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Abstract The competition potential of 14 Rhizobium
leguminosarum bv. viciae isolates originating from
nodules of Pisum sativum was estimated. Genotypic
analyses of the isolates revealed a high level of
chromosomal and plasmid content diversity. The
isolates tagged with a plasmid-bearing constitutively
expressed gusA gene were used to inoculate vetch
(Vicia villosa) in competition experiments carried out
under laboratory conditions. Soil extract containing
autochthonous rhizobial population was used as
competitor for gus-tagged strains, and the competition
was studied by: (i) estimation of Gus+ root nodules on
whole root systems, (ii) the pattern of individual
nodule colonization by Gus+/Gus− rhizobia, and (iii)
the number of Gus+/Gus− bacteria recovered from
individual nodules. Several patterns of nodule colo-
nization by Gus+/Gus− bacteria were found. Some
nodules identified as Gus+ contained gus-tagged
bacteria only in the young and saprophytic zones,
while the symbiotic zone was occupied by unmarked
soil rhizobia. In other Gus+ nodules, despite the

visible colonization of the entire nodule by gus-
marked bacteria, a high number of Gus− soil-derived
rhizobia were recovered. The results suggest that
rhizobial strains compete with each other also in the
late stage of nodule development. Therefore, they
may use different strategies to reach the late sapro-
phytic zone of the nodule, which serves as an optimal
environment for massive proliferation.
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Introduction

Bacteria of the genera Azorhizobium, Bradyrhi-
zobium, Mesorhizobium, Rhizobium and Sinorhi-
zobium, collectively known as rhizobia, enter into
N2-fixing symbioses with leguminous plants (Sprent
2001; Willems 2006). Despite genetic and physiolog-
ical dissimilarities between rhizobial genera, common
stages of symbiosis were identified, such as the
recognition of symbiotic partners by exchange of
molecular signals (usually plant flavonoids and
bacterial Nod factors), nodule formation on plant
roots or shoots, and finally, conversion of dinitrogen
to ammonium (reviewed by Perret et al. 2000; Jones
et al. 2007; Masson-Boivin et al. 2009). The
sequential stages of symbiosis are controlled by a
set of bacterial nod-nol-noe genes responsible for
nodulation and nif-fix genes for nitrogen fixation, and
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several plant host genes. The bacterial genes are
clustered on the symbiotic plasmid (pSym) or the
chromosome in a region called a symbiotic island. In
some rhizobia the symbiotic genes are scattered
throughout chromosomes and plasmids (Palacios and
Newton 2005).

Diazotrophic symbioses are beneficial for plants
since bacteria supply the plant host with reduced
nitrogenous compounds derived from nitrogen fixation,
the major source of nitrogen in legumes (Graham and
Vance 2003; Franche et al. 2009). About half of all the
biological nitrogen fixation is carried out by rhizobia
that form nitrogen-fixing symbioses with compatible
leguminous species (Graham and Vance 2003). Sym-
biosis is also beneficial to rhizobia because a new
environment, i.e., the plant tissues inside root nodules,
becomes accessible to rhizobia. Since this ecological
niche is not available to the majority of soil micro-
organisms, it is highly probable that rhizobia invest a
lot of resources in adapting to the specific plant tissue
environment and the symbiotic interaction may play a
considerable role in evolution of rhizobia (Martinez-
Romero 2009).

Rhizobium-legume interaction is specific and in
most cases defined species of legumes may enter into
symbiosis with only one (or few) bacterial species
(Perret et al. 2000; Willems 2006). The exception is
Rhizobium sp. NGR234 that is extremely promiscu-
ous and able to nodulate different host plants (over
112 hosts) (Pueppke and Broughton 1999). On the
other hand, the local rhizobial soil population may be
composed of numerous strains differing in genomic
structure, physiological properties and the efficiency
of nitrogen fixation. Rhizobia compete with each
other for plant root colonization and domination in the
nodules of a specific legume host (Rangin et al. 2008;
Silva et al. 2007; Beyene et al. 2003; Duodu et al.
2007). Numerous studies concerning competitiveness
of rhizobia have been conducted, and different traits
affecting bacterial competitiveness were indicated,
such as bacteriocin production (Robleto et al. 1998;
Oresnik et al. 1999), vitamin production (Streit et al.
1996), response to plant-derived flavonoid induction
(Maj et al. 2008), utilization of specific carbon and
energy sources (Hynes and O’Connel 1990; Oresnik
et al. 1998), as well as utilization of a subset of
carbon and energy substrates (Wielbo et al. 2007). All
these traits might be advantageous in acquiring the
domination in the rhizosphere, which is considered as

the main factor leading to successful colonization of a
host plant.

