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Surface antigens ofRhizobium leguminosarum biovar viciae strain 248 were characterized by using polyclonal
and monoclonal antibodies. With Western immunoblotting as the criterion, an antiserum raised against living
whole cells recognized mainly flagellar antigens and the 0-antigen-containing part of the lipopolysaccharide
(LPS). Immunization of mice with a peptidoglycan-outer membrane complex yielded eight monoclonal
antibodies, of which three reacted with LPS and five reacted with various sets of outer membrane protein
antigens. The observation that individual monoclonal antibodies react with sets of related proteins is discussed.
Studies of the influence of calcium deficiency and LPS alterations on surface antigenicity showed that in
normally grown wild-type cells, the 0-antigenic side chain of LPS blocks binding of an antibody to a
deeper-lying antigen. This antigen is accessible to antibodies in cells grown under calcium limitation as well as
in 0-antigen-lacking mutant cells. Two of the antigen groups which can be distinguished in cell envelopes of
free-living bacteria were depleted in cell envelopes of isolated bacteroids, indicating that the monoclonal
antibodies could be useful tools for studying the differentiation process from free-living bacteria to bacteroids.

Rhizobium leguminosarum, a gram-negative soil bacte-
rium, forms nitrogen-fixing root nodules on plants of the
family Leguminosae. During infection the bacteria penetrate
the root cortex through infection threads and eventually
infect cortex cells intracellularly. In infected cortex cells,
bacteria are present in the form of bacteroids surrounded by
a peribacteroid membrane of plant cell origin. Bacteroids
show a large number of differences with free-living bacteria,
both in morphology and in physiology (for a review, see
reference 33).

In our laboratory the structure and composition of the R.
leguminosarum outer membrane are being studied in relation
to the functions of its components in establishing and main-
taining symbiosis. Various lines of investigation have im-
plied a role for outer membrane components in nodulation.
Lipopolysaccharides (LPS) of rhizobia may play a role as
lectin receptors (17), and mutants with altered LPS show
altered symbiotic properties (21, 24). Furthermore, expres-
sion of the Sym plasmid-localized nod genes, which are
essential for nodulation (8, 18), may have a more or less
direct effect on the composition of the outer membrane. The
nodC gene product is likely to be an outer membrane protein
(13, 14, 25), and expression of the nodF gene may alter the
LPS composition (26). Outer membrane polysaccharides
which have not yet been completely characterized play a
role in the competitiveness of R. meliloti (29) and in the
symbiotic effectiveness of R. loti (15).
The outer membrane composition and structure of bac-

teroids differ from those of free-living bacteria, in that
bacteroids are more sensitive to detergents and to the action
of lysozyme (A. A. N. van Brussel, Ph.D. thesis, Leiden
University, Leiden, The Netherlands, 1973) and have a
smaller amount and a changed composition of LPS (4, 22, 30;
van Brussel, Ph.D. thesis). However, little is known about
changes in the overall composition, including outer mem-
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brane proteins, during differentiation from the free-living
state to the bacteroid state, although it has been suggested
that the bacterial outer membrane may be entirely sloughed
off during endocytosis by the host cell (1).

Separation of cytoplasmic and outer membranes has en-
abled us to identify the outer membrane proteins of R.
leguminosarum 248 (6). Antibodies against outer membrane
antigens provide a sensitive and very specific detection
method of elaborating the antigenic composition of the outer
membrane, identifying the chemical nature of antigens,
studying cell surface topology, and monitoring changes
during differentiation, especially when monoclonal antibod-
ies are used. Since Western immunoblotting has the advan-
tage that it can reveal the chemical nature of protein and LPS
antigens, we have screened a series of monoclonal antibod-
ies by using Western blotting. In addition, a polyclonal
antiserum was raised against whole cells as well as against a
peptidoglycan-outer membrane fraction. The latter serum
and the monoclonal antibodies were used to identify antigens
and to detect antigenic differences between bacteria and
bacteroids. Moreover, they were used to assess the role of
LPS and calcium in maintenance of the structural integrity of
the R. leguminosarum outer membrane.

