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Abstract 

Rhizobium wild-type strain GRH2 was originally isolated from the tree, Acacia cyanophylla, and has a 
broad host-range which includes herbaceous legumes, such as Phaseolus and Trifolium species. Here we 
show that strains of Rhizobium sp. GRH2, into which heterologous nodD alleles have been introduced, 
produce a large diversity of both sulphated and non-sulphated lipo-chitin oligosaccharides (LCOs). Most 
of the molecular species contain an N-methyl group on the reducing-terminal N-acetyl-glucosamine. The 
LCOs vary in the nature of the fatty acyl chain and in the length of the chitin backbone. The majority 
of the LCOs have an oligosaccharide chain length of five GlcNAc residues, but a few are oligomers having 
six GIcNAc units. LCOs purified from GRH2 are able to induce root hair formation and deformation 
on Acacia cyanophylla and A. melanoxylon plants. We show that an N-vaccenoyl-chitopentaose bearing 
an N-methyl group is able to induce nodule primordia on Phaseolus vulgaris, A. cyanophylla, and A. 
melanoxylon, indicating that for these plants an N-methyl modification is sufficient for nodule primor- 
dia induction. 

Introduction 

The symbiotic relationship between legumes and 
rhizobia (i.e. Rhizobium, Bradyrhizobium or 
Azorhizobium species) can result in the formation 
of a nitrogen-fixing root organ, the nodule. The 
development of legume root nodules is largely 
controlled by reciprocal signal exchange between 
macro- and microsymbiont. Legume roots secrete 
flavonoids and betaines, which induce expression 
of nodulation genes of rhizobia. Many of these 
genes are involved in the synthesis and secretion 

of lipo-chitin oligosaccharides (LCOs). These 
molecules have been characterized from several 
Rhizobium species, and all the LCOs described to 
date are oligomers which consist of three to five 
N-acetylglucosamine residues with an amide 
linked fatty acyl moiety on the non-reducing ter- 
minal residue. Specific modifications of the LCOs 
produced by different rhizobia have been shown 
in several cases to determine host specificity [for 
reviews see 7, 9, 29]. Structural variations influ- 
encing the biological activity of the LCOs are 
sulphation of the reducing residue [26], varia- 
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tions in the degree of unsaturation of the fatty acyl 
chain [ 30, 37 ], O-acetylation of the non-reducing 
terminal residue [30], variations in the length of 
the oligosaccharide backbone [28], and 2-0- 
methylfucosylation of the reducing terminal resi- 
due [33]. 

Purified LCOs are able to elicit various 
responses on the host plant root. For instance, 
they can induce the deformation of root hairs, the 
formation of pre-infection threads, and the divi- 
sion of root cortical cells [4, 8, 15, 25, 27, 28, 30, 
37]. LCOs isolated from R. meliloti, Azorhizobium 
caulinodans and Bradyrhizobium elkani; trigger the 
formation of nodule-like structures on Medicago 
sp., Sesbania sp. and Glycine soja, respectively 
[37, 20, 34]. 

The host range of rhizobia can vary: R. meliloti 
and R. leguminosarum bv. trifolii and viciae nodu- 
late only a few genera of legumes, while others 
have a broad host range and nodulate many 
plants. Rhizobium sp. NGR234 possesses the 
broadest host range of any known Rhizobium. 
The host range of R. fredii is also broad, although 
it is a subset of that of strain NGR234 [ 14]. R. 
tropici has a relatively broad host range, infecting 
Phaseolus vulgaris, Leucaena sp., and other le- 
gumes [ 19]. Rhizobium sp. GRH2, originally iso- 
lated from Acacia cyanophylla root nodules, is also 
able to nodulate a broad range of legumes, in- 
cluding herbaceous legumes (e.g. Phaseolus vul- 
garis, Vicia hirsuta, V. sativa, Trifofium subterra- 
neum, T. repens and T. incarnatum) [13, 17]. 

