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Mutation of the chromosomal gene (glmS) encoding glu-
cosamine synthase in Rhizobium leguminosarum biovar
viciae results in a mutant that can induce nodules on peas,
but with greatly reduced level of symbiotic nitrogen fixa-
tion. Electron microscopy of the nodules revealed that in-
fection and release of the glmS mutant from infection
threads was normal. However, the subsequent develop-
ment of bacteroids was abnormal; bacteroids in the ma-
ture zone of the nodule were much larger than controls,
were abnormally shaped and highly vacuolated, and
underwent rapid senescence. It is proposed that ex-
pression of nodM (also encoding a glucosamine synthase),
present on the symbiotic plasmid, enabled the mutant to
grow in the rhizosphere and within infection threads, but
when the bacteria were released from infection threads,
the nod genes (including nodM) were no longer expressed,
resulting in glucosamine limitation of the bacteroids.
Similarly, glucosamine limitation in free-living cultures
caused a significant reduction in the amount of cell wall
lipopolysaccharide and in qualitative changes to the lipo-
polysaccharide, as revealed by probing with monoclonal
antibodies targeted against lipopolysaccharide epitopes.

Additional keyword: Pisum sativum.

Some rhizobial strains possess two glucosamine synthases
(Marie et al. 1992; Baev et al. 1991). One of these, GImS,
appears to be a chromosomally encoded enzyme involved in
the synthesis of glucosamine precursors required for normal
growth (Marie et al. 1992). In particular, glucosamine resi-
dues constitute major components of the lipopolysaccharide
of the rhizobial cell wall (Carlson et cl. 1992). A strain of
Rhizobium leguminosarum biovar viciae mutated in the gimS
gene was found to be auxotrophic for glucosamine (Marie et
al. 1992).

One of the glucosamine synthases that is present in R. /. bv.
viciae (Marie et al. 1992) and R. meliloti (Baev et al. 1991) is
encoded by the nodulation gene (nodM) and is induced by
flavonoids secreted from legume roots. The nodM gene
product supplements the supply of glucosamine precursors
required for the formation of the lipo-oligosaccharide nodu-
lation factors (Baev et al. 1991, 1992; Marie et al. 1992).
These Nod factors all consist of a backbone of N-acetyl
glucosamine residues that is decorated with a variety of
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substituents (Dénarié ef al. 1992; Spaink 1992) that determine
the range of legumes nodulated by any given rhizobial strain.

The two glucosamine synthases are functionally homolo-
gous, and the g/mS mutant of R. L bv. viciae can be restored
to prototrophy by induction of the nodM gene by flavonoids
(Marie et al. 1992). Conversely, mutation of nodM does not
block nodulation, because the gimS gene product provides a
sufficient level of glucosamine precursors to allow synthesis
of the Nod factors (Marie et al. 1992; Baev et al. 1992).
However, whereas mutation of nodM in R. l. bv. viciae had
relatively little effect on the level of nodulation of peas or
vetch (Surin and Downie, 1988), mutation of nodM in R.
meliloti significantly reduced the nodulation of Medicago
sativa (Baev et al. 1992). This difference in the effects of
mutation of nodM could be explained if the level of synthesis
of glucosamine precursors by the “housekeeping” glu-
cosamine synthase (GImS) in R. L bv. viciae is considerably
higher than that found with R. meliloti.

In addition to forming the appropriate lipo-oligosaccharide
Nod factor to establish an effective symbiosis, the rhizobia
must make the appropriate surface polysaccharides. Muta-
tions affecting the formation of acidic exopolysaccharide can
block normal infection and normal growth of the rhizobia
within their host legumes (Leigh and Coplin 1992). Similarly,
mutations affecting the formation of a normal lipopolysac-
charide can severely affect the development of nitrogen-
fixing nodules (Noel et al. 1986; Perotto et al. 1993). The
ineffective nodules formed on peas by lipopolysaccharide
mutants of R. I bv. viciae were found to have relatively few
infected cells, and the cell invasion was often associated with
a plant defense reaction (Priefer 1989; Perotto et al. 1994). A
mutant of R. L. bv. viciae lacking the g/mS gene but carrying a
normal nodM gene was found to nodulate peas and vetch, but
the nodules had a low level of nitrogen fixation (Marie et al.
1992). Since this mutant is affected in the synthesis of glu-
cosamine, the ineffective symbiosis might be due to abnormal
infection or abnormal bacteroid development caused by a
defect in the synthesis of the lipo-oligosaccharide Nod factor
and/or the cell wall lipopolysaccharide. Here we have ana-
lyzed the ultrastructure of nodules formed by the mutant and
examined the effects of the gimS mutation on the formation
of the lipopolysaccharide.

