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The soil bacterium Sinorhizobium meliloti is capable of entering into a nitrogen-fixing symbiosis with
Medicago sativa (alfalfa). Particular low-molecular-weight forms of certain polysaccharides produced by S.
meliloti are crucial for establishing this symbiosis. Alfalfa nodule invasion by S. meliloti can be mediated by any
one of three symbiotically important polysaccharides: succinoglycan, EPS II, or K antigen (also referred to as
KPS). Using green fluorescent protein-labeled S. meliloti cells, we have shown that there are significant
differences in the details and efficiencies of nodule invasion mediated by these polysaccharides. Succinoglycan
is highly efficient in mediating both infection thread initiation and extension. However, EPS II is significantly
less efficient than succinoglycan at mediating both invasion steps, and K antigen is significantly less efficient
than succinoglycan at mediating infection thread extension. In the case of EPS II-mediated symbioses, the
reduction in invasion efficiency results in stunted host plant growth relative to plants inoculated with succinoglycan or K-antigen-producing strains. Additionally, EPS II- and K-antigen-mediated infection threads are
8 to 10 times more likely to have aberrant morphologies than those mediated by succinoglycan. These data have
important implications for understanding how S. meliloti polysaccharides are functioning in the plant-bacterium interaction, and models are discussed.
it also produces a symbiotically active form of a capsular polysaccharide, termed K antigen (also known as KPS), which can
substitute for succinoglycan and EPS II in mediating the nodule invasion step of symbiosis (35, 37, 39). Rm1021 lacks the
ability to produce symbiotically active K antigen (39) and is
therefore dependent on EPS production for root nodule invasion.
Intriguingly, succinoglycan, EPS II, and K antigen are structurally diverse polysaccharides. Succinoglycan is a polymer of
an octasaccharide repeating unit composed of one galactose
and seven glucose residues with acetyl, succinyl, and pyruvyl
modifications (Fig. 1A) (1, 36), whereas EPS II is a polymer of
a glucose-galactose disaccharide repeating unit modified with
acetyl and pyruvyl substituents (Fig. 1B) (14, 16). K antigen has
a disaccharide repeating unit containing glucuronic acid and a
modified pseudaminic acid residue (Fig. 1C) (38). It is currently unclear how these three structurally distinct polysaccharides are each able to mediate root nodule invasion by S.
meliloti, though it appears that low-molecular-weight forms of
all three polysaccharides are the symbiotically active forms (4,
15, 39, 45). In the case of succinoglycan, the symbiotically
active form is the trimer of the octasaccharide repeating unit
(45), and in the case of EPS II, it is the class of oligosaccharides
consisting of 15 to 20 disaccharide repeating units (15).
Accumulating evidence suggests that low-molecular-weight
polysaccharides are acting as signaling molecules that trigger
developmental responses in the host plant or regulate host
defense responses. First, small quantities of purified, low-molecular-weight succinoglycan or EPS II can partially rescue the
nodule invasion defect of a strain producing no symbiotically
active polysaccharide (4, 15, 44, 45). Second, polysaccharide
function can be provided in trans to a strain producing no
symbiotically active polysaccharide by a second, polysaccharide-proficient strain (22, 30). Finally, strains carrying mutations that perturb the molecular weight distribution of succinoglycan or EPS II have a reduced nodule invasion ability (8,
23).
Recently, our laboratory (8) has refined a previously de-