Rhizobium sp. NGR234 and R.fredii are closely 
related to each other [14], and Rhizobium sp. 
NGR234 shows functional and evolutionary ge- 
netic equivalence to R. meliloti [38], while the 
closest relatives of R. tropici are Agrobacterium 
species [18]. Studies of restriction fragment 
length polymorphism suggest that broad-host- 
range Rhizobium sp. GRH2 is closely related to 
R. leguminosarum. Furthermore, the acidic extra- 
cellular polysaccharide (EPS) produced by Rhizo- 
bium sp. GRH2 appeared to be very similar to 
that produced by R. leguminosarum bv. trifolii 
strain ANU843 [ 17]. 

Rhizobium NGR234 produces a large family of 
variously substituted LCOs which represent a 

mixture of acylated chitin pentamers bearing 
O-carbamoyl groups and a N-methyl group on the 
non-reducing terminal residue and either a 3-0- 
sulphated, 4-O-acetylated, or non-substituted 
2-O-methylfucosyl residue attached to C-6 of the 
reducing-terminal N-acetyl glucosamine [23 ]. R. 
fredii LCOs are tri-, tetra-, and pentamers of 
N-acetyl glucosamine, acylated with cis-vaccenic 
acid, and bearing a 2-O-methylfucosyl or fucosyl 
residue on C-6 position of the reducing terminal 
residue [2]. R. tropici produces sulphated or non- 
sulphated chitin pentasaccharides containing 
N-methyl and N-vaccenoyl substituents on the 
non-reducing-terminal residue [22]. Price et al. 
proposed that the broad host range of Rhizobium 
sp. NGR234 can be explained by the large vari- 
ety of LCOs this strain produces [23], while for 
R. tropici the reason proposed for its broad host 
range is its ability to produce both sulphated and 
non-sulphated LCOs [22]. Since the variation in 
the structure of the LCOs produced by R. fredii 
is modest, the ability to nodulate several legumes 
may partially rely on alternative mechanisms [2]. 
The study of the LCOs produced by broad host 
range strain Rhizobium sp. GRH2, which is not 
closely related to the other broad host range 
strains, could help to decipher the relationship 
between LCOs and host range. 

Here we show that Rhizobium sp. GRH2 can 
produce a large diversity of LCOs, including sul- 
phated and non-sulphated oligomers of N-acetyl 
glucosamine that are N-methylated and N- 
acylated with various fatty acyl groups. Purified 
LCOs from Rhizobium strain GRH2 are able to 
induce nodule primordia on Phaseolus vulgaris, 
Acacia cyanophylla and A. melanoxylon plants. By 
testing several purified LCO species we describe 
the structural requirements for the induction of 
nodule primordia on P. vulgaris, A. cyanophylla, 
and A. melanoxylon. 

Materia l  and methods  

Strains, plasmids and media 

The bacterial strains and plasmids used in this 
study are listed in Table 1. Broad host range plas- 



Table 1. Bacterial strains and plasmids used in this study. 

Strain or Relevant Source or 
plasmid characteristics reference 

Strains 
GRH2 

CIAT899 

Plasmids 
pMP280 

pMP 283 

pPM284 

pMP604 

Wild-type Rhizobium sp. Toro, 
N. Granada 

Wild-type Rhizobium tropici [ 12] 

IncP, contains nodD from [32] 
R. leguminosarum bv. viciae, Tc R 
IncP, contains nodD from [32] 
R. leguminosarum bv. trifolii, Tc ~ 
IncP, contains nodD1 [32] 
from R. meliloti, Tc R 
IncP, contains nodD FITA, Tc R [31] 

Tc~: tetracycline resistance. 

mids were mobilized from Escherichia coli to 
rhizobia using pRK2013 as a helper plasmid [ 10 ]. 
Rhizobium spp. were grown in B -  medium [31]. 
Tetracycline, when required, was added to a final 
concentration of 2 ~g/ml. All inducers were added 
to the medium to give a final concentration of 1.5 
/~M, except for luteolin (3 #M)  and trigoneUine 
(20 #M). The compounds tested as inducers of 
the production of LCOs in Rhizobium sp. G R H 2  
were naringenin, luteolin, eriodictyol, apigenin, 
genistein, daidzein, trigonelline, kaempferol and 
quercetin (suppliers: Aldrich, Merck and Sigma). 

