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Azorhizobium caulinodans ORS571 is able to nodulate roots and stems of the tropical legume Sesbania
rostrata. An ORS571 Tn5 insertion mutant, strain ORS571-X15, had a rough colony morphology, was

nonmotile, and showed clumping behavior on various media. When this pleiotropic mutant was inoculated on

roots or stems of the host, no nodules developed (Nod-). Compared with the wild type, strain ORS571-X15
produced lipopolysaccharides (LPS) with an altered ladder pattern on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels, suggestive of a different 0-antigen structure with a lower degree of polymerization. A
cosmid clone, pRG20, that fully complemented all phenotypes of ORS571-X15 was isolated. With a 6-kb EcoRI
subfragment of pRG20, clumping was relieved and nodulation was almost completely restored, but the strain
was still nonmotile. LPS preparations from these complemented strains resembled the wild-type LPS, although
minor quantitative and qualitative differences were evident. The sequence of the locus hit by the TnS in
ORS571-X15 (the oac locus) revealed a striking homology with the rjb locus of Salnonella typhimurium, which
is involved in 0-antigen biosynthesis. The Tn5 insertion position was mapped to the oac3 gene, homologous to
nbA, encoding dTDP-D-glucose synthase. Biochemical assaying showed that ORS571-X15 is indeed defective in
dTDP-D-glucose synthase activity, essential for the production of particular deoxyhexoses. Therefore, it was
proposed that the 0 antigen of the mutant strain is devoid of such sugars.

Upon interaction between bacteria belonging to the family
Rhizobiaceae and leguminous plants, nitrogen-fixing nodules
are formed on roots and occasionally at stem-located root
primordia of the host. In these new organs, infecting bacteria
are taken up by plant cells, in which they become surrounded
by a plant plasmalemma-derived membrane and differentiate
into N2-fixing bacteroids. The establishment of functional
nodules is a complex process that involves the contributions of
various plant and bacterial genes and is characterized by a high
degree of host specificity. Recently, insight into the mechanism
of nodule meristem induction has been gained, since evidence
was produced for the involvement of bacterial nodulation
genes in the biosynthesis and secretion of lipooligosaccharides
that stimulate host plant cells to divide (4).
Over the years, through the study of bacterial mutants

defective in the production of acidic exopolysaccharides, lipo-
polysaccharides (LPSs), and neutral 3-glycans, evidence for
the importance of the bacterial surface in nodule infection and
the internalization of the bacteria by plant cells has also been
gathered (reviewed in references 10 and 15).

Generally, LPS mutants of rhizobia infecting indeterminate
nodules (e.g., Rhizobium meliloti and Rhizobium leguminosa-
rum biovars trifolii and viciae) are still capable of forming
normal nitrogen-fixing nodules. Only when very little or no 0
antigen is produced by mutants with more severe mutations did
normal nodule infection not occur (Inf-). On the contrary,
LPS mutants of bacteria infecting determinate nodules (such
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as R. leguminosarum biovar phaseoli and Bradyrhizobium ja-
ponicum) are incapable of normal infection thread formation
and infection.
One LPS mutant of B. japonicum that was no longer able to

nodulate soybean plants (Glycine max) (Nod- ) was described.
However, this mutant was shown to lack the complete 0
antigen (19).
The ultimate function of LPS in symbiosis remains obscure.

Various plausible functions have been proposed, each with
their own arguments pro and contra (for an overview, see
references 10 and 15). Signaling functions, protecting against
toxic molecules derived from the plant, masking elicitors of
host defense responses, and providing an appropriate surface
for interactions during endocytosis are among the most fre-
quently cited possibilities. The function might require only
general physicochemical characteristics, such as hydrophilic or
charge qualities, that can also be governed by, for instance,
exopolysaccharides. On the other hand, it might require spe-
cific structures, rendering it irreplaceable by other types of
molecules.
We are studying the symbiotic behavior of the bacterial

strain Azorhizobium caulinodans ORS571, a symbiont of the
tropical legume Sesbania rostrata (7). ORS571 induces the
formation of nitrogen-fixing nodules on the root as well as at
stem-located root primordia of this host. During our analysis of
symbiotic mutants of ORS571, a genomic locus (locus 2) (28)
was identified via a TnS insertion mutant (strain ORS571-X15)
that showed a Nod - phenotype on roots and stems of S.
rostrata (28).