Recent studies of symbiosis showed that interactions
between the plant host and a rhizobium colonizing the
plant roots are more complex. The presence of different
bacterial strains inside a single infection thread (Stuur-
man et al. 2000; Gage 2004), as well as active
competition between strains during growth of infection
thread, has been evidenced (Duodu et al. 2009).
Moreover, it has been shown that in indeterminate
nodules forming different developmental zones (Vasse
et al. 1990; Timmers et al. 2000), the plant host controls
bacterial cell cycle and enforces the differentiation of
rhizobia into nitrogen-fixing bacteroids that are not able
to divide after release from nodules due to irreversible
changes in the genome and outer membrane structures
(Mergaert et al. 2006). Only a small fraction of rhizobial
cells in the nodules remains in a viable, vegetative form
that can be recovered from the nodules (Mergaert et al.
2006). However, during nodule senescence a saprophyt-
ic zone is formed in which rhizobia can multiply
massively (Timmers et al. 2000; Wielbo et al. 2009).
Thus, a possibility exists that active competition
between rhizobial strains takes place throughout the
entire course of the symbiosis, from recruitment of
the microsymbionts from rhizosphere to nodule decay.
The question of rhizobial competition, which takes
place inside plant nodules, is considerably much less
explored relative to the competition in the rhizosphere.

Here, we report that competition between Rhizobium
leguminosarum bv. viciae isolates could be also
evidenced inside mature indeterminate nodules formed
on vetch. For purpose of this study, we used a model
reflecting the soil environment in which a gus-tagged
inoculant strain in a mixture with the soil extract
containing autochthonous rhizobia was used to inoculate
vetch grown under laboratory conditions. As a result of
competition between rhizobia inside the nodules differ-
ent patterns of nodule colonization were found and
different proportions of Gus+/Gus− rhizobia were
recovered from the nodules.

Materials and methods

Characterization of rhizobial strains

Fourteen R. leguminosarum bv. viciae strains were
isolated from nodules of pea (Pisum sativum cv.
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Ramrod) cultivated in arable sandy loam soil in the
region of Lublin, Poland. Nodules were surface-
sterilized, crushed and content of the nodules was
cultured in 79CA medium (Vincent 1970). Strains
isolated from the nodules were purified by succes-
sive isolation of single colonies and single clones
were used in further experiments.

For growth assays, the bacteria grown 72 h at
28°C on TY plates (Sambrook et al. 1989) were
harvested and suspended in sterile water to the
optical density of cultures OD550 of 0.1 (approxi-
mately 107 cells mL−1). 150 μL liquid 79CA or TY
media in 96-well microplate was inoculated with
10 μL bacterial suspension and incubated 24 h at 28°
C with shaking (800 rpm) (Microtec AK120, Infors
AG), following which OD550 was measured. Each
experiment was conducted in triplicate.

Analysis of plasmid content in the isolates was
performed as described by Eckhardt (1978) and then
compared with plasmid standard of R. leguminosarum
bv. viciae strain 3841 (Young et al. 2006).

PCR assays of 16S-23S rDNA internal tran-
scribed spacer (ITS) were carried out using ge-
nomic DNA isolated from R. leguminosarum bv.
viciae strains as templates and primers FGPS1490-
5 ′ - TGCGGCTGGATCACCTCCTT- 3 ′ a n d
FGPL132 ′-5 ′-CCGGGTTTCCC CATTCGG-3 ′
(Laguerre et al. 1996). PCR products were digested
with BsuRI (HaeIII) and TaqI restriction enzymes
(FERMENTAS) and restriction fragments were
separated by 3% agarose gel electrophoresis.

