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Abstract

In the present study, we have investigated whether the ubiquitous rhizosphere soil organism Sinorhizobium meliloti has a plant
growth promoting (PGP) effect on non-leguminous plant species. Such PGP activity was investigated for both a wild type strain
and its genetically modified (GM) derivative, which had an enhanced biofertilizer capability. The PGP effect of these rhizobial
strains was tested in interaction with two arbuscular-mycorrhizal (AM) fungi: G. mosseae or G. intraradices on lettuce (Lactuca
sati6a L.) plants. Both rhizobial strains were efficient in increasing lettuce biomass and also induced modifications on root
morphology, particularly in mycorrhizal plants; thus these strains behave as plant growth promoting rhizobacteria. In non-myc-
orrhizal plants, both strains exhibited a similar growth promoting effect on lettuce. However, both rhizobial strains differed in
mycorrhizal plants with regard to (i) biomass production, (ii) the length of axis and lateral roots, and (iii) the number of lateral
roots formed; effects which were, in turn, affected by the AM fungus involved. Microbial treatments were more effective on root
growth and morphology at earlier developmental stages (20 days of plant growth) but, in a later stage (after 40 days), the
microbial effects were more relevant at increasing plant biomass. The interaction between the GM rhizobial strain and G. mosseae
produced the highest growth promoting effect (476% over control), in spite of the fact that G. intraradices showed a quicker and
higher colonization ability than G. mosseae. Microbial interactions inducing PGP effects did not benefit AM colonization nor the
succinate dehydrogenase activity in the AM fungal mycelium. Irrespective of the underlying mechanisms, which are being now
investigated, the interactions between rhizobial strains, as free-living saprophs, and AM fungi are noteworthy, and depend on the
microbial genotype involved. © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Bacteria of the genera Rhizobium, Bradyrhizo-
bium, Sinorhizobium and Azorhizobium are known
for their capacity to fix atmospheric nitrogen in a
symbiotic relationship with the root of leguminous
plants. However, Rhizobiaceae have also the abil-

ity to form non-specific associative interactions
with roots of other plants without forming nod-
ules [1]. It has been suggested that rhizobial strains
may be able to produce plant growth regulators,
and some of them have been considered as a plant
growth promoting rhizobacteria (PGPR) [2]. This
term was first coined in 1978 by Kloepper and
Schroth [3] for beneficial bacteria colonizing
niches closed to plant roots. Several genera of
bacteria have been recognized as having PGPR
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activity [4–6]. Plant growth promoting rhizobacte-
ria represent a diverse group of rhizosphere colo-
nizing bacteria and diazotrophic microorganisms
[7]. Several mechanisms have been proposed to
account for plant growth stimulation including the
involvement of a range of metabolites that stimu-
late plant growth either directly or indirectly [8,9].

In young plants, the main reported effect of
beneficial inoculation was an improvement of root
development, which affects root length and
branching. Microbial metabolites such as auxins,
cytokinins and gibberellins are know to stimulate
root development, and they are produced by both
rhizosphere bacteria and arbuscular mycorrhizal
(AM) fungi [10–13]. However, whether these mi-
crobial phytoactive metabolites are able to stimu-
late root growth in situ is still under discussion.

Among the microorganisms inhabiting the rhi-
zosphere and contributing to soil fertility, AM
fungi must be considered [14]. Combined inocula-
tions of rhizobial strains with AM fungi produced
growth stimulating effects that surpassed those of
individual inoculations in legumes. However, it
has been shown that plant responses depend on

Fig. 2. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the axis root
length of lettuce plants at two harvest times (20 and 40 days
after sowing). Bars representing mean values (five replicates),
not sharing a letter, differ significantly at PB0.05 by Dun-
can’s test.

Fig. 1. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the shoot dry
biomass of lettuce plants at two harvest times (20 and 40 days
after sowing). Bars representing mean values (five replicates),
not sharing a letter, differ significantly at PB0.05 by Dun-
can’s test.

the particular combinations of rhizobial strains
and AM fungal isolates because physiological and
biochemical processes are successfully shared in
the triple association [15]. Selected combinations
of Sinorhizobium strains and specific AM fungi
enhanced the positive effects achieved by each
microbial group improving the acquisition of nu-
trients [15]. Particular and specific interactions be-
tween these endophytes need to be compatibilized
at a physiological level [16]. In general, for an
effective growth stimulation, a close interaction
between efficient microorganisms and host plants
is a prerequisite for the utilization by the partners
of plant assimilates or microbial metabolites, re-
spectively [4].

There is no information concerning the
saprophite plant growth promoting effect of
Sinorhizobium meliloti species. Thus, the objective
of this study was to evaluate the activity of both a
wild S. meliloti and its genetically derivative strain
on non-leguminous plants. These rhizobial strains
were found to improve processes related to mycor-
rhiza formation and plant responses by G. mosseae
on Medicago sati6a [17]. In the present study, the



C. Galleguillos et al. / Plant Science 159 (2000) 57–63 59

PGPR activity of the wild-type (WT) S. meliloti
and its genetically modified (GM) derivative was
evaluated in a soil microcosm system at two
growth periods (after 20 and 40 days of sowing),
on lettuce plants either mycorrhizal or not. Shoot
biomass, root development and the impact of the
Sinorhizobium strains on AM colonization by two
AM fungi, and the levels of succinate dehydroge-
nase activity (SDH) of the AM fungal develop-
ment in the root cortex were evaluated.