Here, we report the characterization and partial sequencing
of this locus, showing it to be involved in the production of
wild-type 0 antigen of LPS. Homology searches show the locus
to be related to the rfb locus of Salmonella typhimurium LT2,
which is likewise involved in 0-antigen synthesis. We further
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristics reference

Strains
ORS571 A. caulinodans type strain able to nodulate roots and stems of S. rostrata 7
ORS571-X15 ORS571 Nod- derivative 28
MC1061 E. coli strain, araDJ39 A(ara leu) AlacX74 GalU- GalK- Hsr- Hsm+ str 3

Plasmids
pUC19 Apr, ColEl cloning vector 29
pRG20 pLAFRI cosmid vector with a -28-kb partial EcoRI insert carrying the ORS571 wild-type oac locus 28
pRK290 Wide-host-range cloning vector, Tcr Tra Mob' IncP 6
pRG290-6 pRK290 carrying a -6.4-kb EcoRI subfragment of pRG20 corresponding to the wild-type DNA, This work

mutated by TnS in ORS571-X15
pRG204 pUC19 with a -4-kb PstI-BamHI fragment of pRG290-6 This work
pRG2016-17 pUC19 with a -1.7-kb Sacl subfragment of pRG204 This work

show that strain ORS571-X15 is defective in the synthesis of
dTDP-glucose, a precursor for the biosynthesis of deoxyhex-
oses that are normally found in the 0 antigens of different
LPSs (8).

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids
used and their relevant characteristics are listed in Table 1.
Growth conditions and antibiotic concentrations for ORS571
and Escherichia coli were as described before (9). Swarm plate
assays for motility studies were done with media supplemented
with 0.3% agar. Triparental matings were done according to
the method of Van den Eede et al. (28).

Molecular biology techniques. Standard molecular biology
techniques for DNA isolation, restriction analysis, DNA label-
ling, cloning, Southern blotting, and hybridization were as
described by Sambrook et al. (24).
DNA sequencing procedures were basically as described by

Sanger et al. (25). For sequencing, a 4-kb PstI-BamHI subfrag-
ment of the pRG290-6 insert, allegedly carrying the wild-type
DNA corresponding to the region carrying the ORS571-X15
TnS insertion, was subcloned in plasmid pUC19 (Table 1). This
clone (pRG204) was used as a hybridization probe against
several ORS571 wild-type and ORS571-X15 total DNA digests
to map the original TnS insertion in more detail (Fig. 1). On
the basis of these mapping experiments, we decided to sub-
clone a --1.7-kb Sacl fragment in pUC19 (pRG2016-17) and to
use this clone, together with a series of lambda exonuclease III
deletions, as a DNA source for sequencing. Deletion deriva-
tives of pRG2016-17 (Table 1) were obtained by using a
Double-Stranded Nested Deletion Kit from Pharmacia.
Sequence processing and interpretation were done with the

IG Suite package from Intelligenetics Inc.
LPS analysis. LPSs were isolated by the hot phenol-water

method (30) as modified by Johnson and Perry (13). Both the
water phase and the phenol phase were dialyzed against
deionized water, digested with proteinase K (100 pug/ml) at
37°C for 4 h, and dialyzed again overnight against deionized
water. Protein concentrations in the different samples were
measured by using Bio-Rad protein assay dye reagent (Bio-
Rad Laboratories) and were found to be around 5 ,ug/ml. The
2-keto-3-deoxyoctonate concentrations in the different frac-
tions were measured according to the method of Karkhanis et
al. (14). LPS samples were run on a 12.5% acrylamide sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) separation gel with a 4% acrylamide stacking gel. The

resulting gels were silver stained by an LPS-specific staining
method developed by Hitchcock and Brown (11). In order to
preserve and store the gels, they were dehydrated with 100%
ethanol (30 min). As a result, the gels shrunk to -30% of their
original size without breaking; the SDS precipitated, forming a
white background; and the intensity of the bands was en-
hanced. The gels were further dried between cellophane sheets
(30 min) with a vacuum dryer. Such dehydrated gels can be
stored dry, without loss of resolution (14a).

Hydrophobicity assays. The surface hydrophobicity of bac-
teria was quantitated by the hydrocarbon adhesion assay as
described elsewhere (1, 22). Briefly, after overnight growth to
early stationary phase in defined medium (9), bacteria were
resuspended in PUM buffer (23) to a final optical density at
520 nm (OD520) of 1. One milliliter of n-octane was added to
5 ml of bacterial suspension, and the mixture was vortexed for
120 s. After a 30-min incubation (37°C) to allow the octane
phase to rise completely, air was bubbled through the aqueous
phase to remove all traces of octane and the OD520 of the
aqueous phase was measured. Both phases were checked
microscopically for the presence of whole, nonlysed bacteria.
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FIG. 1. Physical genetic map of the nod locus 2. (A) EcoRI
restriction map of the pRG20 insert; (B) restriction map of the -6-kb
EcoRI insert fragment of pRG290-6. E, EcoRI; P, PstI; S, SacI; B,
BamHI. (C) Physical genetic map of the -1.7-kb SacI insert fragment
of pRG2016-17. S, Sacl. The black vertical arrow pointing to X-15
shows the map position of the Tn5 insertion in the mutant ORS571-
X15. ORFs, oacl, oac2, and oac3, are depicted with their deduced
polarity indicated by a black arrow.
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The hydrophobicity is expressed as percent OD520 left over in
the aqueous phase after treatment. The assays were repeated
three times.