Tagging of rhizobia

To study nodule occupancy, 14 sampled rhizobial
strains were tagged by a stable plasmid vector
pJBA21Km carrying a constitutively expressed
gusA gene (Wielbo and Skorupska 2001). The
pJBA21Km plasmid was introduced into bacteria
by electroporation as described earlier (Wielbo et al.
2007).

Preparation of soil extract

Sandy loam soil was suspended in sterile water (200 g
soil in 400 mL water) and the extraction carried out at
28°C for 20 min with shaking (120 rpm). Next, three
successive sedimentation cycles (15 min/cycle) were
applied, which allowed removal of soil particles. The

final supernatant contained ~3×104 mL−1 of soil
rhizobia. To determine the number of nodulating vetch
rhizobia in the soil extract, most probable number
(MNP) technique was used (Brockwell 1982).

Plant test for bacterial competitiveness

Vetch seeds (Vicia villosa cv. Wista) were surface-
sterilized, germinated and grown on nitrogen-free
Fahraeus medium (Vincent 1970), supplemented with
commercial fungicide Funaben T (Organika-Azot S.A.,
Jaworzno, Poland) at final concentration 1 μgmL−1. 5-
day-old vetch seedlings growing on agar slants were
inoculated with 200 μL mixture of soil extract and R.
leguminosarum bv. viciae gus-tagged isolate (OD550

0.1, ~107 cells mL−1) in water (1:1 v/v). Vetch plants
were grown in a greenhouse under natural light
supplemented with artificial light (14 hday/10 h night,
at 24/19°C). After 5 weeks, eight plants were harvested,
the roots were stained for 18 h for β-glucuronidase
(GUS) activity (Wilson et al. 1995; Wielbo et al. 2007)
and the number of blue and white nodules was
calculated. The competitive potential of the tested
isolates was estimated by comparing the number of
blue nodules colonized by the gusA-tagged strains with
that of white nodules colonized by indigenous strains
from the soil extract. Five randomly chosen Gus+

nodules were taken for microscopic observation from
each treatment. For isolation of total bacteria, before
staining, five additional nodules were randomly chosen
from each treatment. To estimate the number of Gus+

and Gus− rhizobia colonizing the individual nodules,
they were surface-sterilized, crushed in 1 mL of sterile
water, and sequential dilutions of bacteria plated on
79CA medium supplemented with 5-bromo-4-chloro-3-
indoxyl-β-D-glucuronide (X-GlcA) at final concentra-
tion of 50 μgmL−1. For microscopic observation of
Gus+/Gus− colonization pattern, Gus+ nodules were
longitudinally hand sectioned in halves with a razor
blade, and microscopic observations were performed
using Olympus BX-41 light microscope.

Two control groups in nodule colonization assays
were used: (I) comprised plants inoculated solely with
200 μL of a water suspension of individual gus-tagged
rhizobial isolates (OD550 of 0.1), and (II) comprised
plants inoculated with 200 μL of a water suspension
(OD550 of 0.1) of mixture (1:1 v/v) of two isogenic
strains: gus-tagged rhizobial isolates and wild-type,
Gus− strains.

Plant Soil (2010) 337:125–135 127



Results

Characterization of R. leguminosarum bv. viciae
isolates and their nodulation competitiveness

Fourteen R. leguminosarum bv. viciae nodule isolates
representing an indigenous rhizosphere soil popula-
tion originating from the same soil site were geneti-
cally and physiologically characterized. The plasmid
profiles of the isolates showed great variability and
each isolate contained from 2 to 4 plasmids (Fig. 1).
RFLP analysis of PCR-amplified 16S-23S rDNA ITS
region with BsuRI and TaqI restriction enzymes
allowed identification of three distinct PCR-RFLP
types (Fig. 2). Differences in growth of individual
isolates on TY and 79CA liquid media as assessed by
OD550 estimation were observed, especially in the
case of growth on 79CA medium in which the
differences between the isolates were as high as
two-fold (Table 1). Strains belonging to PCR-RFLP
group B showed higher OD550 mean value than
strains belonging to groups A and C growing both
on 79CA and TY, however, these differences were not
significant at p<0.05 (Table 3).