The establishment of the symbiotic relationship between the
soil bacterium Sinorhizobium meliloti (also referred to as Rhizobium meliloti) and its host plant, Medicago sativa (alfalfa), is
a complex process involving the exchange of a series of signals
between the plant and bacteria (7, 9, 27, 40). Flavonoid compounds released into the soil by alfalfa attract rhizobia and
stimulate bacterial production of Nod factors, lipochitooligosaccharides that trigger root hair curling and the formation of
root nodules on the host plant. S. meliloti cells trapped in
curled root hairs invade the developing root nodule via tubes
known as infection threads and are ultimately released into the
nodule, where they differentiate into nitrogen-fixing bacteroids.
Polysaccharides produced by S. meliloti are critical for the
establishment of a productive plant-bacterium symbiosis. Bacterial mutants that fail to produce certain polysaccharides are
substantially impaired in their ability to invade developing root
nodules and thus primarily yield root nodules devoid of bacteria and bacteroids (14, 24, 32, 37). The wild-type S. meliloti
laboratory strain Rm1021 is capable of producing two symbiotically important exopolysaccharides, termed succinoglycan
and EPS II. Both succinoglycan and EPS II can be produced in
symbiotically active forms (i.e., forms sufficient to mediate nodule invasion). In culture, Rm1021 produces succinoglycan
alone; EPS II is not produced at detectable levels. EPS II
production by Rm1021 can occur in the presence of the
expR101 mutation (14), a mucR::Tn5 mutation (19), or very
low phosphate conditions (47). However, symbiotically active
EPS II is produced only in an expR101 derivative of strain
Rm1021 (15, 29). Rm41, an independently isolated wild-type S.
meliloti strain, is also able to produce succinoglycan. However,
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constitutively expressing the green fluorescent protein (GFP)
from a stably maintained plasmid vector. Early events in symbiotic nodulation, including formation of colonized, curled
root hairs, initiation of infection threads, and extension of
infection threads, are visualized (Fig. 1D) and quantified using
fluorescence microscopy. Using this technique, members of
our group previously (8) examined the role of succinoglycan in
symbiosis and determined that succinoglycan production by
strain Rm1021 is important for infection thread initiation and
absolutely required for infection thread extension. Additionally, we determined that the presence of the acetyl and succinyl
modifications of succinoglycan are important for infection
thread extension and that overproduction of succinoglycan
profoundly reduces the efficiency of colonized, curled root hair
formation.
To gain further insight into the mechanisms by which
three S. meliloti polysaccharides of such strikingly different
structures can promote the common biological outcome of
nodule invasion, we used our GFP-based approach to analyze nodule invasion by S. meliloti derivatives that produced
only EPS II or K antigen. Our work has revealed that succinoglycan, EPS II, and K antigen do not function equally
well in mediating root nodule invasion. Succinoglycan is
more efficient than K antigen and much more efficient than
EPS II in mediating the growth of infection threads on
alfalfa. In addition, we have observed distinct morphologies
for infection threads promoted by different polysaccharides.
This suggests that succinoglycan, EPS II, and K antigen are
acting by related but not identical mechanisms to promote
nodule invasion.
MATERIALS AND METHODS

FIG. 1. (A) Structure of the succinoglycan repeating unit. The asterisk indicates the position of a second succinyl modification (45) in some repeating units.
(B) The structure of the EPS II repeating unit. (C) The structure of the Kantigen repeating unit. Pse, pseudaminic acid. (D) Schematic diagram of a curled
root hair (CRH) and the three indices scored in GFP-based plant assays: a
colonized curled root hair (CCRH), a colonized curled root hair with initiated
infection thread (IT), and a colonized curled root hair with extended infection
thread (adapted from reference 8).

scribed system (13) for examining the kinetics and efficiency of
nodule invasion events in the alfalfa-S. meliloti symbiosis.
Briefly, alfalfa plants growing on glass microscope slides
coated with nitrogen-free media are inoculated with S. meliloti

Bacterial strains and growth media. The strains used in this study are listed in
Table 1. Strain Rm9011 was constructed by generalized transduction (12) of the
expA3::lacZ (Gmr) allele from strain RmAR1011 (5) into Rm9000. Strains were
grown in Luria-Bertani liquid medium supplemented with 2.5 mM CaCl2 and 2.5
mM MgSO4. Antibiotics were used at the following concentrations: streptomycin, 500 g/ml; neomycin, 200 g/ml; gentamicin, 50 g/ml; spectinomycin, 100
g/ml; and tetracycline, 10 g/ml. All strains used for fluorescence microscopy
analyses contained pHC60 (8), a stably maintained plasmid that constitutively
expresses GFP.
Nodulation assays. Standard plant assays were performed as previously described (24), and each plant was inoculated with 1 ml of a cell suspension with an
optical density at 600 nm of 0.05. Plant height means and nodule percentage
means were calculated from data from several separate inoculations. At least 60
total plants inoculated with each strain were scored. The error ranges represent
the standard errors of the means computed using mean values from groups of 5
to 10 plants.
Nodulation of alfalfa (M. sativa cv. Iroquois) by S. meliloti for GFP analyses
was analyzed on microscope slides as described by Cheng and Walker (8). To
determine the kinetics of nodule invasion, at least three separate sets of 12 plants
were inoculated with each strain and examined by fluorescence microscopy for 12
days. The overall efficiencies of nodule invasion for each strain were calculated

TABLE 1. S. meliloti strains used in this studya
Designation

Rm1021
Rm7210
Rm9000
Rm8530
Rm9011
Rm41
AK631
PP674

Genotype
r

SU47 Sm
Rm1021 exoY210::Tn5
Rm1021 expR101 exoY210::Tn5
Rm1021 expR101
Rm1021 expR101 exoY210::Tn5 expA3::lacZ (Gmr)
Spr
Rm41 exoB631
AK631 rkpA::Tn5