Nodulation assays. Nodulation assays were carried out as
described by Van den Eede et al. (28).
Assay for dTDP-D-glucose synthase activity. For each tested

ORS571 strain, 1 ml of an overnight culture in MMO medium
(28) was washed with 1 ml of reaction buffer and finally
resuspended in 700 pAl of reaction buffer (200 mM Tris-HCl,
pH 8.0, 20 mM MgCl2). The samples were left on ice and
sonicated three times for 10 s at 12-p,m intensity with cooling
intervals of 30 s. The debris was pelleted in an Eppendorf
centrifuge, and the supernatant was transferred to a new
Eppendorf tube. The protein concentration of each sample was
measured with the Bio-Rad protein assay dye reagent (Bio-
Rad Laboratories GmbH), and equal amounts of protein were
used for each test.

Reactions were done for 30 min at 37°C in a total volume of
100 pl and with 4 p,g of protein. One microliter of [a-32PJdTTP
(100 j.tCi; 3,000 Ci/mmol) was added to each reaction mixture.
When appropriate, 10 pl of a 100 mM solution of glucose-i-
phosphate (Sigma) was added to the mixture.
The reaction products were separated via thin-layer chro-

matography (TLC) as follows. Anion-exchange TLC plates
containing 0.1 mm of cellulose MN 300 impregnated with
polyethylene-imine (POLYGRAM CEL 300 PEI; Machery-
Nagel and Co, Duren, Germany) were washed with 10 mM
formic acid for 10 min and dried. Eight microliters of each
sample was applied, 2 pu1 at a time, followed by drying with a
hand dryer. The plates were developed to the halfway stage in
a saturated chamber with 6 g Qf Na2B407. 10H20-3 g of
H3BO3 in 100 ml of water as an effluence.

Nucleotide sequence accession number. The nucleotide se-
quence of the genes reported has been submitted to the DDBJ,
EMBL, and GenBank nucleotide sequence data bases under
accession number Z22611.

RESULTS

The Nod- mutant ORS571-X15 shows a pleiotropic pheno-
type and has altered LPSs. After random TnS mutagenesis, a
mutant ORS571 strain, ORS571-X15, was isolated which was
Nod- on roots and stems of S. rostrata (28). Upon further
examination, this strain was found to be pleiotropic. On
different growth media, strain ORS571-X15 grew more slowly
than the wild type. On agar media, it showed a rough colony
morphology, and in contrast to the wild type, it did not grow on
MacConkey medium and had an increased sensitivity to cer-
tain drugs (e.g., rifampin and tetracycline). Furthermore, the
strain showed autoagglutination in liquid culture, forming
large clumps, and turned out to be nonmotile as judged by
microscopic analysis and swarm plate assays (see Materials and
Methods).
By the hydrocarbon adherence method (see Materials and

Methods), the cell surface of strain ORS571-X15 was shown to
be more hydrophobic than that of the wild type: for strain
ORS571-X15, 35% of the OD520 remained in the aqueous
phase after octane treatment compared with 87% for strain
ORS571.
A cosmid clone, pRG20 (from an ORS571 partial EcoRI

library in the vector pLAFRI [Table 1] with a -30-kb insert)
(Fig. 1) was previously shown to fully complement the Nod-
phenotype of the ORS571-X15 mutant (28). The same clone
also complemented the other phenotpes [for hydrophobicity,
e.g., ORS571-X15(pRG20) showed 78% of the OD520 remain-
ing in the aqueous phase after octane treatment]. By using a

1 2 3 4

FIG. 2. LPS patterns obtained after silver staining of a PAGE gel.
Samples were loaded as follows: lane 1, 0RS571-X15 water phase;
lane 2, 0RS571 phenol phase; lane 3, 0RS571-11(pRG29O-6) phe-
nol phase; lane 4, 0RS571-X15(pRG2O) phenol phase; and lane 5, 10
p.g of &. typhimurium LfS (Sigmna) as a comparisoni. In the phenol
fraction of 0RS571-XI'5'ah&'~if& water phase of all other strains, no
LPS was detected.

subclone of this cosmid carrying a 6-kb EcoRI fragment (Fig.
1) in the vec'tor pRK29O (pRG290-6; Table 1), a partial
restoration of the 0RS571-X15 phenotypes was visible. The
0RS571-X15(pRG29O-6) cells were still nornmotile, but
clumping was completely relieved, and the bacteria showed
wild-type hydrophobicity (81% of the 0D520 remaining in the
aqueous phase after octane treatment). Also, the nodulation
capacity was restored, but the appearance of nodules was
slightly delayed in comparison with that in the wild type.