In the competition experiment, the results of vetch
coinoculation with gusA-tagged isolates and the
rhizobia from soil extract were variable and strain-
dependent (Table 2). The number of Gus+ nodules in
whole root systems after mixed inoculation varied
over a broad range, from 44.9% (P147) to 100%
(P111), showing differences in competitive ability of
the studied isolates. When bacteria from Gus+ nodules
were plated on 79CA medium supplemented with X-
GlcA, in most cases both Gus+ and Gus− colonies
were recovered, although in various Gus+/Gus− cell
ratios. In the cases of GB25, P272, GC16, GC613,

GD22 and P111 isolates, only Gus+ colonies were
recovered (Table 2).

Nodule occupancy patterns of R. leguminosarum
bv. viciae Gus+ isolates

Nodule colonization patterns of gusA-marked rhizobia
inoculated together with the soil extract were studied
under a light microscope in longitudinally sectioned
nodules.

Considerable differences in nodule occupancy
between individual isolates were observed (Fig. 3).
GB25 and P272 isolates in mixed inoculation occu-
pied the young, infection zone and the senescent, or
saprophytic, zone of the nodules, but Gus+ bacteria
were not detected in the symbiotic zone (Fig. 3a, c).
The same isolates colonized the entire nodule space
after a single strain inoculation (Fig. 3b, d) and after
isogenic two-strains (GUS+ and Gus−) inoculation
(details not shown). Similarly, GB36, GB47, P147
and P229 isolates were not able to colonize the entire
nodule in a mixed plant inoculation (Fig. 3e, g, i, k),
whereas they occupied all the nodule zones when they
were used in a single inoculation (Fig. 3f, h, j, l) and
in isogenic two-strains inoculation (details not
shown). In contrast, GC31, GC76, P270, P11,
GC16, GC613, P111 and GD22 isolates occupied
the entire or almost entire nodules, both when
competing with the soil indigenous rhizobia in mixed
inoculations (Fig. 3m, n, p, q, s, u, w, x) and in single
inoculation assays (Fig. 3o, r, t, y).

Considering the number of Gus+ nodules detected
on root systems, the number of Gus+ colonies
recovered from individual nodules (Tables 2 and 3)
and the pattern of nodule colonization (Fig. 3), the R.
leguminosarum bv. viciae isolates can be divided into

Fig. 1 Plasmid profiles of Rhizobium leguminosarum bv.
viciae isolates obtained by Eckhardt’s method. Lane1—GB25;
lane 2—GB47; lane 3—P11; lane 4—GB36; lane 5—P272;
lane 6—P111; lane 7—P147; lane 8—P270; lane 9—P229;

lane 10—GC16; lane 11—GC31; lane 12—GC613; lane 13—
GC76; lane 14—GD22; lane M—plasmids of R. leguminosa-
rum bv. viciae strain 3841 used as molecular weight standard
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four groups. Group I (GB25, P272) was characterized
by a moderate number of Gus+ nodules that were
entirely populated by Gus+ bacteria (Tables 2 and 3).
These nodules had a regular shape. On the other hand,
Gus+ rhizobia were not found in the symbiotic zone
after coinoculation with the soil extract (Fig. 3a, c),
even though they were found in all nodule zones after
a single strain inoculation (Fig. 3b, d). One can
assume that nodules elicited by GB25 or P272 were

actually coinfected with soil extract–derived rhizobia
that exclusively colonized the symbiotic zone but
these rhizobia were not recovered from nodules
because they were terminally differentiated as bacte-
roids. On the other hand, GB25 or P272 present in the
saprophytic zones (Fig. 3a, c) were the only bacteria,
which could be recovered from the nodules (Tables 2
and 3). In conclusion, the competition between GB25
or P272 gusA-tagged isolates and autochthonous
strains seems to be the not only in the infection
threads, but also in the late saprophytic stage of
symbiosis.