SG

EPS II

KPSb

Reference

⫹
⫺
⫺
⫹
⫺
⫹
⫺
⫺

⫺
⫺
⫹
⫹
⫺
?c
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹
⫹
⫺

28
24
15
14
This study
34
3
35

a
⫹ indicates production of a symbiotically active form of the polysaccharide. ⫺ indicates that the strain does not produce a symbiotically active form of the
polysaccharide.
b
KPS, K antigen.
c
It is not known whether Rm41 produces EPS II.
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from data collected on day 12 of the experiments. Infection threads that had a
wide, irregular region in excess of double the width of another section of the
thread were scored as aberrant. Additionally, any infection thread with more
than one densely packed pocket of bacteria along its length was scored as
aberrant.
Fluorescence microscopy. Alfalfa seedlings inoculated with GFP-expressing S.
meliloti strains were examined at ⫻100 magnification (10⫻ eyepiece; 10⫻ objective) using a Zeiss fluorescence microscope, model Axioskop (Carl Zeiss, Inc.,
Thornwood, N.Y.) equipped with a fluorescein isothiocyanate filter set. Image
acquisition was performed at ⫻400 magnification (10⫻ eyepiece; 40⫻ objective)
using a Zeiss fluorescence microscope, model Axioplan2, equipped with an
integrated 3-chip cooled charge-coupled device color camera (model DEI-750T;
Optronics Engineering). Images of GFP-expressing S. meliloti cells were obtained by using a filter set consisting of a 460- to 500-nm bandpass exciter, a
505-nm longpass dichroic filter, and a 510-nm longpass emitter (model 41012;
Chroma, Brattleboro, Vt.). Images of root hair cells were obtained by using a
filter set consisting of a 510- to 560-nm bandpass exciter, a 565-nm longpass
dichroic filter, and a 582- to 647-nm bandpass emitter (model 41002; Chroma).
Images were captured using Scion Image 1.62 (public domain) installed on a
Power Macintosh 8600/200 computer. Composite images were generated using
Adobe Photoshop 4.0 software.
Acetylene reduction assays. Acetylene reduction assays were performed as
follows: 1.5 ml of acetylene gas (generated by the reaction of water and calcium
carbide) was injected into stoppered 15-ml tubes containing alfalfa root systems
from 4-week-old plants inoculated with various S. meliloti strains. The tubes were
incubated for 10 h before analysis. A 100-l sample from each tube was analyzed
for the presence of acetylene and ethylene using a Shimadzu GC-9A gas chromatograph equipped with a Porapak N (Supelco, Bellafonte, Pa.) molecular
sieve column (6 feet by 1/8 inch; mesh size, 80/100) and a flame ionization
detector. The flow rate of the nitrogen carrier gas was set at 40 ml/min. The
injector temperature was 100°C, and the column temperature was 65°C. Under
these conditions, ethylene typically eluted after 60 s, while acetylene eluted after
90 s. Following the incubation and gas analyses, all pink nodules were removed
and weighed. The amount of ethylene produced per pink nodule (fresh weight)
was calculated for Rm1021, Rm9000, Rm8530, Rm41, and AK631. No acetylene
reduction was observed for root systems from plants that had been inoculated
with water alone, Rm7210, Rm9011, or PP674.