Detection of LCOs by TLC 

LCOs were radioisotope-labelled using [ 1-14C]- 

D-glucosamine (Amersham, specific activity 54 
mCi/mmol) as precursor. To 1 ml of the appro- 
priate cells (absorbance at 620 nm -- 0.1), 0.1 
/~Ci of [1-14C]-D-glucosamine was added, to- 
gether with a suitable inducer, and the cultures 
were grown overnight at 28 °C. LCOs were iso- 
lated from the cultures using n-butanol extraction. 
Samples were concentrated by evaporation and 
chromatographed on reversed-phase C18-coated 
silica plates (Sigma) using a mobile phase of ac- 
etonitrile water (1:1, v:v). Radioisotope-labelled 
components were detected using a Molecular Dy- 
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namics Phospholmager and Image Quant soft- 
w a r e .  

Purification of LCOs 

For extraction of LCOs, cultures were grown on 
B -  medium with shaking at 28 °C until an ab- 
sorbance at 620 nm of 0.5-0.7 was reached. Sub- 
sequently, the cultures were shaken overnight, to- 
gether with 400 ml of n-butanol per 1 1 of culture. 
The butanol layer was collected and dried by ro- 
tatory evaporation. The residue was resuspended 
in 60~o acetonitrile in water. This mixture was 
then prepurified on an octadecyl extraction col- 
umn (J.T. B aker, Phillipsburg, PA) by eluting with 
a volume of 6 0 ~  acetonitrile corresponding to 
0.1 ~o of the volume of the culture. This sample 
was further purified by H P L C  on a Pharmacia 
SuperPac Pep-S column (5/~m, 4 mm × 250 mm) 
and the following gradient system: (1) 5 min iso- 
cratic elution with 20~o acetonitrile, (2) 30 min 
isocratic elution with 30 ~o acetonitrile, (3) 30 min 
isocratic elution with 40 ~o acetonitrile, (4) 15 min 
isocratic elution with 60~o acetonitrile and (5) a 
linear gradient over 10 min from 60 to 100~/o 
acetonitrile. The H P L C  elution was performed at 
a flow rate of 0.7 ml/min, and the eluent was 
monitored at 206 nm. The concentration of LCOs 
was estimated by comparison of the integrated 
absorbance at 206 nm with that of a known con- 
centration of NodRlv V (C18:1, Ac). 

FAB mass spectrometric analysis 

FAB-mass spectra were obtained in both the 
positive and negative ion modes using MS 1 of a 
JEOL JMS-SX/SX 102A tandem mass spec- 
trometer using 10 or -10  kV accelerating voltage. 
The FAB gun was operated at 6 kV with an emis- 
sion current of 10 mA using xenon as the bom- 
barding gas. Spectra were scanned at a speed of 
30 s for the full mass range specified by the ac- 
celerating voltage used, and recorded and pro- 
cessed on a Hewlett Packard HP9000 series data 
system using JEOL Complement software. Col- 
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lision-induced dissociation (CID) mass spectra 
were obtained on the same instrument, using ni- 
trogen as collision gas (in the third field-free re- 
gion) at a pressure sufficient to reduce the parent 
ion to one-third of its original intensity. Sample 
solutions (1-3 /~1) were loaded into a matrix of 
thioglycerol. 

Biological tests 

Seeds of common bean (Phaseolus vulgaris L. cv. 
Negro Jamapa) were surface-sterilized as follows: 
(1) washing with sterile water, (2) incubation in 
96~o ethanol for 5 min, (3) washing three times 
with sterile water, (4) incubation in 2~o sodium 
hypochlorite for 3 min, (5) washing five times with 
sterile water, (6) incubation for 5 h in 0.1 ~o so- 
dium hypochlorite, (7) washing with sterile water. 
Subsequently, the seeds were germinated on 1 ~o 
agar plates at 28 ° C. Seedlings with root lengths 
of 1.5-2.5 cm were mounted on a curled wire in 
a 20 cm × 3 cm test tube, with the roots in 
25 ml of FLlaraeus medium [ 11 ]. The roots were 
shielded from light, and plants were grown at 
28 °C. 