Gus+ isolates of group II (GB36, GB47, P147 and
P229) were being recovered in a variable number
(from 16.7% to 87.5%) (Tables 2 and 3) from
individual nodules elicited in mixed inoculation, and
their pattern of nodule colonization was to some
extent similar to group I. They colonized whole
nodules only when no competitor strains were present
(Fig. 3f, h, j, and l). In mixed inoculations, they
showed various infection successes, but in each case
visibly shared the nodule space with other rhizobia
(Fig. 3e, g, i and k). It may be concluded that in
contrast to group I, these isolates did not out-compete
other strains in the saprophytic zone as a substantial
number of Gus− rhizobial colonies was isolated from
these nodules (Tables 2 and 3).

Isolates of group III elicited a relatively high
number of Gus+ nodules (from 70.6% to 95.6%) on

Fig. 2 PCR-RFLP analysis of 16S-23S rRNA ITS region of R.
leguminosarum bv. viciae. PCR amplification products were
digested with BsuRI and TaqI. Lanes 1 and 5- molecular size
standard 100–300 bp (O’Gene Ruler™ 100 bp DNA ladder,
Fermentas); lane 2—ITS type B/BsuRI (strains GB36, GC16,
GC613, P229, P272); lane 3—ITS type A/BsuRI (strains
GB25, GB47, GC31, P11); lane 4—ITS type C/BsuRI (strains
GC76, GD22, P111, P147, P270); lane 6—ITS type B/TaqI
(strains GB36, GC16, GC613, P229, P272); lane 7—ITS type
A/TaqI (strains GB25, GB47, GC31, P11); lane 8—ITS type C/
TaqI (strains GC76, GD22, P111, P147, P270)

Rlv isolates PCR-RFLP type Number of plasmids Growth of isolates (OD550) on mediaa

TY 79CA

GB25 A 4 0.33±0.02 0.24±0.01

GB47 A 3 0.43±0.02 0.29±0.01

GC31 A 3 0.32±0.05 0.33±0.04

P11 A 3 0.30±0.04 0.33±0.08

GB36 B 3 0.35±0.04 0.29±0.04

GC16 B 3 0.40±0.06 0.49±0.05

GC613 B 2 0.36±0.02 0.30±0.04

P229 B 3 0.50±0.05 0.43±0.05

P272 B 2 0.55±0.01 0.48±0.01

GC76 C 4 0.45±0.02 0.43±0.04

GD22 C 4 0.43±0.06 0.32±0.03

P111 C 3 0.36±0.02 0.48±0.04

P147 C 3 0.43±0.01 0.37±0.02

P270 C 2 0.43±0.03 0.26±0.02

Table 1 Genotypic and
phenotypic characteristic of
R. leguminosarum bv. viciae
(Rlv) isolates

aMean values of three in-
dependent experiments; ±
SD standard deviation
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vetch roots (Table 2). Microscopic observations of
nodule sections revealed that the infection success
rate of these isolates was higher than of isolates of
group II and in some nodules they appeared as the
only inhabitants (Fig. 3m, n, p and q). The sections of
nodules in single and mixed infections were similar
(Fig. 3o, r). However, after isolation of rhizobia from
the individual nodules, in some cases the “invisible”
Gus− strains derived from the soil extract constituted
nearly 50% of the entire population recovered from
the nodule (Table 2). Mean percentage of Gus+

rhizobia isolated from the nodules was also relatively
high for strains of this group and reached 81±19%
(Table 3).

Finally, isolates of group IV competing with the
soil extract-derived strains colonized a relatively high
number of nodules similarly to group III isolates
(Tables 2 and 3), and occupied all zones of nodules
(Fig. 3s, u, w and x). Nodule sections were similar in
single and mixed infection (Fig. 3t, y). Except for a
very similar colonization pattern when compared to

group III isolates, no Gus− colonies were recovered
from these nodules (Table 2). In conclusion, the
results of competition were similar to group I isolates
showing the out-competing of soil extract rhizobia by
gusA-strains in the saprophytic zone.

