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Analysis of two exopolysaccharide-deficient mutants of Rhizobium leguminosarum, RBL5808 and RBL5812,
revealed independent Tn5 transposon integrations in a single gene, designated exo5. As judged from structural
and functional homology, this gene encodes a UDP-glucose dehydrogenase responsible for the oxidation of
UDP-glucose to UDP-glucuronic acid. A mutation in exo5 affects all glucuronic acid-containing polysaccharides
and, consequently, all galacturonic acid-containing polysaccharides. Exo5-deficient rhizobia do not produce
extracellular polysaccharide (EPS) or capsular polysaccharide (CPS), both of which contain glucuronic acid.
Carbohydrate composition analysis and nuclear magnetic resonance studies demonstrated that EPS and CPS
from the parent strain have very similar structures. Lipopolysaccharide (LPS) molecules produced by the
mutant strains are deficient in galacturonic acid, which is normally present in the core and lipid A portions
of the LPS. The sensitivity of exo5 mutant rhizobia to hydrophobic compounds shows the involvement of the
galacturonic acid residues in the outer membrane structure. Nodulation studies with Vicia sativa subsp. nigra
showed that exo5 mutant rhizobia are impaired in successful infection thread colonization. This is caused by
strong agglutination of EPS-deficient bacteria in the root hair curl. Root infection could be restored by
simultaneous inoculation with a Nod factor-defective strain which retained the ability to produce EPS and

CPS. However, in this case colonization of the nodule tissue was impaired.

Bacterial surface polysaccharides are essential for the estab-
lishment of successful interactions between many pathogenic
and symbiotic bacteria and their corresponding host plants.
Polysaccharide-deficient bacteria often show reduced virulence
and reduced attachment to host tissue and can induce a rapid
defense reaction in the host, in contrast to wild-type bacteria
(21, 49). However, the exact function of many of the different
surface polysaccharides in these interactions remains unclear.
In the case of the symbiotic interaction between the soil bac-
terium Rhizobium leguminosarum and the roots of the host
plant Vicia sativa subsp. nigra, production of bacterial polysac-
charides is crucial. During this symbiosis the bacteria induce,
under nitrogen-limited conditions, expression of nodulation-
related plant genes, resulting in the formation of nodules on
the plant root. Bacteria attach to root hair tips, induce root
hair curling, and ultimately invade the nodule cells via infec-
tion threads, which are tubular structures formed by invagina-
tion of root cell membranes (29). After being released from an
infection thread into a nodule cell by endocytosis, the bacteria
continue to divide and fill the cytoplasm of the nodule cell.
Next, the bacteria develop pleomorphic forms called bacte-
roids which are capable of fixing atmospheric nitrogen into
ammonia for the benefit of the plant (48). Inside nodule cells,
the bacteria are individually surrounded by a membrane of
plant origin. Bacterial growth in and release from the infection
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threads, as well as maintenance inside the nodule cells, require
the production of bacterial surface polysaccharides.

The polysaccharide capsule of R. leguminosarum is com-
posed of a number of different polysaccharides, such as the O
chain of lipopolysaccharides (LPS), capsular polysaccharides
(CPS), and neutral B-1,2-glucans. LPS are complex molecules
containing a lipid A domain, which is embedded in the outer
membrane layer of the bacterium, and a core, which links a
polysaccharide O chain to the lipid part of the molecule. Neg-
atively charged domains within the LPS molecule have been
suggested to confer stability to the bacterial membrane, prob-
ably by cross-linking with divalent cations (30). The structure
of R. leguminosarum LPS was elucidated recently, and the core
and lipid A domains were shown to be identical to those of
Rhizobium etli (18, 27). LPS molecules are strong inducers of
the immune response in vertebrates and can induce defense
responses in some plants as well (25, 31). Some rhizobia whose
LPS are affected show sensitivity to antimicrobial compounds
and altered nodulation phenotypes on the corresponding host
plants (20). CPS are molecules that form a polysaccharide
matrix surrounding the bacteria. In late-stationary-phase cul-
tures, CPS are replaced by a polysaccharide with strong gel-
forming properties having an unknown function (74). Neutral
B-1,2-glucans are present primarily in the periplasm but are
also found in the capsule, as well as in the culture medium (13).
Another polysaccharide that is also secreted into the culture
medium is exopolysaccharide (EPS). This acidic polysaccha-
ride consists of octameric repeat units, and the size of the
molecule is determined by the number of subunit repetitions
(60). Production of EPS is essential for successful nodulation
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TABLE 1. Bacterial strains and plasmids used in this study

Strains or plasmid Relevant characteristics Reference(s)