Acacia cyanophylla and A. melanoxylon seeds 
were germinated as previously described [5], 
changing the times in sulphuric acid to 20 and 
25 min, respectively. Acacia plants were grown 
with the roots shielded from light as described by 
van Brussel et al. [4]. 

P. vulgaris seeds were a gift from Dr Federico 
S~mchez (Cuernavaca, Mexico), and seeds of 
Acacia cyanophylla and A. melanoxylon were 
kindly provided by Dr Nicol(ts Toro (Granada, 
Spain). 

For all plants, LCOs dissolved in 10 #1 of di- 
methyl sulphoxide were added when the plants 
were placed in the test tubes. Negative controls 
were treated with 10/~1 of dimethyl sulphoxide, 
and positive controls (Rhizobium-inoculated 
plants) with 20 #1 of a suspension of Rhizobium 
sp. G R H 2  in plant growth medium (absorbance 
at 620 nm = 0.1). The LCO samples used were: 
pool 1, a mixture of LCOs eluted from a Baker 
column; and purified LCOs eluted from the 

H P L C  column. The LCO samples were dried and 
then dissolved in dimethyl sulphoxide. Each ex- 
periment was repeated at least 3 times and an 
average of 3 P. vulgaris, 10 Acacia cyanophylla, or 
10 A. melanoxylon plants were used for each treat- 
ment. Roots were cleared with sodium hypochlo- 
rite and stained with methylene blue by the 
method of Truchet et al. [36]. 

Results 

Production of lipo-chitin oligosaccharides 

The production of LCOs was assayed using TLC 
analysis of n-butanol extracts of Rhizobium cul- 
tures labelled with [1-~4C]-D-glucosamine. Sev- 
eral flavonoids and a betaine reported to be a nod 
gene inducer, were tested for their effect on the 
production of inducible radioisotope-labelled 
metabolites in strain Rhizobium sp. GRH2.  None 
of  the test compounds cause a detectable produc- 
tion of xac-labelled metabolites. In order to ob- 
tain production of LCOs the following plasmids 
containing nodD genes were transfered to strain 
G R H 2 : p M P 2 8 0  (nodD of R. leguminosarum bv. 
viciae), pMP283 (nodD of R. leguminosarum bv. 

Fig. 1. Detection of [ 14C]-labelled LCOs produced by various 
strains. Lane 1, Rhizobium sp. GRH2 (pMP283) without in- 
ducer; lane 2, Rhizobium sp. GRH2 (pMP283) induced with 
naringenin; lane 3, Rhizobium sp. GRH2 (pMP604) without 
inducer; lane 4, Rhizobiurn sp. GRH2 (pMP280) induced with 
naringenin; and lane 5, Rhizobium sp. GRH2 (pMP284) in- 
duced with luteolin. 



trifolii), pMP284 (nodD1 of R. meliloti) and 
pMP604 (nodD FITA, confers the ability to pro- 
duce LCOs in the absence of flavonoids) [16]. 
Radioisotope-labelled metabolites are produced 
by all strains containing the introduced nodD al- 
leles in the presence of the appropriate inducer 
(for plasmids pMP280, pMP283 and pMP284) or 
constitutively (for plasmid pMP604) (Fig. 1). 
With the exception of the nodDFITA plasmid, in- 
ducer is always necessary for LCO production. 
The four different transconjugants produce sev- 
eral inducible radioisotope-labelled spots on 
reversed-phase TLC which, on the basis of their 
migration behaviour, we assume represent the 
LCOs of Rhizobium sp. GRH2. The major spots 
produced by all transconjugants have very simi- 
lar Rfvalues (Fig. 1). Furthermore, after incuba- 
tion with bean seed exudates, wild-type Rhizo- 
bium sp. GRH2 produces two faint spots (50 
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times fewer counts than GRH2 (pMP604)), the 
TLC Rf values of which are very similar to those 
of the two major spots produced by the strain 
GRH2 carrying different nodD alleles (data not 
shown). For the purification of LCOs the strains 
Rhizobium sp. GRH2 (pMP283) (inducible pro- 
duction of LCOs with naringenin) and Rhizobium 
sp. GRH2 (pMP604) (constitutive production of 
LCOs) were chosen. 