MATERIALS AND METHODS

Strains and growth conditions. R. leguminosarum biovar
viciae strain 248 (16) was grown in tryptone-yeast extract
(Ty) medium (2), to which 7 mM calcium chloride was added
(unless mentioned otherwise in the Results section). The
isolation of mutant strain RBL1471 is described in detail
elsewhere (6a). Briefly, strain 248 was randomly mutagen-
ized with TnS, and kanamycin-resistant colonies were se-
lected. Individual colonies were screened for loss of reactiv-
ity with monoclonal antibody MAb 3 (see Results) in a
colony immunoblot assay. Strain RBL1471 is a mutant strain
that lacks this reaction. Strain RBL1486, a nonflagellated
derivative of wild-type strain 248, was obtained from G. Smit
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of our laboratory (G. Smit, Ph.D. thesis, Leiden University,
Leiden, The Netherlands, 1988).

Isolation of bacteroids. Bacteroides of strain 248 were

isolated from root nodules of 30-day-old pea (Pisum sativutm
cv. Rondo) plants grown on gravel. The isolation procedure
used is a modification of that of Brewin et al. (3). All
procedures were carried out at 0 to 40C. Briefly, nodules
were crushed in a mortar in 50 mM Tris-0.5 M sucrose-1
mM dithiothreitol (DTT)-5 mM p-aminobenzidine-1% poly-
vinylpyrrolidone (pH 7.5). The homogenate was filtered
through Miracloth and centrifuged at 3,000 x g for 10 min.
The upper part of the pellet was gently resuspended in 50
mM Tris-0.5 M sucrose-1 mM DTT (pH 7.5), pelleted, and
washed once more in the same buffer. The final pellet was

resuspended in 50 mM Tris-0.5 M sucrose-1 mM DTT (pH
7.5) and layered over a cushion of 1.0 M sucrose in 50 mM
Tris-1 mM DTT (pH 7.5). After centrifugation for 10 min at

2,500 x g in a swing-out rotor, the supernatant fluid was

discarded and the pellet was suspended in 50 mM Tris-1 mM
DTT (pH 7.5) to lyse peribacteroid membranes by osmotic
shock. The resulting suspension was layered on a cushion of
0.5 M sucrose in 50 mM Tris-1 mM DTT (pH 7.5) and
centrifuged for 10 min at 2,500 x g. The pellet, containing
bacteroids, was resuspended for cell envelope isolation as

described below. We used small amounts of this bacteroid
preparation to check its contents in a Philips EM 300
electron microscope after fixation, embedding, and section-
ing.

Isolation of cell envelope fractions. Cells were harvested by
centrifugation at 5,000 x g for 10 min at 4°C, washed once

in PBS (phosphate-buffered physiological saline; 10 mM
sodium dihydrogen phosphate-hydrogen phosphate, 0.9%
sodium chloride [pH 7.4]), and suspended in 5 ml of 50 mM
Tris hydrochloride (pH 8.5). All subsequent procedures
were carried out at 0 to 4°C. The cells were disrupted by
sonication (three to five 30-s bursts with 15-s intervals in a

Branson sonifier with water jacket cooling). The remaining
undisrupted cells and large fragments were removed by
centrifugation for 20 min at 900 x g. After addition of 0.2 mg
of lysozyme per ml of supernatant fluid and incubation for 30
min at room temperature, 2 M KCl was added to a final
concentration of 0.2 M and membranes were pelleted by
centrifugation for 60 min at 12,000 x g. The cell envelope
pellet was suspended in a small volume of 2 mM Tris
hydrochloride (pH 7.8). Insoluble material from the spent

growth medium was pelleted by centrifugation at 165,000 X

g for 1 h at 4°C.
Flagella. Flagella of strain 248, isolated as described

elsewhere (Smit, Ph.D. thesis), were obtained from G. Smit.
Briefly, flagella were sheared from the bacterial cells in an

Omnimixer (Ivan Sorvall, Inc., Norwalk, Conn.) and puri-
fied by centrifugation in a sucrose density gradient. Flagel-
lum-containing fractions were pooled and dialyzed. Subse-
quently, flagella were harvested by ultracentrifugation and
used for further experiments.