Strains
RBLS5515 R. leguminosarum bv. trifolii RCRS5 cured of Sym plasmid, st rif 51
RBL5523 R. leguminosarum RBL5515(pRL1JI) Spc3:Tni831, str rif 70
LPR5045 R. leguminosarum bv. trifolii RCRS cured of Sym plasmid, rif 35
RBL5808 R. leguminosarum RBL5523 exo5::Tn5 (EXOS), str rif This study
RBL5812 R. leguminosarum RBL5523 exo5::Tn5 (EXO54), str rif This study
RBL5833 R. leguminosarum RBL5523 pssD111::Tn5, str rif 68, 70
RBL5811 R. leguminosarum RBL5523 exoB52::Tn5, str rif 16
RBL5975 R. leguminosarum RBL5811 pssD-EAgm-GFP, str rif This study
DH5a E. coli DH5a endA1 gyrSA96 hrd17(ry~ my ) supE44 recAl 10

Plasmids
pRK2013 Rep ColE1l, Km 22
pLAFR1 IncP, Acos Mob™ Tra~ cosmid vector, Tc 28
pBBR1-MCS5 gm mob™ lacZa 39
pMP4692 pBBR1-MCSS, containing exo5, amplified from RBL5523 This study
pMP4694 pBBR1-MCSS5, containing rkpK, amplified from pAT330 This study
pMP4695 pMP3 pssD-EAgm-GFP, Tc This study
pMP3034 pssD-E operon from R. leguminosarum, Tc 68
PAT330 pLAFRI, containing the rkp-2 region of S. meliloti Rm41 37
pXLGD4 hemA-lacZ, Tc 43
12c2 pLAFRI1 containing a genomic fragment of RBL5523 This study
8c2 pLAFRI1 containing a genomic fragment of RBL5523 This study

of host plants and formation of indeterminate nodules (40, 70).
Some authors have reported that addition of micromolar quan-
tities of purified low-molecular-weight EPS restores infection
thread formation in an EPS-deficient strain, which suggests
that EPS has a signaling function rather than a structural
function in the formation of an infection thread (4, 23, 63).

Mutants affected in polysaccharide production are useful
tools for studying the role of these different polysaccharides in
nodulation. The present study shows that transposon mutagen-
esis of R. leguminosarum resulted in identification of a gene
involved in EPS and CPS production, as well as in LPS mod-
ification. This gene, designated exo3, is a homologue of the
rkpK gene of Sinorhizobium meliloti. In S. meliloti, rkpK en-
codes a UDP-glucose (UDP-Glc) dehydrogenase, which is re-
sponsible for the oxidation of UDP-Glc to UDP-glucuronic
acid (UDP-GlIcA) (37). GIcA is primarily present in the back-
bone of the EPS molecule of R. leguminosarum (60). More-
over, UDP-GIcA is the precursor for the formation of UDP-
galacturonic acid (UDP-GalA), which is present as GalA in the
core of the R. leguminosarum LPS molecule. In this study the
effect of Exo5 deficiency on the production of the different
polysaccharides and on outer membrane permeability was ex-
amined. In addition, the nodulation of V. sativa subsp. nigra by
exo5 mutant bacteria was compared to that of wild-type R. le-
guminosarum bacteria.

MATERIALS AND METHODS

R. leguminosarum and E. coli strains and plasmids are shown in Table 1. R.
leguminosarum was grown in YMB (34) and TY (5) culture media, and E. coli
was grown in LC medium (44) containing the appropriate antibiotics. MICs were
determined by an agar dilution method. Dilutions of sodium dodecyl sulfate
(SDS) in YMB agar plates were prepared, and a bacterial suspension containing
approximately 400 CFU was applied with a Drigalsky spatula. The plates were
incubated for 6 days at 28°C.

Mutagenesis. Random Tn5 mutagenesis of R. leguminosarum RBL5523
yielded colonies affected in the production of EPS, which were identified by
reduced fluorescence in the presence of calcofluor, as described by Leigh et al.

(42). Construction of a genomic library of RBL5515 has been described previ-
ously by Roest et al. (61). Transfer of plasmids was carried out by triparental
conjugal mating as described previously (22); pRK2013 was used as a helper
plasmid. Cosmids which restored EPS production were subjected to in vitro Tn7
transposon mutagenesis by using the GPS-1 genome priming system (New En-
gland Biolabs, Beverly, Mass.). Sequencing from Tn7 priming sites present in
cosmids which had lost the ability to restore EPS production allowed construc-
tion of primers for amplification and cloning of the exo5 gene (GenBank acces-
sion no. AY312509).

Plasmid pMP4695 contains a green fluorescent protein (GFP)-gentamicin
resistance cassette flanked by 431 bp of the pssD open reading frame and 451 bp
of the pssE open reading frame. EPS deficiency in an exoB mutant background
was obtained upon introduction of plasmid pMP4695 by triparental conjugal
mating as described above. R. leguminosarum is unable to replicate pMP4695,
which resulted in integration of the GFP-gentamicin cassette into the genome
based on homologous recombination, resulting in strain RBL5975. EPS-defi-
cient, gentamicin-resistant colonies were selected from solid agar plates and
screened for the presence of GFP fluorescence and tetracycline sensitivity. In-
troduction of pMP3034 (68) containing the pssD-pssE operon restored EPS
production in this strain.