RESULTS
Alfalfa plants inoculated with succinoglycan-producing S.
meliloti strains grow better than those inoculated with a strain
producing EPS II alone. Over the course of many separate
inoculations in standard plant assays scored 4 weeks after inoculation, it became clear that the mean plant height of alfalfa
(M. sativa cv. Iroquois) inoculated with a succinoglycan-producing S. meliloti strain (Rm1021) was noticeably greater (8.0
cm [⫾1.4 cm]) than the average height of plants inoculated
with Rm9000 (3.7 cm [⫾0.8 cm]), an Rm1021 derivative producing only EPS II. Additionally, 93.0% (⫾2.7%) of the nodules on plants inoculated with the strain producing succinoglycan were pink, nitrogen-fixing nodules, whereas only 55.3%
(⫾3.8%) of the nodules induced by a strain producing EPS II
alone were pink 4 weeks after inoculation. Since pink nodules
are symbiotically successful, this suggested that the strain producing EPS II alone was forming nitrogen-fixing nodules at a
reduced rate. We did not observe a significant difference in
either plant height (8.8 cm [⫾1.6 cm] for Rm41 versus 8.37 cm
[⫾1.9 cm] for AK631) or the percentage of nodules that were
pink (90.4% [⫾3.3%] for Rm41 versus 89.1% [⫾3.9%] for
AK631) on plants inoculated with AK631, a strain that produces K antigen alone, or its wild-type parent, Rm41, which
produces both succinoglycan and K antigen. Very similar standard plant assay results were obtained regardless of whether
alfalfa plants were inoculated with strains carrying the GFP
plasmid (pHC60 [8]), carrying the pHC60 parent plasmid
(pHC41 [8]), or containing no plasmid (data not shown).
To determine whether the stunted growth of the EPS IIinoculated plants relative to those inoculated with succinoglycan or K-antigen-producing strains was due to a deficiency in
the ability of the EPS II-producing strain to fix nitrogen, we
used acetylene reduction assays to compare the nitrogen-fixing
capacities of pink nodules taken from 4-week-old alfalfa plants
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inoculated with S. meliloti strains that differed with respect to
the polysaccharides they produced. Pink nodules from plants
inoculated with strains producing various polysaccharides
(Rm1021, Rm9000, Rm8530, Rm41, or AK631) reduced acetylene to ethylene with efficiencies that were similar in terms of
the amount of ethylene generated per pink nodule (fresh
weight) (data not shown). This suggested that the above-described differences in plant condition at 4 weeks were not due
to an inherent decrease in the nitrogen-fixing capacity and
potential of the EPS II-producing strain relative to those of the
other strains examined. Additionally, the total number (both
pink and white) of nodules induced by the EPS II-producing
strain was comparable to the number of nodules induced by
the succinoglycan- or K-antigen-producing strains (data not
shown), and the kinetics of nodule appearance were similar in
all strains examined (data not shown). This suggested that the
stunted growth of the EPS II-producing strain was not due to
a defect in the strain’s ability to induce nodule formation.
Taken together with the differences in the percentages of pink
nodules, these results suggested that there might be a difference between nodule invasion mediated by EPS II and nodule
invasion mediated by succinoglycan or K antigen.
EPS II-mediated nodule invasion is less efficient than succinoglycan-mediated nodule invasion. To determine whether
the differences observed in the standard plant assays were the
result of an invasion defect in the EPS II-producing strain, we
used GFP-labeled S. meliloti strains to examine the kinetics
(Fig. 2) and efficiency (Fig. 3) of nodule invasion in the symbioses mediated by succinoglycan, EPS II, and K antigen. At
least 36 plants inoculated with each strain were scored daily for
the appearance of colonized curled root hairs, initiated infection threads, and extended infection threads (Fig. 2). Plants
inoculated with the succinoglycan-producing strain, Rm1021,
developed colonized curled root hairs, initiated infection
threads, and extended infection threads beginning on day 4,
and the numbers of all three events increased rapidly until day
8 or 9, at which time they reached a plateau (Fig. 2A). A high
percentage (⬎98%) of colonized curled root hairs initiated
infection threads, and most of the infection threads (⬎92%)
were extended to the base of the root hair (Fig. 3). As noted
previously (8), nearly all (⬎95%) of the nodules induced by
GFP-expressing Rm1021 fluoresced very brightly throughout
when viewed under the fluorescence microscope.
The EPS II-producing strain (Rm9000) also developed colonized curled root hairs on day 4, but in contrast to results for
Rm1021, substantial numbers of initiated infection threads and
extended infection threads did not appear until day five (Fig.
2A). Furthermore, relative to the results for the succinoglycanproducing strain, the EPS II-producing strain exhibited a 40 to
50% reduction in both the total number of colonized curled
root hairs and the percentage of colonized curled root hairs
that initiated infection threads (Fig. 3A and B). Strikingly, less
than 20% of colonized curled root hairs on plants inoculated
with the EPS II-producing strain developed extended infection
threads compared to the ⬎90% seen with succinoglycan (Fig.
3C). Also, in contrast to the high percentage (⬎95%) of bright
nodules induced by succinoglycan-producing strains, a significant proportion (⬃50%) of the nodules induced by Rm9000
were dark on day 12 when viewed under the fluorescence
microscope, suggesting that these nodules had not been filled
with bacteria. These analyses clearly indicate that nodule invasion mediated by EPS II proceeds less efficiently than nodule
invasion mediated by succinoglycan.
In the course of our GFP analyses of succinoglycan- and
EPS II-mediated symbioses, we observed that infection threads
formed on plants inoculated with the S. meliloti strain produc-
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FIG. 2. Kinetics of colonized curled root hair (CRH) formation, infection thread (IT) initiation, and infection thread extension on alfalfa plants inoculated with
various S. meliloti strains. Sets of at least 36 plants were inoculated with Rm1021 (succinoglycan [SG]-producing strain) or Rm9000 (EPS II-producing strain) (A) or
with Rm41 (succinoglycan- and K-antigen [KPS]-producing strain) or AK631 (K-antigen-producing strain) (B). The numbers of colonized curled root hairs, initiated
infection threads, and extended infection threads per plant were recorded for 12 days. The colonized curled root hair count includes those with initiated and extended
infection threads, and the initiated infection thread count includes extended infection threads. Standard error of the mean calculations were performed with the mean
daily values from at least 3 groups of 12 plants. The standard errors for the time points were nonoverlapping.