Analysis of polypeptide and LPS patterns. Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis was per-

formed as described previously. Samples were prepared by
mixing suspensions of cell envelopes with concentrated
sample buffer (19). Samples of cell envelopes were supple-
mented with 20 mM EDTA. Proteins were separated on 11%
polyacrylamide gels and stained with Fast Green FCF
(Sigma Chemical Co., St. Louis Mo.). All samples were

routinely heated for 10 min at 95°C prior to electrophoresis.
For analysis of LPS, samples of cell envelopes were heated
for 10 min at 95°C, cooled to 60'C, incubated for 60 min at

60'C with 0.2 mg of proteinase K per ml, and diluted 15-fold
with sample buffer without 3-mercaptoethanol. After elec-
trophoresis, LPS was visualized by silver staining (28). All
gels contained 0.2% SDS.

Production of antisera. For the production of an antiserum
against whole cells, 108 cells of R. leguminosarum 248 grown
in TY medium in 0.5 ml of PBS were mixed with 0.5 ml of
Freund complete adjuvant and injected subcutaneously into
a New Zealand White rabbit. Injection was repeated 2 and 4
weeks later with Freund incomplete adjuvant. The rabbit
was bled 1 week after the last injection. For the production
of antiserum against cell envelope components, cell enve-
lopes of TY-grown cells were isolated as described above,
except that the incubation with lysozyme was omitted. Cell
envelopes suspended in 0.5 ml of PBS, corresponding to
approximately 100 pLg of protein, were injected subcutane-
ously after being homogenized with an equal volume of
Freund complete adjuvant. For booster injections, cell en-
velopes corresponding to approximately 100 pFg of protein
were suspended in electrophoresis sample buffer (19), incu-
bated for 10 min at 950C, and centrifuged for 15 min in an
Eppendorf centrifuge. The pelleted peptidoglycan-outer
membrane fraction was suspended in PBS and used for
giving booster injections without adjuvant 1 and 2 months
after the primary injection. The rabbit was bled 1 week after
the second booster.

Production and selection of monoclonal antibodies. A
BALB/c mouse was injected intraperitoneally with 1 ml of a
mixture of a suspension of cell envelope of TY-grown cells in
PBS, corresponding to approximately 100 pLg of protein, and
Freund complete adjuvant. Three weeks later, a booster
containing the hot SDS-insoluble fraction of cell envelopes
(see above; approximately 100 pLg of protein) was injected
without adjuvant. Four days later, the mouse was killed and
its spleen was removed. Spleen lymphocytes were fused
with Sp2/0 mouse myeloma cells in a 5:1 ratio, with polyeth-
ylene glycol 1500 as the fusogen. Hybridomas were selected
in hypoxanthine-aminopterine-thymidine medium. Three
weeks after the fusion, hybridoma supernatant fluids were
screened for antibody production. Hybridomas to be used
were preselected by a spot immunoassay with spots of cell
envelopes dissolved in electrophoresis sample buffer. Sub-
sequently, positive supernatant fluids were tested by using
blots of cell envelope components separated by SDS-poly-
acrylamide gel electrophoresis. Up to 20 supernatants were
incubated simultaneously in a multiple incubation apparatus
(36). Incubation and color development with alkaline phos-
phatase-conjugated rabbit anti-mouse immunoglobulin G
(Sigma) as the second antibody were performed as described
below. Hybridomas producing specific antibodies were
cloned at least twice by limiting dilution. Clones were used
either for prolonged antibody production in vitro or for
ascites production.
Western blotting and immunodetection. After separation of