Isolation of polysaccharides. EPS present in the supernatant of a stationary
culture grown in B~ medium (65) was precipitated by addition of 3 volumes of
ice-cold ethanol, lyophilized, and analyzed on a DEAE-Sephadex A-25 column
for the presence of acidic polysaccharides (24). The hexose contents of the
different fractions were determined by the orcinol-sulfuric acid method (47).
Supernatants of cultures of EPS-deficient strains were concentrated 10-fold,
dialyzed extensively against water by using dialysis tubing with a 12- to 14-kDa
cutoff (Medicell Int., London, United Kingdom), lyophilized, subjected to DEAE-
Sephadex A-25 chromatography, and analyzed for the presence of hexoses as
described above.

CPS were isolated from B~ medium-grown bacteria by the method of Breed-
veld et al. (13) and were analyzed by ion-exchange chromatography as described
above for EPS.

LPS were isolated by the TEA-EDTA method, as described by Valverde et al.
(64), dialyzed, lyophilized, and purified by affinity chromatography (Detoxigel;
Pierce). Purified LPS were analyzed on 18% deoxycholic acid—polyacrylamide gel
electrophoresis (PAGE) gels (57) and were visualized by silver staining (Bio-
Rad).

Analytical procedures. Glycosyl composition analysis was performed by com-
bined gas chromatography-mass spectrometry (GC-MS) of per-O-trimethylsilyl
derivatives of the monosaccharide methyl glycosides produced from a sample by
acidic methanolysis. A myo-inositol internal standard (20 pg) was added to each
dried sample. Methyl glycoside derivatives were prepared from 0.10-mg portions
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of dry samples by methanolysis with 1 M HCI in methanol at 80°C (18 to 22 h),
followed by N acetylation with pyridine and acetic anhydride in methanol (for
detection of amino sugars). The samples were then per-O-trimethylsilylated by
treatment with Tri-Sil (Pierce) at 80°C (0.5 h). These procedures were carried
out as previously described (46, 73). GC-MS analysis of the per-O-trimethylsilyl
methyl glycosides was performed with an HP 5890 GC interfaced with a 5970
MSD by using an Alltech AT-1 fused silica capillary column. Methyl glycoside
derivatives of various monosaccharide standards were also prepared and ana-
lyzed by GC-MS for comparison with the sample peaks.

Glycosyl linkages were determined by methylation analysis. The samples were
methylated with methyl iodide in dimethyl sulfoxide containing dimethyl sulfox-
ide anion by using the Hakomori procedure, as previously described by York et
al. (73). The methylated samples were then converted to partially methylated
alditol acetates as previously described (73) and were analyzed by GC-MS.

Proton nuclear magnetic resonance (NMR) spectroscopy was performed by
using a Varian 300-MHz instrument. The samples were prepared for NMR
analysis by repeated (two times) lyophilization from D,O and were dissolved in
D,O0 for analysis.

Plant assays. Seeds of V. sativa subsp. nigra were sterilized and allowed to
germinate as previously described by van Brussel et al. (66). Germinated seeds
were placed on top of a perforated cap on a 30-ml dark glass vial containing
Jensen medium (71), from which the precipitate of insoluble salts was removed.
To inhibit the formation of ethylene, the medium was supplemented with ami-
noethoxyvinylglycine at a final concentration of 0.1 mg/liter. The growth and
nodulation conditions were identical to those described by van Brussel et al. (66).
Reisolation of rhizobia from nodule tissue was carried out as described by van
Workum et al. (69).

To enhance visualization of rhizobia on the roots, the bacteria carried a fusion
of the E. coli lacZ reporter gene to the promoter of the S. meliloti hemA gene
(43). Staining was carried out as described by Boivin and colleagues (8) with
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) as a substrate. Nod-
ules stained for LacZ were embedded in Technovit 7100 (Heraeus Kulzer,
Wehrheim, Germany) used according to the manufacturer’s recommendations.
Transverse serial 6-um sections were stained with a 1% solution of toluidine blue
and investigated by light microscopy. Images were recorded with a DKC-5000
digital photo camera (Sony, Tokyo, Japan), converted to grayscale if appropriate,
and corrected for brightness and contrast with Adobe Photoshop software
(Adobe, San Jose, Calif.).