Purification of LCOs 

LCOs from strain Rhizobium sp. GRH2 
(pMP283) were obtained from a 2 1 culture grown 
in the presence of naringenin. The culture was 
extracted with n-butanol and the LCOs were sub- 
sequently purified by reversed-phase HPLC. 
Twelve inducible peaks could be identified (data 

0.8 
A 

- 100  
/ /  

3 
10 ,, 

// 
0.6 12 " 80  / 

, ' ~ 
i ! 

¢ 

. . . . . . . . . .  ~ 60  "~ 
E 0.4 , 

~ .............. ' 40 .9 ° 
Q) l G) 

C 
0.2 ~ < 

~ 2 0  . Q  

< 11 

I I I 

0 . 2 -  B 35 65 80  

0.1 

5 8b 9o 
Retention time (min) 

Fig. 2. HPLC profiles of n-butanol extracts from a Rhizobium sp. GRH2 (pMP604) culture (A) and from a Rhizobium sp GRH2 
(pMP283) uninduced culture (B). The amount of sample loaded was equivalent to that isolated from 100 ml of culture (see text 
for details). 
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not shown). However, a major problem is that 
naringenin co-elutes with one of the inducible 
peaks. To overcome this problem, LCOs were 
also obtained from strain GRH2 carrying the 
constitutive nodD604 (FITA) grown in the ab- 
sence of naringenin. Figure 2A shows the elution 
profile of metabolites from strain GRH2 
(pMP604). This profile is very similar to that ob- 
tained with strain GRH2 (pMP283) induced with 
naringenin, except for the presence of naringenin 
in the latter. By comparison with the uninducible 
situation in strain GRH2 (pMP283) (Fig. 2B), 12 
peaks (numbered from 1 to 12 according to the 
order of elution) could be assigned as resulting 
from the presence of the nodD604. As can be 
observed in Fig. 2A, peaks 3, 10 and 12 are, by 
far, the largest. Fractions containing the same 
peak were pooled and subjected to further analy- 
sis. 

From the HPLC purification data we can con- 
clude that Rhizobium sp. GRH2 can produce 
relatively large amounts of LCOs compared to 
other rhizobia (data not shown). For example, we 
estimate that GRH2 produces 80 times more 
LCOs than R. tropici CIAT899 when both are 
induced by the introduction of the gene nodD604 
(FITA), and LCOs purified following identical 
procedures. 

Determination of chemical structures 

The LCO-containing HPLC fractions were sub- 
mitted to fast atom bombardment mass spectro- 
metric analysis in both the positive and negative 
ion modes. The results of the analyses and the 
tentative structural assignments are summarised 
in Table 2. The LCOs from Rhizobium sp. GRH2 
(pMP604) display a wide range of structural fea- 
tures, including sulphation, methylation, and acy- 
lation with a series of different fatty acyl chains. 
Surprisingly, fractions 7 and 9 contain, as their 
major component, LCOs having a backbone 
composed of six GlcNAc residues. The CID mass 
spectrum of the major component in fraction 7 
(M + H + at m/z 1447, Fig. 3, panel A) contains 
oxonium ions formed by cleavage of each succe- 

Table2. Summary of FAB mass spectrometric data obtained 
from HPLC-purified LCO-containing fractions, with struc- 
tural assignments. 

Fraction Ionization [M-H]  - Assignment 
mode or [M + H] + 

1 neg 1322 V(C16:0,Me,S) 
2 neg 1334 V(C18:I,S) 
3 neg 1348 V(C18:1,Me, S) 
4 neg 1145 IV(C18:1,Me, S) 
5 neg 1350 V(C18:0,Me, S) 
6 neg 1147 IV(C18:0,Me, S) 

neg 1376 V(C20:1,Me, S) 
7 pos 1149 IV(C18:0,Me, S) 

pos 1230 V(C16:0) 
pos 1244 V(C16:0,Me) 
pos 1447 VI(C16:0,Me) 

8 pos 1244 V(C16:0,Me) 
9 pos 1256 V(C18:I) 

pos 1270 V(C18:I,Me) 
pos 1 4 7 3  VI(C18:1,Me) 