cell envelope constituents by electrophoresis on SDS-13%
polyacrylamide gels, the fractions were transferred to nitro-
cellulose sheets (no. BA85; Schleicher & Schuell, Inc.,
Dassel, Federal Republic of Germany) by electroblotting
(27). Subsequently, the nitrocellulose was blocked with 2%
(wt/vol) dried, defatted milk powder in Tween buffer (0.1%
Tween 20 in PBS) for 1 h. Subsequently, the nitrocellulose
sheets were incubated with appropriate dilutions of antise-
rum or hybridoma supernatant fluids in Tween buffer for 1 h.
After being washed in Tween buffer for 30 min, blots were
incubated for 1 h with 2,000-fold-diluted alkaline phos-
phatase-conjugated goat anti-rabbit or rabbit anti-mouse
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FIG. 1. (A) Fast Green-stained protein profiles of fractions of TY
cultures of R. leguminosarum 248. Lanes: 1, cell envelopes; 2,
isolated flagella; 3, pelleted fraction of spent growth medium. (B)
Western blot of the same fractions, incubated with antiserum to
whole cells of strain 248. (C) As in panel B after preincubation of the
serum with cells of the nonflagellated mutant RBL1486. Positions of
molecular weight markers (in thousands) are indicated on the left.

serum (Sigma) in Tween buffer. After being washed in
Tween buffer for 30 min, the blots were developed with
Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate as substrates (9).

Spot immunoassays. For spotting, bacteria were har-
vested, washed once in PBS, and suspended in PBS to an
A620 value of 0.1. Flagella and cell envelopes were diluted in
PBS to a protein concentration of 0.1 mg/ml. Drops of 1 pI of
the antigen suspensions were spotted on nitrocellulose and
subsequently treated as described above for Western blots.
Antisera were incubated in serial twofold dilutions, starting
at 1 in 100.

Agglutination tests. Bacteria were harvested by centrifu-
gation, washed once in PBS, and suspended to an A620 value
of 2.0 in PBS containing 0.1% (wt/vol) sodium azide. Hy-
bridoma supernatants were serially diluted in twofold steps
and mixed 1:1 with bacteria in Greiner 650101 U-well micro-
dilution plates. After incubation for 1 h at room temperature,
the plates were incubated overnight at 40C.

Preabsorption of antiserum. A 40-ml sample of TY culture
of RBL1486, with an A620 value of 0.4, was harvested by
centrifugation. The pellet was suspended in 20 ml of a 1 in
100 dilution in PBS-Tween of rabbit antiserum to whole cells
of strain 248, and incubated for 2 h at room temperature.
Subsequently, the cells were pelleted by centrifugation and
the supernatant fluid was used for further experiments.

Protein determination. Protein concentrations were deter-
mined as described by Markwell et al. (20).

RESULTS AND DISCUSSION

Molecular identification of surface antigens which react with
antiserum raised against whole cells. Figure 1A shows the
protein profiles of cell envelopes (lane 1), isolated flagella
(lane 2), and particulate material present in spent medium of
TY cultures of strain 248 (lane 3) after SDS-polyacrylamide
electrophoresis. Figure 1B shows the reaction of these

components with rabbit antiserum raised against whole cells
of strain 248 in Western blots. The major antigens detected
in this way are bands corresponding to proteins with molec-
ular masses of 19, 28, and 34 kilodaltons (kDa), respectively.
In contrast to the 28- and 34-kDa bands, the 19-kDa band in
all three fractions is proteinase K resistant and comigrates
with the slower of the two LPS components detected in both
proteinase K-treated cell envelopes and phenol-water-ex-
tracted LPS of strain 248 (data not shown), the latter
confirming its identity as LPS. The upper band is indistin-
guishable from the most abundant protein (flagellin) present
in isolated flagella (Fig. 1A, lane 2). The 28-kDa antigen of
isolated flagella is not a major protein component (compare
Fig. 1A and B, lanes 2). The identity of the 28- and 34-kDa
antigens as components of flagella is confirmed by the result
of incubating Western blots of the same fractions with the
antiserum after preincubating the serum with cells of a
TnS-induced mutant of strain 248, RBL1486, that lacks
flagella (Smit, Ph.D. thesis). This preincubation abolishes
almost all reactivity with the LPS antigen, whereas it hardly
influences the reaction with the 28- and 34-kDa proteins (Fig.
1C). Both LPS and flagellar antigens can also be detected in
small amounts in the growth medium (Fig. 1, lanes 3),
suggesting that parts of the outer membrane are released
spontaneously, probably by blebbing of the outer mem-
brane.
The antiserum to whole cells reacts not only with the