RESULTS

Identification of the exo5 gene. By using Tn5 transposon
mutagenesis, carried out in a R. leguminosarum RBL5523
background, several EPS-deficient mutants have been identi-
fied, some of which have been described previously (16, 68).
This screening procedure also resulted in isolation of the non-
mucoid mutant strains exo5 and exo54. Cosmids able to restore
mucoidy were isolated, in all cases in both exo5 and exo54. This
suggested that the two mutant strains contain a TnJ5 insertion
in either the same gene or in two closely linked genes involved
in EPS production. DNA from two of these cosmids, 12¢2 and
8c2, was subjected to in vitro Tn7 transposon mutagenesis
and introduced into E. coli DH5a.. Chloramphenicol-resistant
clones were transferred to exo5 and exo54 by triparental mat-
ing and screened for the inability to restore EPS production.
Three independently obtained cosmids, 12c¢2-31, 8c2-34, and
8c2-45, each of which lacked the ability to rescue the mutant
phenotype in exo5 and exo54, were identified. Sequencing di-
rectly from priming sites in the boarders of the Tn7 transposon
resulted in overlapping sequences from which a single, full-
length open reading frame (ORF) could be identified. This
OREF is 1,326 bp long and has a deduced level of amino acid
identity of 80.4% with the S. meliloti rkpK gene (37). Original
Tn5 insertions were identified by PCR by using Tn5 and gene-
specific primers, followed by sequencing. Insertion sites were
located in a single ORF at 1,266 and 352 bp downstream of the
start codon for exoS and exo54, respectively. Introduction of
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FIG. 1. Structure of EPS of R. leguminosarum. For details see ref-
erences 50 and 60. Gal, galactose; OAc, O-acetyl.

the full-length OREF, including a 97-bp putative promoter re-
gion from R. leguminosarum RBL5523 on plasmid pMP4692,
resulted in restoration of EPS production in exo5 and exo54.
Both pAT330 and pMP4694, containing the S. meliloti rkpK
gene, restored EPS production in the two mutant strains. In
this paper, the gene identified is designated exo5, the apparent
rkpK homologue in R. leguminosarum.

Exo5 is involved in surface polysaccharide production. Mu-
tations in exo5 have a severe effect on the amount of EPS
secreted. No acidic EPS could be isolated from the supernatant
of an exo5 culture in B~ minimal medium, as judged by
DEAE-Sephadex A-25 ion-exchange chromatography. Pro-
duction of acidic EPS was completely restored after introduc-
tion of the exo5 gene or rkpK. The S. meliloti RkpK protein has
UDP-Glc dehydrogenase activity, which is responsible for the
oxidation of UDP-Glc to UDP-GIcA (37). GIcA is specifically
present in the backbone of the R. leguminosarum EPS repeat
unit (Fig. 1), which explains the EPS deficiency of the exo5
mutant.

Interestingly, when exo5 was grown on YMB medium plates
supplemented with SDS, a decreased MIC of SDS (0.12 mg/
ml) was observed. For wild-type bacteria and an exclusively
EPS-deficient strain with a mutation in the pssD gene the MIC
of SDS was 0.20 mg/ml. Introduction of exo5 or rkpK into strain
exo5 restored the MICs to those of wild-type bacteria. This
suggested that there was an additional defect in the exo5 mu-
tant. Sensitivity to hydrophobic compounds, such as SDS, has
been described previously for some rhizobia affected in the
production of LPS (20). In the same genetic background as
exo5 and pssD mutants, an O-chain-defective LPS mutant has
been identified previously (16). This exoB mutant is unable to
convert UDP-Glc to UDP-galactose, which is necessary for
addition of an O chain to the core of the LPS molecule (Fig. 2).
The absence of an O chain in the exoB mutant did not seem to
affect the sensitivity to SDS since the MICs were identical to
those determined for wild-type bacteria. However, production
of residual amounts of galactose-deficient EPS by the exoB
mutant may have conferred some degree of SDS resistance. To
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FIG. 2. Structure of the lipid A-core region of LPS from R. legu-
minosarum. Strains of R. leguminosarum and R. etli have been shown to
produce this lipid A-core structure (27, 36). The lipid A portion is het-
erogeneous in its fatty acyl components; the N-fatty acyl substituents
are B-hydroxymyristic acid, B-hydroxypalmitic acid, and B-hydroxy-
stearic acid, and the predominant fatty acid is B-hydroxymyristic acid
(6, 7). In addition, the fatty acyl residue at position 3 of the 2-amino-
gluconic acid residue is absent in some of the molecules (52). Also, the
2-aminogluconic acid residue is sometimes present as a glucosamine
residue in some of the molecules (52-54). Kdo, 3-deoxy-D-manno-2-
octulosonic acid; Man, mannose; Gal, galactose; GlcN, glucosamine;
GlcN-onate, 2-aminogluconic acid; BOHC14:0, B-hydroxymyristic acid;
BOHCI16:0, B-hydroxypalmitic acid; BOHC18:0, B-hydroxystearic acid;
270HC28:0, 27-hydroxyoctacosanoic acid; BOHC4:0, B-hydroxybu-
tyric acid.

test for SDS resistance by production of EPS, an EPS-deficient
strain was constructed by insertion of a GFP-gentamicin resis-
tance cassette into the pssD-pssE operon in an exoB mutant
background. This resulted in a lack of EPS production, to-
gether with an inability to produce the polysaccharide O chain
of the LPS molecule. The pssDE-exoB double mutant was not
affected in SDS sensitivity, demonstrating that neither EPS nor
the O chain is involved in resistance to SDS.