T'he pleiotro'pic phenotype was indicative of 0RS571-X15
being defective in the synthesis of LPS molecules, an,there-
fore, we co'mpared the LPSs of 0RS571 and the mutant strain.
The hot-phenol method (see Materials and Methods) was

used to isolate LPS from cultures of 0RS571 and its de'riva-
tives. n all cases, both the aqueous and the phenol fractions
were analyzed. Upon protease treatment, the purified LPS
Samples were subjected to PAGE followed by an LPS-speciflc
silver staining (see Materials and Methods). The 0RS571
wild-type LPS partitioned in the phenol phase, whereas the
0RS571-X15 LPS was allocated in the water phase.
PAGE of the 0RS571 wild-type LPS produc'ed a typical

ladder pattern (Fig. 2), with a set of high-mobility molecules
(LPSII) and a diffuse ladder of high-molecular-weight forms
(LPSI), probably representing an assortment of LPS molecules
with a different degree of 0-antigen polymerization. Str'ain
0RS571-X15 showed a different LPS profile with a ladder of
relatively low-molecular-weight molecules, indicative of a
lower degree' of 0-antigen polymerization (Fig. 2)
Upon introduction in strain 0RS571-X15 of either of the

clones pRG2O and pRG29O-6, the LPS again partitioned in the
phenol 'phase, and the LPS ladder patterns obtained were only
slightly different from the wild-type pattern (Fig. 2). In -the
LPSII region, a high-mobility band in the wild-type lane was
replaced in both .complemented fractions by a band of slightly
lower mobility. Also in the LPSI pattern some variatio'n was
observed. Quantitative differences among the LPS profiles of
0RS571-X15(pRG2O) and 0RS571-X15(pRG29O-6) were ap-
parent, although qualitative differences i'n the high-mobility
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range cannot be excluded. These data confirmed the involve-
ment of the mutated locus in the biosynthesis of LPS.

Sequence analysis of the locus. The DNA sequence of a

1.6-kb Sacl fragment corresponding to the site of TnS insertion
in ORS571-X15 (see Materials and Methods) (Fig. 1) is shown
in Fig. 3, together with the deduced amino acid sequences of
putative open reading frames (ORFs). The sequence shows the
presence in one direction of two incompletely sequenced
ORFs and one completely sequenced ORF, oacl, oac2, and
oac3 (Fig. 3), potentially encoding the proteins OAC1, OAC2,
and OAC3.

Translation of oac2 presumably initiates with an ATG codon
at position 135 and ends with a TGA stop codon at nucleotide
1025 (Fig. 3), generating the OAC2 protein with a molecular
mass of -31 kDa and a pI of 6.71. Upstream of the start codon,
no clear Shine-Dalgarno ribosome-binding site (27) is present.
However, for reasons to be explained further, we propose this
ORF to be a genuinely expressed gene.

The sequence of oacl encompasses only the last 135 bp of a

hypothetical gene, corresponding to the 44 carboxy-terminal
amino acids of OAC1. The stop codon of oacl overlaps with
the oac2 start codon, suggesting translational coupling.
The oac3 gene probably initiates at position 1022 with a

GTG start codon that is preceded by a Shine-Dalgarno-like
sequence. This start codon overlaps with the TGA stop codon
of oac2, indicating translational coupling. The TnS insertion in
strain ORS571-X15 mapped in oac3.
The GC content of the sequenced region was 67.6%, con-

forming with the 66- to 68% GC content of the A. caulinodans
genome (7).
Homology of locus 2 with the rjb locus of S. typhimurium.