flagellar protein antigens on Western blots but also with
native flagellar antigens when tested in a spot immunoassay
on purified flagella. Untreated antiserum reacts detectably
with spots of 0.1 ,ug of protein per ml in dilutions up to 1 in
12,800. This reaction is only partially the result of reaction
with contaminating LPS, since antiserum preabsorbed as
described above still reacts in dilutions up to 1 in 6,400.
Our results are compatible with indications from classic

serological analyses that rhizobia show O-type (somatic) and
H-type reactions with homologous antisera, which are con-
sidered to be specific for LPS and flagellar antigens, respec-
tively (10). As in other gram-negative bacteria, the LPS
species with the lower electrophoretic mobility in Rhizobium
spp. is considered to contain the 0 antigen (5).

Characterization of polyclonal and monoclonal antibodies to
outer membrane antigens. The antiserum raised against
whole cells reacts hardly or not at all with outer membrane
antigens in Western blots (Fig. 1). In an attempt to produce
antibodies which are active in a Western blot, we used a
different strategy. After a primary injection with a native cell
envelope preparation, we gave booster injections with a
presumably (partially) denatured 2% SDS-insoluble pepti-
doglycan-outer membrane fraction. Since LPS and flagellin
are not detectable in such fractions, whereas outer mem-
brane proteins are abundant, we hoped to raise antibodies
against outer membrane antigens that either remain intact
upon SDS-polyacrylamide gel electrophoresis and blotting
or reconstitute before reacting with antibodies.

Figure 2A and B, lanes 1, show the Fast Green-stained
protein profile of cell envelopes of R. leguminosarum 248
and a Western blot of the same preparation incubated with
the antiserum against the 2% SDS-insoluble fraction of cell
envelopes, respectively. The antiserum appears to recognize
a large number of antigens in the cell envelope preparation,
including LPS and all outer membrane proteins that were
identified earlier (26). This result clearly shows that the
immunization procedure we used was successful in that
antibodies were raised against a wide variety of antigens of
the R. leguminosarum outer membrane. To be able to study
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FIG. 2. Fast Green-stained protein profiles (A), Western blots (B to J), and silver-stained LPS profiles (K) of cell envelopes of TY-grown
bacteria (lanes 1) and bacteroids (lanes 2), which were applied in amounts equivalent to equal amounts of protein. All fractions were separated
on 13% acrylamide gels, except LPS (Fig. 2K), which was separated on 15% gels for better separation. Western blots were incubated with
antiserum to cell envelopes (B), MAb 40 (C), MAb 8 (D), MAb 37 (E), MAb 20 (F), MAb 38 (G), MAb 3 (H), MAb 16 (I), and MAb 24 (J).
Positions of molecular weight markers (in thousands) and of antigen groups I to IV are indicated on the left.

these antigens in greater detail, we produced monoclonal
antibodies in a mouse that had been immunized in the same
way. Eight different hybridomas were successfully cloned,
and their antibodies were characterized. The results ob-
tained with these monoclonal antibodies (described below)
are summarized in Table 1.
The reactions of the monoclonal antibodies on Western

blots of electrophoretically separated cell envelope constit-
uents are shown in Fig. 2C to J. The recognized antigens can
be divided into four antigen groups (I to IV [Fig. 2]),
according to their reactivity with the polyclonal antiserum
and individual monoclonal antibodies (see below). MAb 40
(Fig. 2C, lane 1) reacts with a protein antigen with a
molecular mass of 17 kDa (antigen I) and, although more
weakly, with a protein antigen of 22 kDa. MAb 8 (Fig. 2D,
lane 1) reacts with a set of four protein bands (antigen group
II). The strongest reaction occurs with a protein of 22 kDa.
This band, together with two more weakly reacting bands of

TABLE 1. Characteristics of the monoclonal antibodies and
their antigens described in this study

Cell agglutination Presence
Monoclonal Anoteninbacte-
antibody Antigen blot 248 + 248 -RBL1471- roidse

Cab Ca" B1711 ris

MAb 40 Protein I + - - - +
MAb 8 Proteinl --II
MAb 37 Protein III - -

MAb 20 Protein III - -

MAb 38 Protein III + - + +
MAb 3 LPS + + + - +
MAb 16 LPS + + + - +
MAb 24 LPS + + + - +

a + and -, Positive and negative reaction, respectively, in spot immunoas-
say on whole cells and isolated cell envelopes.

b Cells grown in TY medium supplemented with 7 mM calcium chloride.
Cells grown in TY medium without added calcium.

d This mutant strain lacks the LPS species with the lowest electrophoretic
mobility.

e Positive reaction on Western blots of bacteroid cell envelopes.