LPS was isolated from exo5 and from the wild-type strain
R. leguminosarum RBL5523. After PAGE of the LPS samples,
the intensity of the O-chain-deficient LPS II band was in-
creased compared to that of RBL5523 (Fig. 3). The intensity of
this LPS II band could be returned to wild-type levels by
introduction of plasmid pMP4692 into strain exo5. To identify
differences in the exo5 LPS molecule compared to a wild-type
LPS fraction, the purified LPS samples were subjected to a
carbohydrate composition analysis. The results of this analysis
are shown in Table 2. Most notably, the exo5 LPS sample
appeared to lack GalA, whereas the wild-type LPS sample

J. BACTERIOL.

LPS I

-~ -

N

FIG. 3. PAGE profiles of affinity-purified LPS from various R. le-
guminosarum strains. Lane 1, exoB strain; lane 2, strain exo5; lane 3,
strain exo5 restored by pMP4692; lane 4, pssD strain; lane 5, wild-type
strain RBL5523.

contained a substantial amount of GalA. Studies of LPS from
various R. leguminosarum strains revealed a core and lipid A
structure similar to that identified for R. et/i CE3 (36). We were
able to attribute most of the carbohydrates identified, such as
mannose, galactose, GalA, and 3-deoxy-pD-manno-2-octulosonic
acid, to the core of the R. leguminosarum RBL5523 LPS mol-
ecule (Fig. 2). Substantial amounts of Glc and N-acetylquino-
vosamine (QuiNAc) found in both samples could not be at-
tributed to either the core or lipid A and therefore likely
represent the O-chain portion of the LPS molecule. Small dif-
ferences in the relative percentages of LPS carbohydrates be-
tween the wild type and exo5 may have been caused by differ-
ences in culture age. SDS sensitivity is likely to be caused by
the absence of GalA moieties in the core and lipid A portions
of the LPS molecule. Apparently, like the LPS of enteric bac-
teria, the negatively charged core of Rhizobium LPS is associ-
ated with resistance to hydrophobic compounds and outer
membrane stability (26).

CPS production is affected in EPS-deficient strains. Produc-
tion of other bacterial surface polysaccharides, such as neutral
glucan and soluble and insoluble CPS, was also examined.
Neutral glucan was present in the culture medium of the exo5

TABLE 2. Relative percentages of carbohydrates detected in
hydrolyzed LPS samples of R. leguminosarum RBL5523 and exo5

% in“:
Carbohydrate

RBL5523 exo5
Xylose 1.8 0.8
Rhamnose ND 1.1
3-Deoxy-D-manno-2-octulosonic acid 11.1 16.7
Galacturonic acid 12.6 ND
Mannose 7.0 6.8
Galactose 6.3 39
Glucose 29.2 34.0
Quinovosamine 38.0 349
N-Acetylglucosamine Tr 1.8

“ND, not detected; Tr, trace detected (error, £5%).
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FIG. 4. Infection threads induced in V. sativa by LacZ-stained EPS-deficient R. leguminosarum strain exo5. (A) exo5 bacteria densely packed
in a root hair curl. The infection thread (arrow) aborted shortly after initiation. Colonization of the infection thread was unsuccessful since part
of the infection thread is devoid of bacteria. (B) Successful infection thread formation after coinoculation of R. leguminosarum exo5 (LacZ stained)
and R. leguminosarum LPR5045 (unstained). The ratio of bacteria in this infection thread prevented agglutination of exo5 due to production of
EPS by LPR5045 and allowed infection thread extension by the production of Nod factors by exo5. (C) Agglutination of exo5 bacteria without
affecting growth of the infection thread. LPR5045 bacteria are single white spots in the infection thread. (D) Absence of LPR5045 bacteria resulted in
agglutination of exo5 bacteria in the infection thread. As a result, infection thread formation was blocked. The average root hair diameter is 13 wm.

mutant strain, and production in this strain did not appear to
be affected when it was compared to that in wild-type strain
RBL5523. CPS fractions of the RBL5523, EXOS5, and PSSD
strains were isolated by the method of Breedveld et al. (13),
and this was followed by DEAE-Sephadex A-25 ion-exchange
chromatography. In the case of RBL5523, this procedure re-
sulted in two fractions, a large neutral glucan fraction present
in the void volume of the column and an acidic CPS fraction
which could be eluted from the column with a sodium chloride
gradient. In the case of the exo5 and pssD mutants, only a
neutral glucan fraction was found, and no acidic polysaccha-
rides were eluted from the column with a sodium chloride
gradient up to a concentration of 1 M. Both the CPS and
glucan samples of RBL5523 were subjected to a carbohydrate
composition analysis. The neutral glucan sample consisted of
100% Glc, whereas the acidic CPS fraction had a carbohydrate
composition similar to that described previously for EPS of R.
leguminosarum (data not shown) (Fig. 1) (50, 60). In order to
obtain additional structural data, the acidic CPS sample was
characterized by NMR and methylation analyses (data not
shown). Both the NMR spectrum and the methylation analysis
confirmed that acidic CPS has the same characteristics as those

reported for EPS from R. leguminosarum (50, 60). This ex-
plains the absence of CPS in the exo5 and pssD mutants. In-
soluble CPS, such as those described by Zevenhuizen and van
Neerven (74), could not be isolated from the bacteria until the
culture reached the late stationary phase, and they were found
in capsular fractions of both RBL5523 and exo5.