Computer searches of the Protein Identification Resource
bank (release 34) by using the products of oacl, -2, and -3 as

queries revealed striking homologies with proteins encoded by
the rfb gene cluster of S. typhimurium LT2 involved in the
production of the 0 antigen of this strain (12).
The incomplete OAC1 sequence exhibits homology with the

last 47 amino acids of RfbB, which functions as a dTDP-D-
glucose dehydratase. The OAC2 sequence is 43% identical to
RfbD, a dTDP-L-rhamnose synthase. OAC3 has 70% identity
with RfbA, a dTDP-D-glucose synthase (Fig. 4). The gene

order of the ORS571 oac genes and their corresponding S.
typhimurium rfb genes is conserved.
The OAC2 protein also exhibited strong homology (43%

identity, comparable with the RfbD homology level) to the
dTDP-L-dihydrostreptose synthase encoded by the Streptomy-
ces griseus strL gene (17), and OAC3 shows 40% identity to the
StrD protein, which in S. griseus is thought to be involved in
dTDP-D-glucose production as a first step in streptomycin
synthesis (5).
ORS571-X15 is defective in dTDP-D-glucose synthase activ-

ity. As the TnS insertion position of the ORS571-X15 mapped
in oac3, the rfbA homolog, we tested the mutant strain for
dTDP-D-glucose synthase activity.
The enzyme dTDP-D-glucose synthase catalyzes the forma-

tion of dTDP-D-glucose by using glucose-i-phosphate and
dTTP as substrates. Sonicates of wild-type ORS571, ORS571-
X15, and ORS571-X15(pRG20) cultures were incubated with
[ct-32P]dTTP and with or without glucose-i-phosphate as sub-
strate (see Materials and Methods). If the reaction proceeds,
radioactively labelled dTDP-D-glucose will be formed. The
reaction mixtures were spotted on an anion-exchange TLC
plate, and the plate was developed in a boric acid buffer under
conditions for the separation of nucleotide sugars (see Mate-
rials and Methods).
Upon autoradiography, several spots were visible (Fig. 5).

Some spots were detected only when the substrate, glucose-i-
phosphate, was included and with protein samples prepared
from wild-type ORS571, ORS571-X15(pRG20), and a control
strain, ORS571-II7,. with a random Tn5 insertion in the
chromosome. In the ORS571-X15 sample, however, these
products were absent. Most probably, they represent dTDP-D-
glucose and derived nucleotide sugar species.

DISCUSSION

In this paper, the characterization of a TnS insertion mutant
of A. caulinodans ORS571 is described. The mutant strain,
ORS571-X15, showed a pleiotropic phenotype: it was Nod-
on roots and stems of the host plant S. rostrata (28) and was
impaired in motility and growth characteristics.

Strain ORS571-X15 was shown to be defective in the
production of LPSs. The ORS571 wild-type LPS partitioned in
the organic phase during the hot-phenol extractions, a situa-
tion similar to that found in Bradyrhizobium species, where this
characteristic has been explained by the presence of 6-deoxy-
hexoses in the 0 chain (2). In contrast, the ORS571-X15 LPSs
were found in the water phase, indicating that they have
altered physicochemical properties, rendering them more hy-
drophilic. Moreover, strain ORS571-X15 produces LPS with
an apparently lower level of 0-antigen polymerization than the
wild-type LPS, as judged by PAGE. A qualitative difference in
the lower-molecular-weight LPS fraction (LPSII) also suggests
a changed lipid A core structure in the mutant. These findings
are in concordance with the altered growth characteristics of
the ORS571-X15 strain; its slower growth rate, rough colony
morphology, increased sensitivity towards some hydrophobic
agents, lack of motility, and clumping behavior are character-
istic of a mutant deficient in LPS production. Furthermore, in
hydrocarbon adherence assays, the strain turned out to be
more hydrophobic than the wild type.
A cosmid clone (pRG20) containing the wild-type locus

corresponding to the Tn5-tagged region complemented all
mutant phenotypes of strain ORS571-X15, thereby confirming
that the described phenotypes were indeed caused by the TnS
insertion. Comparison of the LPS pattern of ORS571-
X15(pRG20) with that of the wild type showed an overall
similarity. Minor differences between the two patterns may
perhaps be due to the presence of the complementing locus in
several copies in 0RS571-X15(pRG20).
A 6-kb EcoRI subclone of pRG20, pRG290-6, did not

contain all the information for complete restoration of
the wild-type phenotypes. For ORS571-X15(pRG290-6), no
clumping was observed anymore, surface hydrophobicity was
essentially as in the wild type, and the LPS gave PAGE profiles
very similar to those of the wild type; but nodulation was
slightly delayed, and motility was not regained. This finding
suggests that motility of A. caulinodans is not obligatory for
nodulation in tubes, although it could be involved in nodula-
tion competence. A similar observation was made for R.
leguminosarum biovar viciae, where flagellaless (and hence
nonmotile) mutants still could nodulate their host in tube
inoculations (26). The motility genes residing on pRG20 and
absent on pRG290-6 are presently under investigation.