RESULTS

Ultrastructure of pea nodules induced by a glmS mutant.
When R. L. bv. viciae strain A220 (glmS2::Tn5lacZ) was
inoculated onto pea seedlings, the first nodules appeared at



the same time as those induced by the control strain
8401/pRL1JI. However, over a 3-wk period the number of
nodules formed by the mutant strain A220 was 60% higher
than the control, and the nodules formed by A220 never
developed the normal pink color typical of nitrogen-fixing
nodules. Despite the increased nodule number, measurements
of acetylene reduction on whole root systems of typical plants
indicated that nitrogen fixation was only 5-20% of normal.
This reduced level of nitrogen fixation was also evident from
the poor growth of the plants in the nitrogen-free medium,
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Young nodules from peas inoculated with the mutant
(A220) and control (8401/pRL1JI) were embedded in resin
and sectioned longitudinally for electron microscopy. A series
of electron micrographs taken from one section of a typical
nodule induced by strain A220 are shown in Figure 1. The
longitudinal section of the nodule of the pea nodules enabled
us to observe the temporal development of bacteroids from
the early infection zone at the tip of the nodule to the mature
zone close to the root. The large micrograph in Figure 1
shows a montage of an entire nodule section in which it is

Fig. 1. Electron micrographs of a nodule induced by A220 (g/mS). The large panel shows a longitudinal section of a typical 5-day-old nodule induced by
the glucosamine auxotroph A220. The bar corresponds to 50 um. The lettered arrows on the large panel point to the areas shown in the enlargements: A,
early infected zone; B and C, mature zone; and D, zone of premature senescence. The bar A corresponds to 5 jm and the same magnification is used in B-
E. For comparison, E shows a section of a-micrograph from the mature zone of a nodule (equivalent to the areas covered by B and C) induced by the

control strain 8401/pRL1JI.
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possible to see early senescence within the mature zone even
though the nodule is only 5 days old; senescence is not
normally seen in nodules less than 10 days old. Panels A-D
in Figure 1 are enlargements of specific regions as indicated
on the whole section. After normal infection and bacteroid
release the bacteroids in the young infected zone appeared
normal (Fig. 1A), but they did not develop normally. Within
the mature zone (Fig. 1B, C) the bacteroids were larger than
normal, atypical shaped, and were either highly vacuolated or
contained poly-B-hydroxybutyric acid inclusion granules. For
comparison, bacteroids from the mature zone of a nodule of
similar age induced by the control strain are shown in Figure
1E. Figure 1D shows the degradation of bacteroids in a pre-
maturely senescent cell.

Analysis of the lipopolysaccharide
from a glucosamine auxotroph.