Infection studies. Inoculation of V. sativa subsp. nigra seed-
lings with wild-type R. leguminosarum RBL5523 resulted in
root nodule formation within 7 days. Seedlings inoculated with
the exo5 mutant did not develop nodules within 21 days. After
21 days, the main root was covered with primordia and had
severe swellings likely to be caused by Nod factor-induced pro-
duction of ethylene (67). Introduction of plasmid pMP4692,
containing exo5, into the mutant restored nodulation to wild-
type levels. The stage at which exoS5-induced nodulation of
V. sativa roots was aborted was examined further by using
lacZ-1abeled bacteria. Staining of the roots for LacZ activity
revealed that exo5 bacteria were densely packed and fixed
inside the root hair curls. In some cases, an infection thread
was initiated which appeared to be aborted shortly after initi-
ation (Fig. 4A). EXOS bacteria failed to successfully colonize
the initiated infection thread, resulting in an area at the tip of
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FIG. 5. Six-micrometer sections of nodules induced by RBL5523 (A) and exo5 (B). Infection threads present in the exo5-induced nodule are
indicated by an arrowhead. Cells inside the exo5 nodule closely resemble senescent cells present at the base of RBL5523-induced nodules. Bars =

0.1 mm.

the infection thread devoid of bacteria (Fig. 4A). Attempts
to restore infection thread formation by adding purified EPS
from cultures of RBL5523 bacteria at concentrations ranging
from 25 pg/ml to 2 mg/ml were unsuccessful.

Early infection thread abortion and lack of colonization of
the infection thread could be prevented by coinoculation of
exo5 with R. leguminosarum LPR5045, which normally pro-
duces EPS but lacks the pRL1JI Sym plasmid. Nodulation of
coinoculated roots was studied by using lacZ-labeled exo5 bac-
teria and unlabeled LPR5045 bacteria. The ratio of EPS-pro-
ducing bacteria to Nod factor-producing bacteria inside the
infection thread appeared to be a critical factor for successful
infection thread formation. Many of the induced infection
threads aborted either in the root hair or in the first cortical
cell layers. A majority of these aborted infection threads were
ultimately populated by one of the two bacterial strains. If
large numbers of exo5 cells were present in the infection
thread, the bacteria were strongly agglutinated (Fig. 4C and
D). In some cases, infection thread formation was successful
(Fig. 4B), and small white nodules formed along the root.
After 21 days, both small white nodules and elongated pink
nodules were present on a coinoculated root. The pink color of
some root nodules indicated the presence of leghemoglobin,
which is necessary for nitrogen fixation in an oxygen-deprived
environment (3). To test whether nitrogen-fixing nodules on
coinoculated roots resulted from conjugation of the pRL1JI
Sym plasmid to strain LPR5045, pink nodules were surface
sterilized and crushed to release the bacteria. The bacteria
were transferred to YMB medium plates containing spectino-
mycin, the resistance marker of the pRL11J Sym plasmid, and
screened for the production of EPS. EPS-producing, spectino-
mycin-resistant bacteria could be isolated from pink nodules,
indicating that the Sym plasmid was transferred from strain
exo5 to strain LPR5045. Inoculation of V. sativa roots with
these reisolated bacteria resulted in nodule formation within 7
days. Surface-sterilized small white nodules did not release
EPS-producing, spectinomycin-resistant bacteria. The absence
of leghemoglobin and the lack of an elongated nodule shape
suggested that exo5 bacteria were not successfully released into

the nodule cells. Impaired release of bacteria can be caused by
the absence of uronic acid in the LPS molecule, as described
previously for S. meliloti (14, 41), or by the absence of CPS and
EPS (40). Coinoculation of LPR5045 with another EPS-defi-
cient strain with intact LPS, such as the pssD mutant, gave
results identical to those observed with exo5 and LPR5045.
Both small white nodules and elongated pink nodules were
present on the main roots, and the pink nodules were the result
of transfer of the Sym plasmid.

Sections of 21-day-old, small, white nodules induced either
by exo5 and LPR5045 or by the pssD mutant and LPR5045
showed that there were infection threads in the infection zones
of the nodules. Figure 5 shows that in contrast to wild-type
strain RBL5523-induced nodules, only a few cells inside a
nodule were infected with bacteria. This indicates that there
was inefficient endocytosis of EPS-deficient strains, such as the
EXO5 and PSSD strains, resulting in reduced host cell inva-
sion. Some cells had a central vacuole, and the cytoplasm was
packed with bacteria. However, differentiation into bacteroids
could not be detected. Lack of bacteroid differentiation coin-
cided with senescence of the infected cells. Most of these cells
closely resembled degenerate cells present in the zone of se-
nescence in wild-type nodules (Fig. 5).