10 neg 1268 V(C18:I,Me) 
pos 1270 V(C18:1,Me) 

11 pos 1067 IV(C18:1,Me) 
pos 1270 V(C18:1,Me) 

12 pos 1272 V(C 18:0,Me) 

Underlined fractions were analysed with CID mass spectrom- 
etry. 

sive glycosidic linkage, at m/z 414, 617, 820, 1023, 
and 1226. These ions allow us to identify a 
GlcNAc6-containing LCO bearing a C16:0 fatty 
acyl chain and a methyl group on the non- 
reducing terminal residue. Similar analysis of the 
major component in fraction 9 (M + H + at m/z 
1473, Fig. 3, panel B) produces oxonium ions at 
m/z 440, 643, 846, 1049, and 1252, correspond- 
ing to an analogous GlcNAc6-containing LCO 
bearing a C18:1 fatty chain and a methyl group. 

Biological activity of  the LCOs 

After clearing as described by Truchet et al. [36 ], 
Phaseolus vulgaris and Acacia plants are scored 
for their response to purified LCOs of Rhizobium 
sp. GRH2. Numerous initiations of cortical cell 
divisions were observed on P. vulgaris plants 6 
days after inoculation with the mixture of LCOs 
or with purified NodGRH2 V (C18:1, Me, S) 
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9 (B, bottom). 
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(peak 3, Fig. 2A) both at a final concentration of 
10 - 7 M. Activated cells in the root cortex may be 
recognized by their condensed nuclei in the cell 
center. Many nodule primordium-like structures 
are found in several stages of development 
(Fig. 4). After inoculation with LCOs or rhizobia, 

the first cell divisions are situated in the outer 
cortex (Fig. 4A, 4B). In later stages, cell division 
activity is also evident in the inner cortex, and 
vascular bundles originating from the pericycle 
are seen (Fig. 4C, 4D). All stages are very simi- 
lar for nodule primordia induced by rhizobia and 

Fig. 4. Nodule primordia induced on Phaseolus vulgaris. Panels A, C and E; inoculation with Rhizobium sp. ~t~ti2. t'anels t~, t) 
and F: treatment with purified GRH2 LCOs. Roots of 6-day old plants were cleared with sodium hypochlorite and stained with 
methylene blue. The figure shows: mitotic activity of the root cortex cells induce by Rhizobium (panels A and C), by NodGRH2-V 
(C18:1, Me, S) (panels B and D), and by NodGRH2-V (C18:1, Me) (panel F); vascular bundles in nodule primordia (arrows in 
panels C and D) and a complete vascular system in young nodules induced by Rhizobium (arrows in panel E). 
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Fig. 5. Effects of LCOs on Acacia roots. Induction (panel A) and branching (panel B) of root hairs after inoculation with puri- 
fied LCOs. Nodule primordium and nodule induced by Rhizobium sp. GRH2 (panels C and G, respectively), and nodule primordia 
induced by purified LCOs (panels E, F, and H). A lateral root primordium (panel D). The zones between arrow heads in panels 
C and E show parts of the outer cortex having actively dividing cells with their condensed nuclei in the cell center. Arrows in panels 
G and H point to the nodule vascular bundles. Plants of panels A, E, and H have been treated with mixture of LCOs (pool 1), 
and those shown in panels B and F with purified NodGRH2-V (C18:1, Me). All plants are 20 days old. 



474 

by LCOs (Fig. 4). However, while rhizobia- 
induced nodules develop vascular bundles sur- 
rounding the central part of the nodule 6 days 
after inoculation (Fig. 4E), LCO-inoculated 
plants never develop a complete vascular bundle 
system. Therefore, complete nodules were never 
seen on LCO-inoculated plants (after 30 days). 
The most developed stage of a nodule primor- 
dium observed on LCO-inoculated plants is 
shown in Fig. 4D, in which the vascular bundles 
are starting to form. Plants inoculated with mix- 
tures of LCOs or NodGRH2-V (C18:1, Me, S) 
(10-7 M) give a similar response developing in 
both cases 27 + 9 (mean + standard error) nod- 
ule primordia per plant, of which 2 to 12 are large 
enough to show the initiation of the vascular 
bundles (Fig. 4D). Lower concentrations of 
LCOs (10-8 M) elicit the formation of about 8 
nodule primordia per plant, these nodules having 
similar morphology to those shown in Fig. 4B 
and 4F. The initiation of vascular bundles is never 
observed at these concentrations. 