ing EPS II alone frequently had morphologies that were unusual relative to those induced by succinoglycan-producing
strains. Infection threads induced by succinoglycan-producing
strains almost always maintained a constant width and were
located in the centers of the root hairs (Fig. 4A). This regular
infection thread phenotype was observed in 96.4% (⫾1.2%) of
infection threads observed on plants inoculated with succino-

glycan-producing strains. In the rare instances that succinoglycan-mediated infection threads aborted prior to reaching the
base of the root hair, they usually had, at most, one densely
populated pocket of bacteria located at the terminus of the
aborted infection thread (Fig. 4B). In contrast, we observed
that 39.5% (⫾3.5%) of EPS II-mediated infection threads had
morphologies that were aberrant compared to those of typical
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FIG. 3. Efficiencies of nodule invasion by various S. meliloti strains. Sets of at
least 36 plants were inoculated with different strains and scored on day 12 for
numbers of colonized curled root hairs (CCRHs), numbers of initiated infection
threads (ITs), and numbers of extended infection threads. (A) The relative
efficiencies of colonized curled root hair formation were computed by normalizing the numbers of colonized curled root hairs to that of Rm1021 (for Rm7210,
Rm9000, and Rm9011) or Rm41 (for AK631 and PP674). (B) The efficiency of
infection thread initiation is the percentage of curled root hairs colonized by a
particular strain that initiate an infection thread. (C) The efficiency of infection
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succinoglycan-mediated infection threads. Infection threads
that had a wide, irregular region in excess of double the width
of another section of the thread and threads that had more
than one densely packed pocket of bacteria along their length
were classified as aberrant. A majority (66%) of aberrant EPS
II-mediated infection threads exhibited irregular width variation (Fig. 4E), though some (34%) had constant widths and
had two or more densely packed pockets of bacteria along their
lengths (Fig. 4D). Just over half (53%) of aberrant EPS IImediated infection threads aborted before reaching the base of
the root hair cell.
expR101-induced EPS II production does not compromise
the efficiency of succinoglycan-mediated nodule invasion. The
fact that EPS II is less efficient than succinoglycan at mediating
nodule invasion raised the question of whether EPS II production either by a succinoglycan-producing strain or by a coinoculated second strain could interfere with succinoglycan-mediated nodule invasion. However, strain Rm8530 (Rm1021
expR101 exo⫹), which produces both succinoglycan and EPS II,
was able to invade nodules with virtually the same kinetics,
efficiency, and infection thread morphology as those of strain
Rm1021, which produces succinoglycan alone (data not
shown). When alfalfa plants were coinoculated with a 1:1 ratio
of GFP-expressing Rm1021 cells (which produce only succinoglycan) and GFP-expressing Rm9000 cells (which produce only
EPS II), we also observed Rm1021-like nodule invasion kinetics, nodule invasion efficiency, and infection thread morphology. This indicates that neither expR101-induced production of
EPS II in a succinoglycan-producing strain nor EPS II production by a coinoculated strain interferes with the efficiency of
succinoglycan in mediating nodule invasion.
An S. meliloti strain producing K antigen alone is less proficient at mediating infection thread extension than a strain
producing both succinoglycan and K antigen. Rm41, an independently isolated S. meliloti strain, can produce symbiotically
active forms of both succinoglycan and K antigen. In GFPbased plant assays, Rm41 performed similarly to Rm1021, the
strain that makes succinoglycan alone, in terms of its ability to
colonize curled root hairs, initiate infection threads, and extend infection threads (Fig. 2B and 3). Based on the results of
our standard plant assays, we expected that K-antigen-mediated nodule invasion would proceed with approximately the
same kinetics and efficiency as those observed for strain Rm41
(Fig. 2B and 3). We were therefore surprised to observe a
slight delay relative to Rm41 in the appearance of extended
infection threads on plants inoculated with AK631, an Rm41
derivative that produces only K antigen (Fig. 2B). Additionally,
although AK631 was able to colonize curled root hairs and
initiate infection threads with approximately the same efficiency as that of Rm41, it exhibited a sizable reduction in the
efficiency of infection thread extension relative to that for
Rm41; fewer than 35% of colonized curled root hairs on a
plant inoculated with strain AK631 developed extended infection threads (Fig. 3). However, this reduced efficiency of infection thread extension did not appear to negatively impact
the results of standard plant assays using the K-antigen-producing strain. Nearly all (⬎95%) of the nodules induced on
plants inoculated with AK631 fluoresced brightly throughout
when viewed under the fluorescence microscope on day 12.