DISCUSSION

The EPS deficiency of R. leguminosarum strains exo5 and
exo54 appeared to be caused by TnJ integration in a single
gene, exo5, which has high structural and functional homology
to the S. meliloti rkpK gene (37). The rkpK gene encodes a
UDP-Glc dehydrogenase involved in the production of E. coli
K-antigen-related CPS, which is present in some rhizobial spe-
cies, such as S. meliloti and Sinorhizobium fredii (37, 58). How-
ever, until now K-antigen-like polysaccharides in R. legumino-
sarum have not been reported (38). The observed homology
between exoS and rkpK suggests that exo5 encodes a UDP-Glc
dehydrogenase. A putative dehydrogenase function for exo5
(as well as for rkpK) is supported by the presence of 20 of 22
strictly conserved amino acid residues identified in 47 different
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dehydrogenases (15). Amino acid alignment data for these de-
hydrogenases suggested that an arginine around position 244 is
a determinant of substrate specificity that is conserved in UDP-
Glc and UDP-N-acetylmannosamine dehydrogenases (15).
The proteins encoded by both exo5 and rkpK contain this ami-
no acid at positions 247 and 249, respectively. Since N-acetyl-
mannosaminuronic acid has not been identified in the different
polysaccharides of R. leguminosarum, exo5 likely encodes a
UDP-Glc dehydrogenase.

UDP-Glc dehydrogenase is responsible for the oxidation of
UDP-Glc to UDP-GIcA. This oxidized saccharide can be con-
verted into UDP-GalA, for example, by a gene product equiv-
alent to that of the S. meliloti IpsL gene (37). As a result, an
exo5 mutant has a pleiotropic phenotype and is affected in
GIcA- and GalA-containing polysaccharides, such as EPS,
CPS, and LPS. In contrast to the pss and psi genes (9, 40, 45,
68), exo5 is not directly involved in the production of EPS in
R. leguminosarum. The absence of GIcA in exo5 bacteria, spe-
cifically in the backbone of the EPS molecule, blocks assembly
of the EPS molecule, resulting in an EPS-deficient phenotype.

Polysaccharides isolated from washed R. leguminosarum
cells by the method of Breedveld et al. (13) are often referred
to as CPS. Our results show that depending on the age of the
bacterial culture, CPS can consist of different polysaccharides.
Until the early stationary phase of a culture of wild-type bac-
teria, a neutral glucan consisting of 100% glucose and an acidic
polysaccharide whose carbohydrate composition closely resem-
bles that of EPS are both present in the CPS fraction. The
neutral glucan may be a cyclic B-1,2-glucan, as previously iden-
tified for different Rhizobium species (12), and its secretion has
been reported to be enhanced in cultures of EPS-deficient
rhizobia (11). As judged from the data obtained from NMR
studies and methylation analysis of the acidic CPS, we con-
cluded that CPS is similar if not identical to EPS (Fig. 1). In the
early 1980s, anionic CPS and EPS were reported to be strik-
ingly similar in terms of glycosyl composition and structure (1,
17). Differences in noncarbohydrate substitutions, such as
O-acetyl, pyruvate, and 3-hydroxybutyrate, may distinguish an-
ionic capsule-bound polysaccharides from secreted EPS (32).
Since the sugar compositions of EPS and anionic CPS are
similar, mutations that normally affect EPS production also
affect the production of the anionic CPS. As a result, a CPS
fraction from EXOS5 or PSSD bacteria consists solely of neutral
glucan. In late-stationary-phase cultures, the anionic CPS is
replaced by capsule-bound, gel-forming polysaccharides, which
we found in capsular fractions of both wild-type bacteria and
EPS-deficient strains, such as the PSSD and EXOS5 strains.
This is consistent with the structure of the gel-forming poly-
saccharide molecule, which lacks both GIcA and GalA (74).

Carbohydrate composition analysis of exo5 LPS revealed
that the molecule is devoid of GalA, which is normally present
in the core and lipid A of R. leguminosarum and R. etli LPS
molecules (18, 27, 33). Glc and QuiNAc identified in both
wild-type and exo5 LPS samples likely originated from the O-
chain part of the molecule. QuiNAc has been identified pre-
viously as a component of R. leguminosarum bv. trifolii LPS (19).
From the carbohydrate composition analysis and the LPS
PAGE profiles, we concluded that the exo5 strain is able to
produce a smooth-type LPS I molecule similar to that of the
wild-type bacterium RBLS5523. An increased amount of O-
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chain-deficient LPS II, identified in LPS samples from exo5
bacteria, suggests that addition of an O chain to an LPS core,
lacking GalA, is less efficient. A similar situation has been
described for R. etli mutant CE358, which lacks a single GalA
molecule in the LPS core and shows reduced O-chain addition
(18, 59).