24 and 26 kDa, forms antigen group Ila. A fourth protein,
with a molecular mass of 48 kDa (designated IIb), also reacts
weakly with MAb 8. Antibodies MAb 37, MAb 20, and MAb
38 (Fig. 2E, F and G, respectively) all react, although with
different intensities, with protein bands of the group III
antigens, i.e., a set of seven or eight proteins with molecular
masses ranging from 35 to 46 kDa. MAb 37 (Fig. 2E, lane 1)
is the most reactive of these three monoclonal antibodies.
Apart from the group III bands, some reaction occurs in
smears in the upper part of the gel. MAb 20 (Fig. 2F, lane 1)
and MAb 38 (Fig. 2G, lane 1) also react with group III
antigens, although differently from MAb 37. Although the
antiserum against cell envelopes also reacts with an outer
membrane protein of 74 kDa, designated antigen IV (Fig. 2B,
lane 1), no monoclonal antibody against this antigen was
isolated. The antibodies MAb 3 (Fig. 2H, lane 1), MAb 16
(Fig. 21, lane 1), and MAb 24 (Fig. 2J, lane 1) react with a
proteinase K-resistant antigen that is indistinguishable from
the LPS species with the lower electrophoretic mobility (see
Fig. 2K, lane 1). All three antibodies also react with the
phenol-water-extracted LPS (data not shown). Although
antigen I, recognized by MAb 40, has the same electropho-
retic mobility as the LPS antigens recognized by MAb 3,
MAb 16, and MAb 24, it is proteinase K sensitive and is
therefore a protein.

It is surprising that MAb 8, MAb 20, MAb 37, MAb 38,
and, to a lesser extent, MAb 40 react with more than one
protein band. The cause of this peculiar phenomenon is
currently under investigation. Possible explanations are that
(i) a common antigenic determinant occurs on different
proteins or (ii) one type of protein has several modified forms
with different electrophoretic mobilities.

Cell envelope protein profiles of other R. leguminosarum
strains are very similar to that of strain 248 used here (7).
Western blotting revealed that MAb 40, MAb 8, MAb 37,
and the polyclonal antiserum to cell envelope antigens
reacted with antigen groups similar to groups I to IV
described here in 18 different strains of R. leguminosarum
biovars viciae, trifolfi, and phaseoli. The LPS antigen rec-
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ognized by MAb 3, MAb 16, and MAb 24 appeared to be
specific for strain 248. Antigens that were immunologically
related to groups I, III, and IV were also demonstrated in R.
meliloti and Agrobacterium tumefaciens strains (data not
shown).