thread extension is the percentage of curled root hairs colonized by a particular
strain that have infection threads that are extended (reach the base of the root
hair cell). The error bars represent the standard errors of the means computed
using the mean values from at least three groups of 12 plants.

FIG. 4. Fluorescence microscopy analyses of infection thread formation mediated by various S. meliloti polysaccharides. All images are composite images of
GFP-expressing S. meliloti cells (green) and root hair cells (red). (A) Typical succinoglycan-mediated extended infection thread formed by Rm1021. The infection
thread extends from the colonized, curled root hair to the base of the root hair cell. (B) Aborted succinoglycan-mediated infection thread with a densely packed pocket
of bacteria near the terminus. (C) Colonized, curled root hair formed by Rm7210, an exoY210::Tn5 mutant of Rm1021 that fails to produce a symbiotically active
polysaccharide. (D and E) Aborted, aberrant EPS II-mediated infection threads present on plants inoculated with Rm9000. (F and G) Extended, aberrant,
K-antigen-mediated infection threads on plants inoculated with AK631.
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This suggested that despite the reduced occurrence of extended infection threads, most nodules were associated with a
successful infection event (not all infection threads are nodule
associated).
In results similar to those for EPS II-mediated infection
threads, 40.7% (⫾3.4%) of the infection threads formed by an
S. meliloti strain producing only K antigen were aberrant compared to only 6.4% (⫾3.35%) on plants inoculated with Rm41.
Aberrant K-antigen-mediated infection threads almost always
(96%) consisted of threads of constant widths having two or
more densely packed pockets of bacteria along the length of
the thread (Fig. 4F and G). Interestingly, almost half (45.5%)
of aberrant K-antigen-mediated infection threads were extended to the base of the root hair cell (Fig. 4F and G),
suggesting that the infection thread had aborted (or stalled)
and then restarted several times during the extension process,
resulting in the formation of several densely packed pockets of
bacteria along the length of the thread.
As was the case with EPS II production in a succinoglycanproducing strain, the production of K antigen by Rm41 did not
appear to interfere with the high efficiency of succinoglycanmediated nodule invasion (Fig. 2B and 3). Additionally, the
efficiencies of nodule invasion and the infection thread morphologies that we observed for Rm41-AK631 and Rm1021AK631 coinoculations (data not shown) were similar to those
seen for inoculations using Rm1021 alone (Fig. 2A and 3) or
Rm41 alone (Fig. 2B and 3).
EPS II- and K-antigen-producing strains prevented from
producing any symbiotically active polysaccharides are not
defective in colonization of curled root hairs. Previously we
observed that Rm7210 (Rm1021 exoY210::Tn5), a succinoglycan-deficient mutant of Rm1021, was highly compromised in
its ability to initiate and extend infection threads but retained
its ability to colonize curled root hairs (8). To determine
whether either the expR101 mutation in the EPS II-producing
strain Rm9000 or the galE (exoB) mutation in the K-antigenproducing strain AK631 resulted in a reduced ability to colonize curled root hairs, we compared the kinetics and efficiency
of nodule invasion of Rm9011 [Rm9000 expA3::lacZ (Gmr)],
an EPS II-deficient derivative of Rm9000, and PP674 (AK631
rkpA::Tn5), a K-antigen-deficient derivative of AK631, to
those of Rm7210 (Rm1021 exoY210::Tn5). All three strains
performed similarly in terms of their infection kinetics (data
not shown) and overall nodule invasion efficiencies (Fig. 3).
Rm7210, Rm9011, and PP674 were able to colonize curled
root hairs approximately as well as Rm1021 and Rm41 but
were substantially compromised in their abilities to initiate
infection threads and completely deficient in infection thread
extension; most of the symbiotic events observed for plants
inoculated with S. meliloti strains deficient in the production of
succinoglycan, EPS II, and K antigen consisted of colonized,
curled root hairs with no infection threads (Fig. 4C). These
analyses demonstrated that neither the expR101 mutation nor
the galE (exoB) mutation significantly reduced the colonized,
curled-root-hair formation efficiencies of strains carrying them.
As expected, these data indicated that, like succinoglycan in
our previous investigation (8), EPS II and K antigen mediate
infection thread initiation and extension in symbiosis.
DISCUSSION
Using S. meliloti strains constitutively expressing GFP from
a stably maintained plasmid vector, we have shown that there
are clearly defined quantitative and qualitative differences in
the abilities of succinoglycan, EPS II, and K antigen to mediate
M. sativa cv. Iroquois (alfalfa) root nodule invasion. K antigen
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FIG. 5. Models for the perception of succinoglycan (SG), EPS II, and K
antigen (KPS) by a host plant and subsequent signal transduction resulting in
nodule invasion by S. meliloti. (A) A three-polysaccharide, one-receptor model.
(B) A three-polysaccharide, three-receptor model in which the three signal
transduction pathways feed into a common signal transduction pathway. (C) A
three-polysaccharide, three-receptor model in which the three signal transduction pathways are independent of one another.