The abnormal development of bacteroids was similar to
that seen with LPS mutants of R. [. bv. viciae (Perotto et al.
1994) and may be due to a lack of glucosamine precursors
required for LPS biogenesis in bacteroids. To analyze the
effects of glucosamine limitation during free-living growth
we analyzed the LPS in the glucosamine auxotroph A219
(glmS2::Tn5) which lacks the nodM gene because the symbi-
otic plasmid is deleted. The total LPS content of mutant A219
grown under glucosamine limitation was compared with that
of the control (8401) by silver staining of the LPS fraction-
ated on a polyacrylamide gel. As shown (Fig. 2), LPS can be
subdivided into two major fractions: LPS I, which contains
lipid A core oligosaccharide and an O-antigen polysaccharide
chain containing different numbers of sugar residues, and
LPS II which lacks the O-antigen domain (Carlson et al.
1992). The glmS mutant A219 has a reduced level of LPS II
and lacks many of the high molecular weight bands typically
found in the LPS I region (Fig. 2). This abnormal pattern is
restored to normal by the nodM gene expressed from a vector
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Fig. 2. Effects of glucosamine limitation on LPS. Samples were prepared
from the control strain 8401, the glucosamine auxotroph A219, and A219
carrying nodM on pIJ1852, separated on a polyacrylamide gel and
stained with periodate and silver stain. The loading was equivalent to 10
ug of cellular protein for each sample. The LPS I and LPS II fractions are
indicated. Strain A219 was limited in its growth by the level of glu-
cosamine present and shows a significantly reduced level of LPS. A nor-
mal pattern of LPS was seen when A219 was grown in the presence of
sufficient glucosamine (300 pg/ml) (not shown).
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promoter on plJ1852 (Fig. 2) or by the cloned gimS gene on
plI11910 (not shown).

It appears from Figure 2 that there is both a quantitative
and a qualitative change in the LPS formed by A219 grown
under glucosamine limitation. It is possible to monitor chang-
es in the LPS immunologically, since a series of monoclonal
antibodies have been identified which recognize different
LPS epitopes (Sindhu et al. 1990; Wood er al. 1989). To
visualize possible qualitative changes, the LPS from A219
grown under glucosamine limitation was probed with two
monoclonal antibodies MASM-1 which recognizes the KDO
component of the LPS and JIM32 which primarily recognizes
the LPS II domain but also recognizes some LPS I bands
(Fig. 3). In this gel the loadings of the samples were adjusted
to give equivalent amounts of LPS by increasing the amount
of sample loaded from strain A219. The LPS from A219 con-
tains a component that comigrates with LPS II but when
probed with JIM32 it was found to contain a number of novel
bands and lack several of the typical LPS bands (Fig. 3C).
Similarly, probing with MASM-1 revealed novel bands mi-
grating between the LPS I and LPS II fractions (Fig. 3B).
When the nodM gene was introduced on pIJ1852, the normal
pattern of bands was restored (Fig. 3B, C) and a similar result
was seen by introducing the gimS gene on plJ1910 (data not
shown).

Some of the monoclonal antibodies tested revealed that the
pattern of LPS-staining bands found in A219 is more typical
of that found in bacteroids than in cells grown in free-living
cultures. This is illustrated with JIM21 and JIM22. Each of
these monoclonal antibodies recognizes high-molecular
weight bands present in the control 8401 (Fig. 4B, C) but
absent from both bacteroids and cells of A219 grown under
glucosamine limitation (Fig. 4B, C).
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Fig. 3. Immunostaining of LPS of the glucosamine auxotroph. After
separation on a polyacrylamide gel as described in Figure 2, the gel was
silver stained (A) or immunostained using MASM-1 (B), which recog-
nizes the ketodeoxyoctonate of the LPS or with JIM32 (C), which pri-
marily recognizes LPS II components but also recognizes LPS 1. Samples
8401 and A219/pIJ1852 were loaded at an equivalent of 10 pg protein
per lane while the glucosamine limited A219 was loaded at an equivalent
of 50 pg protein per lane.



We have identified a second-site revertant of the glu-
cosamine auxotroph A220, in which the reversion is most
probably caused by a mutation in the promoter of nodM to
give prototrophy as a result of flavonoid-independent nodM
expression (Marie 1992). This revertant (A300) grows to the
same cell density as the control strain, but in the absence of
glucosamine its growth rate is lower than the control (the
doubling time was increased from 2.5-4 hr in TY medium).
Although growth of this strain is limited by glucosamine
(normal growth was restored by addition of glucosamine), it
formed normal nitrogen-fixing nodules. However, as shown
(Fig. 4), this mutant failed to produce the high molecular
weight LPS material that is recognized by the monoclonal
antibodies JIM21 and JIM22. The absence of these high
molecular weight LPS I components in strains limited for
growth by glucosamine, and in bacteroids may indicate that
normal bacteroids have a limited capacity to synthesize glu-
cosamine in nodules.