Each P. vulgaris plant inoculated with 
N o d G R H 2  V (C18:1, Me) (peak 10, Fig. 2A) at 
a concentration of 10-7 M develops around 10 
nodule primordia without initiation of vascular 
bundles (Fig. 4F). Only when the quantity of 
LCOs was doubled (2 x 10 - 7 M) does each plant 
develop 1 to 3 nodule primordia with initiation of 
vascular bundles on 25 + 8 (mean + standard 
error) nodule primordia. In conclusion, 
N o d G R H 2  V (C18:I,Me) is less active than the 
analogous sulphated compound, although by in- 
creasing the concentration of the former a simi- 
lar response can be obtained. 

Since Rhizobium sp. G R H 2  was originally iso- 
lated from Acacia cyanophylla, we have also stud- 
ied the effect of GRH2-LCOs  on this plant and 
on Acacia melanoxylon. There is no difference in 
the response of the two Acacia plant species to 
rhizobia or to LCOs and therefore the following 
results apply for both plant species. The mixture 
of LCOs or purified LCOs [NodGRH2-V (C18:1, 
Me, S), and NodGRH2-V (C18:1, Me)] trigger 
various sorts of reactions on root hairs of Acacia. 
LCOs elicit the formation of new root hairs that 
frequently appear in groups on the secondary 

roots (Fig. 5A). These newly formed root hairs 
are deformed, and in some cases show curling or 
branching (Fig. 5A, 5B). In contrast, uninocu- 
lated plants or plants inoculated with G R H 2  have 
no root hairs or very few and these are short and 
straight (data not shown). 

Acacia plants inoculated either with the mixture 
of LCOs or with NodGRH2-V (C18:1, Me, S) 
show a similar response to that of P. vulgaris 
plants, and NodGRH2-V (C18:1, Me) is also less 
active (all applied at a concentration of  10 - 7 M). 
Acacia cyanophylla and A. melanoxylon plants de- 
velop nodule primordia 20 days after inoculation 
with LCOs (Fig. 5). The first cell divisions on 
Acacia cyanophylla and A. melanoxylon roots oc- 
curring after inoculation with Rhizobium sp. 
G R H 2  or with any one of the LCO fractions 
tested are localized in the outer cortex (Fig. 5C 
and 5E). The LCO-induced nodule primordia 
(Fig. 5E and 5F) appear to be very similar to 
Rhizobium-induced nodule primordia (Fig. 5C) 
and can be distinguished from lateral root initia- 
tions (Fig 5D). Nodules are never seen on LCO- 
inoculated plants. The most developed nodule 
primordium found after inoculation with LCOs, 
in which initiation of the vascular bundles is vis- 
ible, is shown in Fig. 6H, but it does not com- 
pletely develop as in GRH2-induced nodules 
(Fig. 5G). Negative controls ofP.  vulgaris or Aca- 
cia were always free of any response. 

Discussion 

Using mass spectrometry we have identified the 
LCOs produced by a genetically modified strain 
of the broad-host-range strain Rhizobium sp. 
GRH2.  The structures of two of the most abun- 
dant LCOs from G R H 2  are identical to the two 
LCO structures reported for R. tropici strain CFN 
299, NodRt-V (C18:1, Me, S) and NodRt-V 
(C18:1, Me) [22]. Furthermore, as in R. tropici, 
the LCOs of G R H 2  do not contain additional 
substituents such as carbamoyl or fucosyl. How- 
ever, the LCOs of G R H 2  differ in several respects 
from those ofR.  tropici strain CFN299 and those 
from all the other broad host range strains stud- 



ied so far. Firstly, in GRH2 there are more varia- 
tions with respect to the fatty acyl group. GRH2- 
LCOs contain C18:0, C18:1, C16:0, and C20:1, 
whereas other broad host range strains only con- 
tain C18:1 or C16:0 [2, 8, 22, 23]. Secondly, al- 
though the pentasaccharides and tetrasacharides 
represent the most abundant GRH2-LCOs, hex- 
asaccharides are also produced. This is the only 
reported example of LCOs which consist of six 
units of N-acetyl glucosamine. 