is less efficient than succinoglycan at mediating infection
thread extension, whereas EPS II is less efficient than succinoglycan at mediating both infection thread initiation and extension. Constitutive GFP expression did not appear to substantially impact the symbiotic efficiencies of the strains used in this
study.
The differences in the efficiencies of nodule invasion mediated by succinoglycan, EPS II, and K antigen suggest that the
three polysaccharides seem to act through related but different
mechanisms. Specific low-molecular-weight forms of succinoglycan or EPS II provided at low levels are sufficient to promote nodule invasion (4, 15, 45), and it appears that lowmolecular-weight forms of K antigen are similarly the
symbiotically active forms (39). For this reason, it seems probable that succinoglycan, EPS II, and K antigen are acting as
signals to the plant, likely by signaling via a plant receptor or
receptors. In one model (Fig. 5A), one plant receptor is able to
recognize all three polysaccharides. In this three-polysaccharide, one-receptor model, the differences in nodule-invasionpromoting activity among the three polysaccharides would
most likely result from various interactions of three structurally
diverse polysaccharides with the single receptor. In an alternate class of models (Fig. 5B and C), a distinct receptor is
proposed to exist for each polysaccharide. Though it is formally possible that each of the three receptors could signal a
completely distinct signal transduction pathway (Fig. 5C), it
would seem that a more plausible version of this type of model
would be one in which the signals from the three receptors feed
into a common signal transduction pathway involved in nodule
invasion (Fig. 5B). In three-polysaccharide, three-receptor
models, the various efficiencies of nodule invasion mediated by
succinoglycan, EPS II, and K antigen would most likely result
from inherent differences in the signal transduction pathways
that are specific to each receptor. The fact that both strains
producing EPS II alone and strains producing K antigen alone
induce distinct aberrant infection threads seems easiest to explain by a model in which there are three separate receptors
that influence a common invasion pathway in somewhat different fashions (Fig. 5B).
The model that we presently favor (Fig. 5B) is schematically
simple, but if one considers what is known about the perception of Nod factor by host legumes, it is very likely that signal
transduction pathways involved in the recognition of three
structurally diverse signal polysaccharides are far more complicated than those represented in our figure. A core set of
genes involved in Nod factor production is conserved among
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the rhizobia, and the various Nod factors produced by rhizobial
strains adhere to common structural themes. Even so, isolation
of candidate Nod factor receptors has proven very challenging
(see reference 31 for a review), partially due to the identification of multiple candidates with various affinities for Nod factors, the possibility that lipochitooligosaccharides are a general
class of developmental signaling molecules, and the fact that
slightly different Nod factor molecules appear to control different aspects of the host’s response to Nod factor. Because
succinoglycan, EPS II, and K antigen have very different structures and each has at least one distinct cluster of genes involved in its synthesis (5, 14, 20, 21, 26), it seems very likely that
the perception of each of these three polysaccharides by a host
plant is at least as complex as the plant’s perception of Nod
factors.
Though succinoglycan, EPS II, and K antigen mediate infection thread initiation and extension, it is not clear which
plant functions are being modulated. One attractive possibility
is that rhizobial polysaccharides function as signals that direct
cytoskeletal movements in the root hair cell which stimulate
infection thread initiation and maintenance (41). Another intriguing possibility is that bacterial polysaccharides could function as signals that affect plant defense responses. The aberrant
infection thread structures seen on plants inoculated with
strains producing EPS II alone or K antigen alone could result
from less efficient modulation of plant cytoskeletal movements
or less efficient modulation of host defense responses. Many
aberrant infection thread events consist of several densely
packed pockets of bacteria along the length of the infection
thread (Fig. 4F), and some aberrant threads are wider than
typical succinoglycan-mediated infection threads (Fig. 4E). Because those few succinoglycan-mediated infection threads that
abort prior to reaching the base of the root hair cell tend to
have one such pocket of bacteria at the point of termination
(Fig. 4B), those threads that have two or more of such pockets
along their lengths may have arisen from multiple rounds of
infection thread stalling (or abortion) and reinitiation. Both
stalling (or abortion) or a widening of the infection thread
could be a result either of inefficiently modulated plant defenses acting to halt or slow bacterial invasion or of inefficient
modulation of plant cytoskeletal components.
The decrease in nodule invasion efficiency of a strain producing EPS II alone is manifested in reductions (relative to
plants inoculated with succinoglycan-producing strains) in both
the mean plant height and the percentage of root nodules that
are pink after a 4-week growth period. However, plants inoculated with a strain producing K antigen alone do not manifest
stunted phenotypes, despite the observed reduction in efficiency of nodule invasion. The stunting seen in plants inoculated with the strain producing EPS II alone appears to be a
result of the strain’s invasion deficiency rather than of a deficiency in its ability to induce root nodule formation or a defect
in its innate ability to fix nitrogen. Our interpretation of this is
that the reduced invasion efficiency of the strain producing
EPS II alone (reduced infection thread initiation and extension) results in a delay in the appearance of symbiotically
successful, nitrogen-fixing nodules. In contrast, the reduction
in infection thread extension efficiency seen with the strain
producing K antigen alone, though measurable, is not severe
enough to result in a delay in the establishment of a productive
symbiosis. Though pink nodules from plants inoculated with
the EPS II-producing strain have the same nitrogen-fixing capacity per unit of fresh weight as pink nodules from plants
inoculated with strains producing succinoglycan or K antigen,
fewer symbiotically effective (pink) nodules are present on
plants inoculated with strains producing EPS II alone.