Sequencing of the locus hit by the TnS corroborated the
finding that ORS571-X15 has a deficient LPS structure. In the
sequence of a 1.6-kb Sacl fragment, three consecutive ORFs
could be depicted (oacl, oac2, and oac3), the putative products
of which were similar to polypeptides encoded by genes in the
rfb cluster of S. typhimurium LT2 (12). This gene cluster
probably is organized in one single huge operon and encodes
enzymes involved in the synthesis of sugars to be incorporated
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72
GAG CTC GGC TGG MG GCG CGC GAG ACC TTC GAG ACC GGC CTG CGC MG ACG GTG CAC TGG TAT CTC GAC MC

Glu Lou Gly Trp Lys Ala Arg Glu Thr Phe Glu Thr Gly Leu Arg Lys Thr Val His Trp Tyr Leu Asp Asn
oacl

143
CGC GCC TGG TGG GAG CCG CTG CGC MC CGC TAT GCC GGC CAG CGT CTG GGG CTC GCC TCC TG ATG CGC GTC

MET Arg Val
Arg Ala Trp Trp Glu Pro Leu Arg Asn Arg Tyr Ala Gly Gln Arg Leu Gly Leu Ala Ser END oac2

215
CTC CTG CTC GGC GCT GAC GGT CAG CTC GGC CGG GM CTC ACG GCT CTT GCG GTC GAG CGG GGC CTT GCC CTC
Leu Leu Leu Gly Ala Asp Gly Gln Leu Gly Arg Glu Leu Thr Ala Leu Ala Val Glu Arg Gly Leu Ala Lou

287
GCG GCG CTC MC CGC GCC GCC ACA GAC ATC ACC GAT CCG GTG GCG GTG GCA MG GCG CTG GAG GCG CAT MG
Ala Ala Leu Asn Arg Ala Ala Thr Asp Ile Thr Asp Pro Val Ala Val Ala Lys Ala Leu Glu Ala His Lys

359
CCC GAC GTG GTG GTG MT GCC GCC GCC TAT ACG GCC GTG GAC MG GCC GAG AGC GAG CCG GAT CTC GCC GCG
Pro Asp Val Val Val Asn Ala Ala Ala Tyr Thr Ala Val Asp Lys Ala Glu Ser Glu Pro Asp Leu Ala Ala

431
MG GTG MT GCG GTG GCG CCC GGC CTC ATC GCC GAG CGC TGC GCC AGC GCG GGC GTG CCG CTG ATC CAC CTC
Lys Val Asn Ala Val Ala Pro Gly Leu Ile Ala Glu Arg Cys Ala Ser Ala Gly Val Pro Leu Ile His Vol

503
TCG ACG GAT TAC GTC TTC GAC GGC ACC MCG ACC GGC GCCCTAT GTG GAG AGC GAT CCG CTC GCG CCG CTC GGC
Ser Thr Asp Tyr Val Phe Asp Gly Thr Lys Thr Gly Ala Tyr Val Glu Ser Asp Pro Leu Ala Pro Leu Gly

575
GTC TAC GGG CGC ACC MG GCG GCG GGC GAG GCG GCC ATC CGC GCC GCC GGC GAG AAG CAC CTC ATC CTG CGC
Val Tyr Gly Arg Thr Lys Ala Ala Gly Glu Ala Ala Ile Arg Ala Ala Gly Glu Lys His Leu Ile Leu Arg

647
ACC GCC TGG GTC TAT GGC ATC TAC GGC MC MT TTC CTC MG ACA ATG CTG CGG CTC GCC MG GAC CGG GAC
Thr Ala Trp Val Tyr Gly Ile Tyr Gly Asn Asn Phe Leu Lys Thr MET Leu Arg Leu Ala Lys Asp Arg Asp

719
CGG CTG ACC ATC CTC GCC GAC CAG CGC GGC TGC CCG ACC GCC ACC CGC GAC ATC GCC GAG GGC ATC CTC GCG
Arg Leu Thr Ile Val Ala Asp Gln Arg Gly Cys Pro Thr Ala Thr Arg Asp Ile Ala Glu Gly Ile Lou Ala

791
GCG GCA GCG CCC GCC GTG GCG GGA AGT GCC CGC TGG GGC ACC TAT CAT CTG GGC GGC ACG GGC CTC ACC ACC
Ala Ala Ala Pro Ala Val Ala Gly Ser Ala Arg Trp Gly Thr Tyr His Leu Gly Gly Thr Gly Vol Thr Thr

663
TGG CAC GGC TTC GCG CAG GCG ATC ATC GAC CGG GCG GCG ACC TAC ACC GGC CGC ACC GAG GTG GCG GCC ATC
Trp His Gly Phe Ala Gln Ala Ile Ile Asp Arg Ala Ala Thr Tyr Thr Gly Arg Ser Glu Val Ala Ala Ile