Discussion

Rhizobial strains that inhabit the rhizosphere and
enter symbioses with legumes vary in effectiveness,
with ineffective bacteria being widespread (Simms
and Taylor 2002). The competitive potential of
rhizobia, besides great environmental and ecological
importance, is economically significant since it is
crucial for a successful application of commercial
rhizobial inoculants (Streeter 1994; Triplett and
Sadowsky 1992; Toro 1996). Numerous molecular
techniques are available for the evaluation of com-
petitive abilities of rhizobia, which may facilitate the
assessment of usefulness of a prospective inoculant

Table 2 Competitiveness of R. leguminosarum bv. viciae gusA-tagged isolates in mixed inoculation of vetch with soil extract

Rlv
isolates

Mean nodule
no./planta

Nodule colonization Nodule occupancy
group

Total nodules
stained for
GusA activity

Gus+ nodules
(%)

No. of bacteria
isolated from
individual
nodulesb

Gus+ rhizobia (%)

GUS+ GUS− GUS+ GUS−

GB25 10.8 54 27 66.7 6.6×105 0 100.0 I

P272 7.0 41 10 80.4 1.3×107 0 100.0 I

GB36 11.1 57 27 67.9 4.9×106 2.6×106 65.3 II

GB47 10.6 74 6 92.5 8.4×106 7.8×106 51.9 II

P147 10.4 35 43 44.9 6.0×105 3.0×106 16.7 II

P229 9.3 50 19 72.5 4.2×104 6.0×103 87.5 II

GC31 16.4 89 37 70.6 9.6×104 9.0×104 51.6 III

GC76 12.0 87 4 95.6 4.6×106 5.1×105 90.0 III

P11 13.6 81 23 77.9 4.8×104 6.0×103 88.9 III

P270 11.6 72 16 81.8 7.2×105 6.0×104 92.3 III

GC16 5.8 33 8 80.5 3.2×107 0 100.0 IV

GC613 8.5 47 16 74.6 2.0×105 0 100.0 IV

GD22 13.1 73 27 73.0 6.2×106 0 100.0 IV

P111 11.9 90 0 100.0 6.0×107 0 100.0 IV

a Eight plants were used for each treatment
b Five Gus+ nodules for each treatment were collected, crushed and squash was plated on 79CA medium with X-GlcA. Control plants
inoculated only with soil extract contained at average 8.0±1.5 nodules/plant
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strain (Wilson et al. 1995; Sessitsch et al. 1998; Gage
2004). These techniques (with β-glucuronidase activ-
ity assay amongst them) are easily accessible and
allow examining large numbers of host plants.
Unfortunately, they are often based on the assumption
that detection of a specific trait (e.g. β-glucuronidase
activity) in a nodule is synonymous with the nodule
being colonized exclusively by the one tagged strain,

and that all or almost all the competition between
rhizobial strains takes place in the rhizosphere.

More recent studies on rhizobia competitiveness
revealed that competition between strains takes place
not only in the rhizosphere, but also extends to the
process of infection thread initiation and the growth
of rhizobia in the infection threads (Stuurman et al.
2000; Gage 2004; Duodu et al. 2009). Greater

Fig. 3 Patterns of vetch nodules occupancy by R. legumino-
sarum bv. viciae gusA-marked isolates in single (s) and mixed
inoculation (m) with soil extract (photos a-y). (a) GB25m; (b)
GB25s; (c) P272m; (d) P272s; (e) GB36m; (f) GB36s, (g)
GB47m; (h) GB47s; (i) P147m; (j) P147s; (k) P229m; (l)
P229s; (m) GC31m; (n) GC76m; (o) GC76s; (p) P11m; (q)
P270m; (r) P270s; (s) P111m; (t) P111s; (u) GC16m; (w)
GC613m; (x) GD22m; (y) GD22s. Reference nodules present-

ing the localization of typical indeterminate nodule zones: I—
meristem, II—infection zone, int.—intermediate (II–III) zone,
III—symbiotic zone, IV—senescence zone (photos 1–3). (1)
unstained nodule (color of zone III cells results from leghae-
moglobin); (2) toluidine blue-stained nodule (purple staining of
cytoplasm and nuclei of plant cells in zones I, II and III); (3)
Lugol’s solution-stained nodule (brown-colored starch grains
accumulated preferentially in II–III interzone)
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competitive ability of a rhizobial strain was expressed
as a high number of infections in root hairs, high rate
of bacterial growth inside the infection threads and,
subsequently, higher nodule occupancy (Gage 2004;
Duodu et al. 2009).