There is no single particular feature which 
unites all the LCOs from broad host range strains. 
For example, not all of them produce sulphated, 
fucosylated, or carbamoylated LCOs. The most 
widespread feature is the methyl group, which 
may be present in the LCOs of all broad host 
range strains except R. fredii [2]. To test which 
variations in structure are neccesary for the in- 
teraction of Rhizobium sp. GRH2 with its host 
plants, we have tested the ability of several puri- 
fied LCOs to induce nodule primordia on three 
host plants. We have choosen P. vulgaris because 
this plant is a host for all broad-host-range strains, 
and Acacia cyanophylla and the related A. melan- 
oxylon because, Rhizobium sp. GRH2 was iso- 
lated from A. cyanophylla, and these plants, there- 
fore, might be more specific in their interaction 
with strain GRH2. Our results show that GRH2- 
LCOs can induce nodule primordia on Acacia 
cyanophylla, A. melanoxylon, and P. vulgaris, but 
in no instance does the complete vascular bundle 
develop (Figs. 4 and 5). Our results therefore sug- 
gest that an unknown factor and/or the continous 
interaction between the partners play a role in the 
formation of fully grown nodules on bean and 
acacia. In contrast, Glycine soja plants, spot- 
inoculated with purified LCOs from B. elkanii, 
develop complete nodule structures [34]. The 
course of development of nodule primordia on P. 
vulgaris induced with LCOs of Rhizobium sp. 
GRH2 follows that described with R. legumino- 
sarum biovar, phaseoli, starting with mitotic 
activity in the outer cortex [35]. The first cell 
divisions in Acacia cyanophylla and A. melanoxy- 
Ion roots are also localized in the outer cortex 
(Fig. 5C and 5E). This type of development is 
typical of the determinate-type nodules found in 
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P. vulgaris [35], Lotus preslii [16], and Glycine 
max [6]. However, in later stages Acacia nodules 
become cone-shaped with a persistent meristem 
typical of the indeterminate type of nodule [1, 3 ]. 

We show that the presence of the sulphate 
group is not necessary for the induction of nod- 
ule primordia on P. vulgaris, Acacia cyanophylla, 
and A. melanoxylon. Plazinski et al. [21] have 
described the induction of novel root outgrowths 
on P. vulgaris plants inoculated with a sym 
plasmid-cured derivative of R. leguminosarum bv. 
trifolii containing a DNA fragment encoding the 
nodDABC genes of the parent strain. However, 
this strain, which presumably produces unmodi- 
fied LCOs, does not induce cortical cell divisions 
and the root outgrowths appear to be the result 
of epidermal cell divisions [21]. Since 
NodGRH2-V (C18:1, Me) is able to induce nod- 
ule primordia on P. vulgaris, Acacia cyanophylla, 
A. melanoxylon we conclude that for these plants 
the presence of an N-methyl group is sufficient for 
nodule primordium induction. 

Our results suggest that the other species of 
LCOs produced by GRH2 might be neccesary for 
the nodulation of other host plants. Therefore, 
these results support the original hypothesis of 
Price etal. [23] that the abilility to produce a 
variety of LCOs structures is the basis for broad 
host range. Strains of GRH2 genetically modified 
by the introduction of foreign nodD genes produce 
large amounts of LCOs. These strains are very 
useful to obtain and purify large quantities of 
LCOs that can be used for further studies. How- 
ever, wild-type Rhizobium sp. GRH2 do not pro- 
duce detectable quantities of LCOs with anyone 
of the nodD inducers tested and only small 
amounts of LCOs are produced when induced 
with seed bean exudates. Since the actual levels 
of LCOs produced by wild-type strain GRH2 
when comes into contact with a host are not 
known we cannot apply to GRH2 the hypothe- 
sis proposed for NGR234 that high quantities of 
LCOs might play a role in increasing host range 
[24]. 
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