EXOS5 bacteria showed increased sensitivity to SDS (MIC,
0.12 mg/ml). Wild-type MICs (0.20 mg of SDS per ml) were
observed after introduction of either exo5 or rkpK and with the
EPS-deficient pssD mutant, whose LPS is not affected. Also,
the O-chain-defective exoB mutant, whose acidic LPS core is
largely intact, did not show increased sensitivity to SDS, indi-
cating that the polysaccharide O chain is not involved in SDS
resistance. The presence of GalA moieties in the core of R.
leguminosarum LPS probably confers stability to the outer
membrane of the bacterium. The presence of a negatively
charged inner core in the LPS molecule is common among a
wide range of bacterial species and is generally associated with
resistance to antimicrobial compounds (26). Our data are strik-
ingly similar to those obtained for some enteric bacteria, such
as E. coli and Salmonella, which obtain a negatively charged
LPS core by phosphorylation of inner core heptose residues.
Bacteria deficient in core phosphorylation showed increased
sensitivity to hydrophobic compounds and only a slightly de-
creased efficiency for O-chain addition (55, 72). Divalent cat-
ions, which have been suggested to be incorporated into the
LPS layer (30), could be provided either by the environment or
by a specific cation exporter, such as CpaA (2).

Strains of R. leguminosarum completely deficient in EPS
production induce formation of a few or no aborted infection
threads in their host plants. Mutant exo5 is not different in this
respect. exo5 bacteria stay fixed inside a root hair curl and fail
to colonize an infection thread, and there is limited growth of
the infection thread as a result. Successful infection thread for-
mation could be obtained only by coinoculation with a Sym
plasmid-cured, EPS-producing strain. Infection thread forma-
tion via coinoculation was shown to be a delicate process. If
one of the two strains takes over colonization of the infection
thread, the infection process is aborted, with strong agglutina-
tion of the EPS-deficient strain as a result. Apparently, an EPS
or CPS capsule surrounding the bacteria prevents agglutina-
tion of the bacteria and stimulates colonization of the infection
thread. Secreted EPS produced inside the infection thread
might prevent the bacteria from being cross-linked in the in-
fection thread matrix by plant-derived molecules, such as ma-
trix glycoproteins. These glycoproteins are thought to adhere
to negatively charged residues, such as those present on the
bacterial surface and also in EPS (56). EPS and CPS might also
suppress host plant defense responses which could be elicited
by components of the bacterial cell wall, such as LPS (25, 49).
Attempts to restore infection thread formation by exogenously
adding purified EPS were unsuccessful. Apparently, purified
EPS did not reach entrapped EPS-deficient rhizobia to prevent
agglutination.

V. sativa subsp. nigra roots coinoculated with both the EPS-
deficient pssD mutant and LPR5045 showed the same nodula-
tion phenotype as roots coinoculated with EXOS5 and
LPR5045. Sections of the nodules showed that there was se-
verely reduced release of bacteria inside the nodule cells. The
bacteria failed to differentiate into bacteroids. Since the nodule
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cells closely resemble the cells found in the senescent zone of
a wild-type nodule, the infected cells apparently lost their vi-
ability shortly after release of the bacteria. Possibly, EPS pro-
duction or a CPS capsule is required during endocytosis and
bacteroid formation. Reduced endocytosis has also been de-
scribed for an EPS-deficient pssD mutant of R. leguminosarum
bv. trifolii TA1 which induces formation of empty nodules on
red clover (40). Due to the reduced release of EPS-deficient
bacteria in nodules, we were unable to attribute a specific
nodulation phenotype to the absence of GalA in the LPS core
of exo5. An IpsB mutant of S. meliloti, in which the core of the
LPS molecule lacks uronic acids, failed to colonize nodule
cells. [psB mutant bacteria were unable to survive under the
conditions encountered in the nodule cells and were degraded
(14, 41).

Our results suggest that EPS or CPS is necessary for suc-
cessful infection thread colonization because it prevents auto-
agglutination of bacteria. Smit et al. (62) have shown that R.
leguminosarum RBL5523 produces a large amount of cellulose
fibrils on the bacterial surface, which can cause bacterial ag-
glutination in liquid culture. Production of EPS in the infection
thread by the coinoculated partner might prevent cellulose-
mediated agglutination of the EPS-deficient bacteria. At the
point of release inside the nodule cells, each bacterium is sep-
arately enclosed by a plant membrane, making EPS comple-
mentation impossible and resulting in subsequent degradation
of the bacteria. The presence of EPS or a CPS capsule sur-
rounding the released bacteria may prevent direct contact be-
tween the rhizobia and the plant membrane, thereby prevent-
ing a possible plant defense response. The data presented here
indicate that EPS and CPS production is essential for infection
thread colonization, as well as survival inside the nodule cells.
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