Since a number of S. meliloti strains produce more than one
symbiotically important polysaccharide (25, 34, 46), it seems
possible that certain bacterial polysaccharides may be more
efficient in mediating root nodule invasion on specific hosts or
under specific environmental conditions. Thus, production of
more than one symbiotically important polysaccharide by S.
meliloti may provide a strain with a selective advantage, allowing the strain to interact as efficiently as possible under a
variety of conditions with many cultivars or ecotypes of legumes that it can nodulate. Succinoglycan may be the most
efficient polysaccharide of the three at mediating root nodule
invasion on M. sativa cv. Iroquois under our assay conditions,
but EPS II or K antigen may be more efficient than succinoglycan on another host plant or under different environmental
conditions. It is also possible that some hosts of S. meliloti have
receptors for only a subset of the three known symbiotically
important polysaccharides produced by the bacterium. Either
possibility could explain our lab’s previous observation (14)
that while succinoglycan is able to mediate nodule invasion on
alfalfa, white clover, yellow clover, fenugreek, and the one
ecotype of Medicago truncatula tested, EPS II is able to mediate nodule invasion on alfalfa but not the other hosts.
Given the general importance of rhizobial polysaccharides in
the establishment of a successful symbiosis, the data presented
in this work may be useful for thinking about the role(s) of
rhizobial polysaccharides in determining host ranges and efficiencies of symbioses other than that between S. meliloti and
alfalfa. For example, Bradyrhizobium japonicum strain 2143
and two derivative strains are capable of producing three exopolysaccharides that appear to be involved in the efficiency of
their symbioses with Glycine max (18), and B. japonicum strain
USDA 123 produces two structurally distinct polysaccharides,
one when outside the nodule and the second when inside the
nodule (2). Additionally, the symbiotic defects of EPS-deficient mutants of B. japonicum strain 110spc4 are host dependent, differing markedly on the hosts Glycine max and Glycine
soja (33), and there are many other rhizobia for which production of specific polysaccharides is important for symbiosis, including Rhizobium sp. strain NGR234 (11), Rhizobium leguminosarum bv. viciae (6, 10), Rhizobium leguminosarum bv.
trifolii (42, 43), and Rhizobium loti (17). Thus, the conclusions
from this work are likely to be broadly applicable to analyses of
bacterial polysaccharides that mediate interactions with host
plants.
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