Antigenic differences between cell envelopes of free-living
bacteria and of isolated bacteroids. Cell envelope antigen
profiles of free-living bacteria and bacteroids of strains 248
were compared by Western blotting. The results are com-
bined in Fig. 2. Figure 2A, lane 2, represents the protein
profile of bacteroid cell envelopes, applied in the same total
amount of protein as that of cell envelopes of free-living
bacteria (Fig. 2A, lane 1). The protein profile of bacteroid
cell envelopes appears to be strikingly different from that of
free-living bacteria. This difference is also reflected in the
antigens, as analyzed by Western blotting (Fig. 2B to J).
Figure 2B, lane 2, shows the reaction of the antiserum,
raised against the cell envelopes of TY-grown bacteria, with
bacteroid cell envelope constituents. Reaction with antigen
IV (a 74-kDa outer membrane protein) and a number of
minor protein antigens (20 35 kDa) still occurs with bacteroid
cell envelope components, although less intensely than with
bacterial cell envelope components. The reaction with group
III antigens is almost absent in bacteroid cell envelopes as
compared with cell envelopes of free-living bacteria. The
monoclonal antibodies give different results for bacteroid
cell envelopes and cell envelopes of bacteria (Fig. 2C to J,
lanes 2 and 1, respectively). MAb 40 reacts with antigen I of
bacteroid cell envelopes (Fig. 2C, lane 2). Under the condi-
tions used here, MAb 8, MAb 37, MAb 20, and MAb 38 (Fig.
2D, E, F, and G, lanes 2, respectively) gave no reaction at all
in Western blots of bacteroid cell envelopes. This indicates
that the antigens recognized by these antibodies are severely
depleted in bacteroid cell envelopes. The extent of depletion
of antigen groups II and III in bacteroid cell envelopes
relative to cell envelopes of free-living bacteria was further
investigated by using a dilution series of both types of cell
envelopes in Western blotting, comparable to Fig. 2. Detec-
tion of group II antigens in bacterial cell envelopes was
possible at concentrations down to 0.3 pug of total applied
protein, whereas in bacteroid cell envelopes the minimal
required total amount of cell envelope protein was 3.4 pug.
For detection of group III antigens by MAb 37, MAb 38, and
MAb 20, these amounts were 0.4 and 3.4 [Lg for bacterial and
bacteroid cell envelopes, respectively. Thus, as judged by
this assay, group II and III antigens are decreased 11- and
8.5-fold, respectively, in bacteroid cell envelopes relative to
cell envelopes in free-living bacteria. Whether the residual
amounts of these antigens are truly bacteroid associated or
are a representation of a minor contamination by bacteria
remains to be established. The monoclonal antibodies MAb
3, MAb 16, and MAb 24, which recognize LPS antigens (Fig.
2H, I, and J, lanes 2, respectively), all react, although less
intensely than in free-living bacteria, with an antigen that
comigrates with the slow-moving LPS species of free-living
bacteria. The silver-stained LPS profile of proteinase K-
treated bacteroid cell envelopes is shown in comparison with
that of free-living bacteria in Fig. 2K, lanes 2 and 1,
respectively. From a comparison of amounts equivalent to
the same weight of total cell envelope protein, it appears that
the relative amounts of both LPS species are smaller in
bacteroid cell envelopes. These results are consistent with
and extend earlier findings from our laboratory, which show
a decreased LPS content of the bacteroid cell envelope (22,
30; van Brussel, Ph.D, thesis). In contrast to Brewin et al.
(4), who reported that almost all LPS with low electropho-

retic mobility is lacking in bacteroids, we found substantial
levels of this LPS species in R. leguminosarum bacteroids
(Fig. 2K). Whether this difference is caused by strain differ-
ences or by other factors remains to be determined. In
conclusion, the polyclonal and monoclonal antibodies that
we have developed may be very useful for monitoring
antigens that are lost from the outer membrane during
differentiation from the free-living to the bacteroid state.

Further localization of the cell envelope antigens. When the
polyclonal and monoclonal antibodies were incubated on
Western blots of separated outer and cytoplasmic mem-
branes (6), all reacting antigens appeared to be located in the
outer membrane fraction (data not shown). To find whether
these antigens recognized by our monoclonal antibodies on
Western blots were also detectable in a nondenatured state,
we tested antibodies on cells of strain 248 in spot immunoas-
says. Monoclonal antibodies MAb 3, MAb 16, MAb 24,
MAb 38, and, to a lesser extent, MAb 40 reacted positively
in this experiment, whereas MAb 8, MAb 20, and MAb 37
showed no reaction. Tests performed on isolated, nondena-
tured cell envelopes, in which additional antigens might be
exposed in comparison with whole cells, gave the same
results. From these results we conclude that the antigens
recognized by MAb 3, MAb 16, MAb 24, MAb 38, and,
probably, MAb4O are present in whole cells, whereas the
antigens recognized by MAb 8, MAb 20, and MAb 37 either
are present only after denaturation by SDS or are too deeply
buried in the outer membrane to be detected in any way
other than after solubilization of the outer membrane.
To assess which antigens are not only localized in the