DISCUSSION

The principal role for the two glucosamine synthases GImS
and NodM in rhizobial strains is the formation of gluco-
samine precursors used in the synthesis of lipooligo-
saccharide Nod factors (Baev ef al. 1991, 1992; Marie et al.
1992) and the LPS component of the rhizobial cell wall (Carl-
son et al, 1992). The glucosamine auxotrophy of the gim$S
mutant of R. I. bv. viciae can be suppressed by growing the
bacteria in the presence of flavonoids that induce the expres-
sion of the nod genes (Marie et al. 1992), It is this induction
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Fig. 4. LPS I components are absent from glucosamine limited cells and
from bacteroids. Samples were silver stained (A) or immunostained with
JIM21 (B) or JIM22 (C) following electrophoresis. Stain A300 contains a
second-site mutation that partially suppresses the glucosamine auxotro-
phy caused by the gImS2::TnSlacZ mutation. The high molecular weight
LPS I epitopes recognized in 8401 by JIM21 and JIM22 are absent from
the glucosamine-limited A219, from A300 (which was grown in the ab-
sence of glucosamine) and from bacteroids. JIM22 only weakly recog-
nized the major low molecular weight LPS I component which is present
as a single band. The bacteroids were isolated from 12-day-old nodules
from peas inoculated with 8401/pRL1JI as described by Brewin et al.
(1985). The sample loadings were adjusted to give approximately equal
amounts of LPS as judged by the silver staining in A.

that enables the g/mS mutant A220 to grow in the rhizosphere
and in the infection threads. Glucosamine is unavailable from
legume roots (Feingold and Avigad 1980), and a double
mutant of R. . bv. viciae lacking both nodM and gimS does
not grow in the rhizosphere or infect peas or vetch (Marie et
al. 1992).

The relatively normal early development that occurs in pea
nodules induced by the gimS auxotroph A220 indicates that
the nod genes are expressed throughout the infection process,
confirming the observations of Sharma and Signer (1990) that
nod gene fusions are expressed within infection threads. After
the glmS mutant bacteria are released from the infection threads
the initial development of bacteroids is normal. However,
within the mature zone of the nodule, the bacteria become
enlarged, vacuolated, and irregular in shape. This probably
results from a deficiency in glucosamine caused by a cessa-
tion of nod gene expression. This correlates well with the
observation of Schlaman et al. (1991). Using in situ RNA
hybridizations, they found that there were nod gene tran-
scripts in the invasion zone, but that nod gene expression was
very low in the early symbiotic zone and absent in the mature
zone of nodules. They concluded that there is a repressor that
inhibits nod gene expression by bacteroids. Schlaman et al.
(1992) identified a protein in bacteroids (but not in free-living
cells) that bound to nodA-nodD promoter region and specu-
lated that it might be such a repressor.

Baev et al. (1992) reported that a mutant R. meliloti lacking
nodM was delayed in nodulation and that the bacteroids
showed altered development resulting in nodules with low-
ered levels of nitrogen fixation. This also implies that nodM
is expressed by R. meliloti nodules and that the level of glu-
cosamine formed by the GImS enzyme of R. meliloti is a
limiting factor during bacteroid growth. This appears not to
be the case in R. I. bv. viciae since mutation of nodM had no
effect on nodulation or on nitrogen fixation (Surin and
Downie 1988; Marie et al. 1992). This difference may reflect
a difference in the levels of expression of the gimS gene in the
two different Rhizobium strains.

It is clear that in the absence of glmS expression the level
of LPS synthesis by R. L. bv. viciae is greatly reduced, but can
be restored by expressing either nodM or gimS. During glu-
cosamine limitation the structure of the LPS also appears to
be different from normal, since the size fractionation of LPS
bands following silver staining or probing with monoclonal
antibodies revealed the absence of several components and
the appearance of novel bands. The development of this
abnormal LPS may contribute to the rapid senescence of the
rhizobia in the nodules. Indeed the changes in bacteroid size
and shape observed with the gimS auxotroph are remarkably
similar to those found with some Fix_ mutants of R. I bv.
viciae directly affected in LPS synthesis (Perotto ef al. 1994).

