 
0.4 in GTS supplemented with isoleucine and valine were 
centrifugated. The supernatant was extracted with 0.5 ml of 
water-saturated 1-butanol. The residue after lyophilization was 
taken up in 20 pl of butanol with 2 liI of butanol applied on 
TLC plates (HPTLC, RP-18) (Merck, Rahway, NJ, U.S.A.) 
and run with 45% acetonitrile-water. The plate was exposed to 
X-Omat film (Eastman Kodak Co., Rochester, NY, U.S.A.) 
for 10 days and developed following the manufacturer’s in
structions.

Plant assays.
Alfalfa (M. sativa cv. cuflOl) seeds were surface sterilized 

by shaking 2 min in ethanol and 15 min in 0.2%/vol HgCl2 in 
HC1 (0.5% vol/vol) solution. The seeds were extensively 
washed with sterile water, allowed to germinate 24 h in the 
dark, and transferred to sterile petri dishes with Jensen me
dium slants (Jensen 1942). Four plants per plate were used. 
After overnight growth, each plant root was inoculated with 
50 pl of bacterial suspension of approximately 108 rhizobia 
per milliliter in sterile water. For coinoculation experiments, 

50 pl of a mixture 1:1 of those suspensions were placed onto 
the roots. The plants were incubated vertically in a growth 
chamber at 22°C with a 16-h photoperiod. At least 20 alfalfa 
seedlings were tested for each experimental condition. In ad
dition, growth gamma-irradiated plastic pouches with 10 ml of 
Jensen medium were used to confirm the results obtained on 
plates.

Microscopic methods.
Fluorescence microscopy was used to study the early events 

of symbiosis with plants inoculated with bacterial strains car
rying plasmid pTB93F (Gage et al. 1996) The entire roots 
were mounted in water on a microscopic slide and examined.

Histochemical staining of starch was done, as previously 
described, but without glutaraldehyde fixation (Ardourel et al. 
1994). All light microscopy observations were performed on 
at least 10 plants for each experimental condition. Specimens 
were examined by a JENA microscope (Carl Zeiss Inc., 
Thornwood, NY, U.S.A.) with a filter set for fluorescence 
microscopy (470 to 490 excitation and 520- to 560-nm barrier 
filter).

Expression analysis of nodulin genes.
RT-PCR experiments were done with total RNAs from dif

ferent nodule types and woJC-inoculated roots for cDNA 
preparation. Amplification was done on 6 ng of cDNAs for 
various multiple markers with an adequate number of cycles 
in parallel with oligonucleotides specific to the Msc27 clone, 
as described (Jimenez-Zurdo et al. 2000). The names and ac
cession numbers of the different molecular markers have been 
reported by Jimenez-Zurdo et al. (2000) (Mscp4 is Mscal: 
carbonic anhydrase). Mscal accession number: X933I2: 
Msenod40 accession number: X80263.
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