935
ACC ACC GCC GAG TAT CCC ACC CCG GCC CGA CGG CCG GCC MT TCC GM CTT GAT TCC AGC CTG TTC GAG CGG
Thr Thr Ala Glu Tyr Pro Thr Pro Ala Arg Arg Pro Ala Asn Ser Glu Leu Asp Ser Ser Leu Phe Glu Arg

1007
ACA TTC CAC TTC CGC GCC GCG CCC TGG CAG CAG CGC ACG GTC GAG GTG GTG GAC ACC CTG CTC GCC MG AGC
Thr Phe His Phe Arg Ala Ala Pro Trp Gln Gln Arg Thr Val Glu Val Val Asp Thr Leu Leu Ala Lys Ser

1078
CCC GTGQG_j..CA TCG TCAAA GGC ATC ATA CTC GCC GGA GGT TCC GGC ACC CGT CTC CAC CCC ATC ACC CTC
Pro Val Glu Ala Ser END

Val Lys Gly Ile Ile Leu Ala Gly Gly Ser Gly Thr Arg Leu His Pro Ile Thr Leu
oac3

1150
GTC GTG TCC MG CAG CTC CTG CCG GTC TAC GAC MG CCG ATG ATC TAT TAC CCC CTG TGC ACC CTG ATG ATG

Val Val Ser Lys Gln Leu Leu Pro Val Tyr Asp Lys Pro MET Ile Tyr Tyr Pro Leu Cys Thr Leu MET MET
1222

GCG GGC ATC CGG GAC ATC CTG ATC ATC ACC ACG CCA CAT GAC AGC GAG CTG TTC CAG MG CTG CTG MC GAC

Ala Gly Ile Arg Asp Ile Leu Ile Ile Thr Thr Pro His Asp Ser Glu Leu Phe Gln Lys Leu Leu Lys Asp
1294

GGC AGC CAG TTC GGC CTC MC ATT TCC TAT GCG GTG CAG CCC TCT CCG CGC GGT CTC GCG GAC CCC TTC ATC

Gly Ser Gln Phe Gly Leu Asn Ile Ser Tyr Ala Val Gln Pro Ser Pro Arg Gly Leu Ala Asp Ala Phe Ile
1366

GTC CGC CGC GAG TTC GTC GGC MT GAC CCG GTG GCG CTC GTG CTG GGC GAC MC CTG TTC TTC GGC CAC GGC

Val Gly Arg Glu Phe Val Gly Asn Asp Arg Val Ala Leu Val Leu Gly Asp Asn Leu Phe Phe Gly His Gly
143S

CTG CCG GM TTC CTC MG ACC GCG CAG GCG CGC GAG ACC GGC GCG ACC GTC TTC GGC TAT CCC GTG ACC GAT

Leu Pro Glu Leu Leu Lys Thr Ala Gln Ala Arg Glu Thr Gly Ala Thr Val Phe Gly Tyr Pro Val Thr Asp
1510CCC GAG CGC TAC GGCC GTC GTC GAG ATG GAC GAG ACC GGC MG GTG CTC TCC CTC GM GAG MG CCG CTG MG

Pro Glu Arg Tyr,Gly Val Val Glu MET Asp Giu Thr Gly Lys Val Leu Ser Leu Glu Glu Lys Pro Leu Lys

1582CCC MG TCC MGC CTC GCG GTG ACC GGC CTT TAT TTC TAC GAC MC CGC GTC GTG GAC ATC GCC GCC MT CTC
Pro Lys Ser Asn Leu Ala Val Thr Gly Leu Tyr Phe Tyr Asp Asn Arg Val Val Asp Ile Ala Ala Asn Leu
GCG CCC TCG CCG CGG GGC GAG ATC GAG ATC ACC GAC GTG MC MG GCC TAT CTC GAC CTC GGC GAG CTC
Ala Pro Ser Pro Arg Gly Glu Ile Glu Ile Thr Asp Val Asn Lys Ala Tyr Leu Asp Leu Glv Glu Leu

FIG. 3. Nucleotide sequence of the 1.7-kb Sacl subfragment of nod locus 2 and the derived amino acid sequences of OAC1, OAC2, and OAC3.
The underlined sequence indicates a potential ribosome-binding site.
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FIG. 4. Homologies between OAC1 and RfbB (A), OAC2 and
RfbD (B), and OAC3 and RfbA (C). Identical residues are connected
by a vertical line, and conservative substitutions (belonging to the
groups AGST, HRK, WYF, DEQN, and VILM) are indicated by an

asterisk. For details, see the text.