outer membrane but are also accessible by immunoglobulins
in intact cells, we tested the ability of antibodies to aggluti-
nate whole cells of strain 248. MAb 3, MAb 16, and MAb 24,
all of which are directed against LPS, were able to aggluti-
nate cells of strain 248. Antibodies MAb 38, MAb 40, and, as
expected, MAb 8, MAb 20, and MAb 37 did not cause
agglutination in any of the tested dilutions. This shows that
the LPS antigens recognized by MAb 3, MAb 16, and MAb
24 are exposed at the cell surface and are all accessible to
immunoglobulins, whereas the antigens recognized by MAb
38 and MAb 40 are not accessible, although they are part of
the outer membrane. This result prompted us to further
investigate the relation between outer membrane structure
and surface exposure of antigens.

Role of LPS structure and surface density on the accessibil-
ity of antigens to antibody molecules. It has been known for a
long time that Rhizobium spp. have a high requirement for
Ca2. for normal growth (32) and that calcium is concen-
trated in the cell wall (11, 34). Deficiency of calcium results
in abnormal cell shape (32), increased fragility (12), and
changes in antigenic properties (12, 35). In TY medium the
presence of calcium chloride (7 mM) is needed for prolonged
growth of strain 248. Although a 1 in 25 dilution of a
calcium-sufficient culture into TY medium without added
calcium and subsequent growth overnight resulted in an A620
value comparable to that of cultures in standard TY medium,
the effects of calcium deficiency on the outer membrane
composition and antigenicity became apparent. Figure 3
shows the LPS profiles of proteinase K-treated cell enve-
lopes of strain 248 after growth with (lane 1) and without
(lane 2) added calcium. It can be seen clearly that since
amounts equivalent to equal protein concentrations were
applied, the amount of LPS in cell envelopes is decreased as
a result of calcium deficiency. This decrease is paralleled by
an increase in the amount of pelletable LPS in the growth
medium of calcium-deficient cells (Fig. 3, lane 4) as com-
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FIG. 3. Silver-stained LPS profiles of cell envelopes (lanes 1 and
2) and the pelletable medium fractions (lanes 3 and 4) of strain 248 in

TY medium with (lanes 1 and 3) and without (lanes 2 and 4) added
calcium.

pared with that of calcium-sufficient cells (Fig.3, lane 3).
These differences become larger upon prolonged growth in
the same medium, and calcium-deficient cultures stop grow-

ing at a lower A620 value than calcium-sufficient cultures
(data not shown). Thus, calcium deficiency in TY medium
leads to a decrease in the relative amount of LPS in the outer

membrane, which is paralleled, and possibly caused, by the
release of LPS into the growth medium.
When used in agglutination tests, calcium-deficient cells

were still agglutinated by MAb 3, MAb 16, and MAb 24, but,
in contrast to calcium-sufficient cells, also by MAb 38.
Apparently, the antigen recognized by MAb 38 becomes
available for agglutination by antibody molecules upon

growth under calcium-limiting conditions. The mutant strain
RBL1471, which is derived from strain 248 and isolated by
screening for lack of binding of MAb 3, completely lacks the
species of LPS with the lower electrophoretic mobility. It
therefore cannot be agglutinated by MAb 3, MAb 16, or

MAb 24, but in contrast to normally grown wild-type cells, it
appeared to be agglutinated by MAb 38.
These results strongly point to the O-antigen part of the

wild-type LPS as being responsible for the shielding of
antigen 38. This may also (partially) explain the results of
Vincent and Humphrey (35), who found that calcium-defi-
cient or EDTA-extracted calcium-sufficient cells are better
able to absorb agglutinating antibodies than untreated calci-
um-sufficient cells. They suggested that Ca2+ plays either a

direct role by modifying the antigens or a structural role by
maintaining an outer membrane structure responsible for
shielding. Our results make the latter explanation more

likely. Shielding of antigens by the 0-antigenic part of LPS is
not restricted to Rhizobium spp. but also occurs in members
of the family Enterobacteria(ceae (31) and in Neisseria spp.

(23).
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