In this study, we compared the competitive
potential of R. leguminosarum bv. viciae gusA-tagged
isolates in relation to autochthonous soil rhizobia at
the level of whole root systems and individual
nodules. In individual nodules, preferences for colo-
nization of defined developmental zones were stud-
ied, and also the numbers of gusA-marked strain cells
(inoculant) and of the unmarked strains (soil extract-
derived rhizobia) in the population recovered from
nodules. We wanted to investigate whether nodules
identified as Gus+ were colonized exclusively by the
introduced gus-marked strain or whether they were
coinhabited by the marker strain and the unmarked
autochthonous rhizobia representing the soil popula-
tion.

Mixed occupancy of legume nodules was described
years ago (McLoughlin and Dunican 1985; Ames-
Gottfred and Christie 1989; McDermott and Graham
1990), but these experiments were conducted with two-
strain mixtures, the nodules were assessed only as
infected by mixed or pure cultures, and the patterns of
nodule colonization by the individual strains have not
been taken into consideration. The results of this study
confirmed that indeed mixed colonization of particular
nodules is a common phenomenon, also in the case of
plant inoculation with more than two rhizobial strains.
Moreover, mixed colonization can manifest itself in
different patterns of developmental nodule zones

occupancy (group I and II isolates) that may be
essential for plant benefitting from the interaction.

Rhizobia, which enter into symbioses with plants
may use mutualistic or parasitic strategy during
nodule colonization (Denison and Kiers 2004a).
The parasitic one offers low-cost and the most
efficient multiplication of bacteria but is not benefi-
cial for plant host; therefore legumes impose sanc-
tions and reduce the reproductive success of rhizobia
that do not fix enough N2 (Denison and Kiers
2004b). Different rates of rhizobial proliferation
inside the saprophytic zone observed in this study
may be a result of such microsymbiont “life
strategies”, and may have important ecological
implication for the rhizobia that are afterwards
released into the soil.

In this work we assessed three different param-
eters concerning the competitive abilities of R.
leguminosarum strains: (a) the number of Gus+

nodules in relation to all the nodules, (b) the number
of gusA-marked cells in the rhizobial population
recovered from the nodules, and (c) the nodule
colonization pattern, and we investigated possible
connections between them.

Since the pattern of nodule occupancy was not a
measurable trait, no correlations with other traits
were possible to draw. There were no significant
differences in the mean percentage of Gus+ nodules
when comparing groups I–IV of isolates (Table 3)
suggesting that these values do not correlate with
nodule colonization patterns. The mean percentage
of Gus+ nodules was high as a result of the
experimental conditions, since the amount of gusA-

Table 3 Mean values of bacterial growth and competition assays in particular groups of R. leguminosarum bv. viciae isolates

Type of grouping Group Growth of isolates (OD550)
on media

Nodule number/plant GUS+ nodules (%) GUS+ rhizobia (%)

TY 79CA

PCR-RFLP 16-23S rRNA A 0.35±0.06 0.30±0.04 12±3a 66±12 73±25

B 0.43±0.09 0.40±0.10 8±2a 81±8 91±15

C 0.42±0.03 0.37±0.09 11±1 84±14 80±36

Pattern of nodule occupancy I 0.44±0.16 0.36±0.17 8±3 74±10 100±0

II 0.43±0.06 0.35±0.07 9±1 71±18 55±30

III 0.38±0.08 0.34±0.07 13±2 81±11 81±19

IV 0.39±0.03 0.40±0.10 9±3 82±12 100±0

Means within the same column and followed by a are significantly different (P<0.05)
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marked cells used for plant inoculation exceeded the
number of rhizobia in the soil extract. We decided to
employ such excess of the tagged strain so as to
counter the potentially high competitiveness of
autochthonous rhizobia (Wielbo et al. 2007; Maj et
al. 2009). On the other hand, despite the initial
numerical dominance of the marked strains, some
differences in the number of Gus+ nodules were
noticed between the individual isolates (Table 2) that
might reflect their various competition abilities.