During normal bacteroid development there are substantial
changes to the LPS of R. L bv. viciae and these can be fol-
lowed using epitope-specific monoclonal antibodies (Sindhu
et al. 1990; Wood et al. 1989). One of these changes is the
disappearance of the high molecular weight LPS I compo-
nents recognized by JIM21 and JIM22. As shown here, these
components are also lost under conditions of glucosamine
limitation during free-living culture. One explanation for their
loss in bacteroids may therefore be that glucosamine avail-
ability may be limiting for bacteroids. This could be caused
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by a low availability of glutamine or of fructose-6-phosphate,
both of which are required for the synthesis of glucosamine.
If glucosamine is indeed limiting, then LPS biosynthesis
would be reduced. One consequence of this might be that cell
division might be affected, possibly resulting in the observed
increase in bacteroid volume compared with free-living bac-
teria.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth.

R. leguminosarum strains 8401, lacking a symbiotic plas-
mid, and 8401/pRL1JI, carrying the bv. viciae symbiotic
plasmid pRL1JI, were described by Downie et al. (1983).
A219 and A220 are derivatives of 8401 and 8401/pRL1J], re-
spectively, carrying the glmS2::Tn5lacZ allele (Marie et al.
1992). pIJ1852 carries the cloned nodM gene expressed from
a vector promoter (Marie et al. 1992) and pIJ1910 carries the
cloned glmS gene expressed from its own promoter.

R. leguminosarum strains were grown in TY medium (Ber-
inger 1974) containing the appropriate antibiotics to maintain
selection for plasmids. For the preparation of glucosamine-
limited cultures, cells were first grown for 48 hr at 30° C in
TY medium containing 200 pg ml! glucosamine and then for
24 hr in TY medium lacking glucosamine. Normal growth re-
quired 300 pg ml! glucosamine to be added.

Analysis of nodulation, acetylene reduction, and
preparation of nodules for microscopy.

Peas, cultivar Wisconsin Perfection, were inoculated with
strain A220 which had been grown on TY agar medium con-
taining glucosamine and grown as described by Beynon et al.
(1980). The numbers of nodules found were scored on alter-
nate days and compared with control plants inoculated with
8401/pRL1JI. Twelve matched plants were scored for the rate
of nodulation and measurements of acetylene reduction were
made using intact root systems of peas harvested 21 days
after inoculation as described by Beynon et al. (1980). Bac-
teroids were isolated from 12-day-old nodules from peas in-
oculated with 8401/pRL1JI following the procedure of Brew-
in et al. (1985), involving fractionation by sucrose density
gradient centrifugation.

For microscopy, 5-day-old nodules were excised from
plants 15 days after inoculation of the plants with A220 or
8401/pRL1JI. The nodules were embedded and prepared for
electron microscopy as described by Beringer et al. (1977)
using gluteraldehyde and osmium for fixation and LR white
resin. Two nodules from each of four plants were analyzed
and the sections shown are typical of most of the nodules.

Analysis of lipopolysaccharide.

Samples for gel separation were prepared with proteinase K
treatment as described by Sindhu et al. (1990), and the SDS
polyacrylamide gel separation system was as described by
Kannenberg and Brewin (1989). The protein content of sam-
ples was estimated, prior to the addition of protease, using the
Bio-Rad protein assay kit. Gels were stained for carbo-
hydrates using periodate and silver staining as described by
Wood et al. (1989) or transferred to nitrocellulose, and LPS
epitopes were visualized using monoclonal antibodies as
described by Kannenberg er al. (1992). MASM-1 is a mouse
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monoclonal antibody with specificity for the ketodeoxy-
octonate of the LPS molecules (Lind et al. 1985, Wood et al.
1989). The rat monoclonal antibodies JIM21 and JIM22 react
with LPS epitopes from R. leguminosarum 8401 (Sindhu et
al. 1990; E. Kannenberg, personal communication). JIM32
reacts with LPS I and LPS II components (M. Lucas and N.
Brewin, personal communication).
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