in the strain's 0 antigen. The OAC1 protein sequence showed
homology with dTDP-D-glucose dehydratase, OAC2 is related
to dTDP-L-rhamnose synthase, and OAC3 shows a high level
of homology (70% identity) to dTDP-D-glucose synthase. In S.
typhimurium, these three enzymes act together in the biosyn-
thesis of activated forms of the deoxy sugar rhamnose that is
found in the 0 antigen.
The OAC2 and OAC3 proteins also showed homology to

proteins encoded by the strL and strD genes, respectively, in S.
griseus (17). The strL gene encodes dTDP-L-dihydrostreptose
synthase, and the strD gene encodes dTDP-D-glucose synthase,

FIG. 5. TLC autoradiogram for dTDP-D-glucose synthase activity.
+, addition of glucose-i-phosphate; -, no glucose-i-phosphate. X15,
ORS571-X15; WT, wild type. II7 is an ORS571 strain carrying a TnS
insertion somewhere in the chromosome. For details, see the text.

both involved in the production of an intermediate in strepto-
mycin biosynthesis. Interestingly, the homology levels between
OAC2 and both RfbD and StrL are the same (43% identity).
However, there is a very high level of identity between OAC3
and RfbA (70%) compared with its identity with StrD (40%).
Furthermore, the organization of the rfb genes is conserved in
the oac cluster but not in the str cluster. These findings are in
agreement with a proposed function of the oac locus in LPS
biosynthesis. The GC content of the sequenced DNA region
(67.6%) conforms with the general GC content of ORS571 (66
to 68%) (7). In comparison, the Salmonella rfb locus has a 32-
to 46% GC content, as opposed to an average genomic GC
content of 51% in Salmonella spp. This was taken as evidence
for a relatively recent acquisition of the rfb locus by Salmonella
spp. (20). Following the same argument, it can be suggested
that ORS571 obtained its oac genes relatively early in evolu-
tion.
The partial complementation of the ORS571-X15 pheno-

type observed with pRG290-6 implies the presence of an
incomplete oac operon on the 6-kb insert. By reversed genetics
and sequencing, the extent of the oac operon will be deter-
mined and the roles of the additional genes in LPS biosynthe-
sis, motility, and possibly symbiosis will be further investigated.
The homology with the rfb locus implies a role for the oac

locus in the biosynthesis of activated deoxyhexose(s). The
mutant strain ORS571-X15 is unable to produce the wild-type
0-antigen subunit. The mutant LPS could represent an aber-
rant form, carrying an incomplete 0-antigen subunit, or oth-
erwise could embody an alternative 0 antigen that is formed as
a rescue for the ORS571-X15 mutant. The slightly different
mobility of the core LPS (LPSII) in the mutant is puzzling.
Again, either the wild-type core LPS carries some residues that
are absent in ORS571-X15 or an alternative lipid A core
structure is produced as part of a rescue program in the mutant
strain. An analysis of the sugar composition of the LPS will
allow us to make a distinction between these two alternative
hypotheses.
Mapping of the TnS insertion position confined the muta-

tion to the oac3 gene, encoding dTDP-D-glucose synthase. This
is in agreement with the inability to detect dTDP-D-glucose
synthase activity in ORS571-X15 extracts. Since dTDP-D-
glucose is used as a precursor in the synthesis of deoxy sugars,
we propose that the ORS571-X15 mutant is unable to produce,
and hence incorporate, such residues in its LPS 0 antigen. The

A

B XAC2

RfbD

OAC2

RiD
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alternative 0 antigen of ORS571-X15 would therefore be
devoid of deoxy sugars, conceivably explaining its altered
physicochemical behavior.
The actual reason for the Nod - phenotype of ORS571-X15

remains unknown. Although the strain's lack of motility is not
involved, all the other characteristics might contribute to some
extent to the defective phenotype. Definitely, the mutant strain
produces altered LPS and, as such, is perhaps more sensitive
towards plant-produced metabolism or has membrane proper-
ties that interfere with nodulation factor production or secre-
tion. Perhaps the inability to produce deoxyhexoses affects the
synthesis of other surface molecules. Recently, a new type of
polysaccharide in Rhizobium species has been described. These
are 2-keto-3-deoxyoctonate-containing polysaccharides that
are structurally analogous to group II K antigens of E. coli (21)
and that in R. meliloti are involved in nodule infection, in
parallel with normal exopolysaccharides (16, 18). Currently,
the presence of 2-keto-3-deoxyoctonate-rich polysaccharides
and other macromolecules on the A. caulinodans cell surface is
being investigated. It remains to be determined which compo-
nents, besides LPS, are affected by the ORS571-X15 mutation
and in what way they might influence the symbiotic potential of
the bacterium.
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