The percentage of Gus+ rhizobia recovered from
the nodules varied considerably between isolates and
between groups (Tables 2 and 3). Grouping of
isolates on the basis of nodule occupancy pattern
revealed greater differences in the percentage of
Gus+ rhizobia than grouping the same isolates based
on polymorphism of 16S-23S ITS region (Table 3).
The correlation coefficients between total nodule
numbers, the percentage of Gus+ and Gus− nodules
as well as the number of Gus+ and Gus− rhizobia
recovered from the nodules were very low (data not
shown). Only the number of Gus+ nodules and total
nodule count were positively and significantly
correlated (correlation coefficient equal of 0.868),
which stemmed from the prevalence of gusA-marked
bacteria in the inocula as explained earlier. On the
other hand, the number of Gus+ and Gus− nodules
was not correlated with the number of Gus+ and
Gus− rhizobia recovered from the nodules, suggest-
ing that the competition during nodule colonization
and the competition during bacteria multiplication in
the saprophytic zone are independent of each other.
Taken together, we propose that strain competition
progresses until late stages of symbiosis. Strain
success or failure during the initial plant tissue
colonization, resulting in greater or lesser nodule
occupancy, is not the sole determinant of bacterial
yield, defined as the amount of viable rhizobia which
are released into the soil from decaying nodules at
the end of symbiosis.

In our previous work we have shown that the
metabolic potential of rhizobia is essential for
rhizobial competition (Wielbo et al. 2007). Here,
we attempted to relate the metabolic capabilities of
rhizobia assessed in growth experiments on rich
media (TY and 79CA) to strain competiveness
measured as a number of bacteria recovered from
nodules and the pattern of nodule colonization.
However, despite considerable differences in rhizo-

bial growth on both media, no significant correla-
tions with the number of Gus+ bacteria recovered
from the nodules were found.

Nevertheless, the differences in colonization of
specific nodule zones are intriguing. Some of the
studied isolates colonized the entire nodule space
and most probably actively participated in symbi-
otic nitrogen fixation (e.g. group IV isolates), but
others (e.g. group I) infected only the young and
saprophytic zones of nodules and probably did not
take part in N fixation and were only stowaways in
the nodules. Based on the well-known facts that
various zones of indeterminate nodules contain
different types of rhizobia, i.e., bacteria or bacte-
roids (Vasse et al. 1990; Timmers et al. 2000), and
recent finding that differentiation of bacteria into
bacteroids is enforced by the plant host (Mergaert et
al. 2006), it is tempting to speculate that rhizobia
may differ in their individual susceptibility to plant-
derived factors, and the most susceptible strains from
several occupying nodule space differentiate into
bacteroids more easily, resulting in a great occupan-
cy of the symbiotic zone and subsequently affecting
the level of nitrogen fixation. The presented results
demonstrate that some rhizobial strains could evade
the host control during symbiosis. The use of
standard histochemical methods (Wilson et al.
1995; Sessitsch et al. 1998) to classify rhizobia as
“highly competitive” and the subsequent isolation of
tagged bacteria from nodules lead to the same
conclusion. However, in the case of rhizobia that
only weakly colonize the symbiotic zone of nodules,
their effect on plant growth is doubtful. From the
bacterial point of view, this may be an advantageous
strategy, since only those bacteria, which avoided the
differentiation into bacteroids constitute the repro-
ducible part of a population (Mergaert et al. 2006).
In conclusion, the rhizobial soil population is
composed of strains with different competition
abilities. Some strains do not colonize the symbiotic
zone in the presence of other competitors and thus
are not well suited to become commercial inoculants
even if they possess advantageous symbiotic prop-
erties when applied as the sole inoculant under
laboratory conditions.
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