2. Materials and methods

2.1. Experimental design

The experiment used a randomized complete-
block design. The factors were: two AM isolates,
each one combined with each one of two Sinorhi-
zobium strains (WT and GM), and controls with-
out AM inoculum. Ten replicates per treatment
were used for a total of 70 pots to allow for two
harvests.

Fig. 4. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the length of
individual lateral roots of lettuce plants at two harvest times
(20 and 40 days after sowing). Bars representing mean values
(five replicates), not sharing a letter, differ significantly at
PB0.05 by Duncan’s test.

Fig. 3. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the number of
lateral roots of lettuce plants at two harvest times (20 and 40
days after sowing). Bars representing mean values (five repli-
cates), not sharing a letter, differ significantly at PB0.05 by
Duncan’s test.

2.2. Soil and biological materials

The experimental soil was collected from a field
area in the Estación Experimental del Zaidı́n
(Granada) [18], sieved (2 mm), diluted with quartz
sand (1/1, v/v) and autoclaved (100°C for 1 h on
each of three consecutive days). The soil/sand
mixture had pH 8.1, 1.8% (w/w) organic matter,
and the following nutrient concentrations (mg
kg−1): N, 2.5; P (NaHCO3

− extractable P), 6.24;
K, 132. It consisted of 35.8% sand, 46.3% silt and
20.5% clay. Experiment pots were filled with 300 g
sterilized soil/sand (1/1 v/v) mixture.

Mycorrhizal inoculum from each endophyte was
multiplied in an open pot culture of Lactuca sa-
ti6a, and consisted of soil, spore, hyphae and AM
root fragments. The AM fungal species, belonging
to the collection of Estación Experimental del
Zaidı́n [18], were G. mosseae (Nicol. and Gerd.)
Gerd and Trappe or G. intraradices (Schenck and
Smith). Five grams of each inoculum, having simi-
lar characteristics (an average of 30 spores g−1

and root fragments with 75% of colonized roots
length), were applied below the seeds of the test
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plant, L. sati6a L. cv. Romana (as described later).
Non-mycorrhizal treatments received the same
amount of autoclaved inoculum.

The S. meliloti strains tested were the WT GR4,
and its GM derivate GR4 (pCK3), developed by
Sanjuán and Olivares [19] to improve the nodula-
tion competitiveness of the wild-type strains.

The rhizobial strains were grown on Ty medium
[20]. The inoculum of both the WT and the GM
strains was applied at a rate of 1 ml per seedling
(108 cfu ml−1).
2.3. Test plant and growth conditions

Seeds of lettuce (L. sati6a L. cv. Romana) were
sterilized with H2O2 per 30 min before sowing.
Plants were grown in the greenhouse for 20 and 40
days under controlled environmental conditions of
a 16 h/8 h light/dark cycle, a 25°C/15°C day/night
temperature, 50% relative humidity and with a
photosynthetic photon flux density of 500–750
mmol m−2 s−1. Water was supplied after daily
weighing to maintain the water-holding capacity
of the test soil/sand mixture near 100% through-
out the experiment.

Fig. 6. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the total root
growth (axis plus lateral). Numbers inside the bars represent
the proportion percentage between axis and lateral roots of
lettuce plants at two harvest times (20 and 40 days after
sowing). Bars representing mean values (five replicates), not
sharing a letter, differ significantly at PB0.05 by Duncan’s
test.

Fig. 5. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) and mycorrhizal fun-
gus (G. mossae �M� or G. intraradices �I�) on the total
lateral root length of lettuce plants at two harvest times (20
and 40 days after sowing). Bars representing mean values (five
replicates), not sharing a letter, differ significantly at PB0.05
by Duncan’s test.

2.4. Determination of growth and symbiotic
parameters

At harvest (20 or 40 days after planting), the
root system was separated from the shoot, and the
dry weight of shoot was recorded after drying at
70°C. Image analysis methods were applied to
study the effect of biological treatments on root
development. Roots were separated into axes and
laterals, and the root length of each order mea-
sured [21]. Mycorrhizal colonization was micro-
scopically assessed using the gridline intersect
method [22], after staining [23]. To evaluate the
physiological state of the AM fungi in the root
system, the living proportion of the AM develop-
ment showing activity (SDH) was measured [24].

Data for each experimental variable from the
five replicates were analysed statistically using
analysis of variance and Duncan’s test.
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3. Results

Dual inoculation of rhizobial strains and AM
fungi increase shoot biomass. An early effect of
the WT rhizobial strain was evidenced after 20
days of plant growth, in G. intraradices mycor-
rhizal plants with a 220% increase over the con-
trol. However, the most efficient treatment at
final harvest was the GM strain co-inoculated
with G. mosseae, which increased shoot growth
by 476% at this time (Fig. 1).

Fig. 2 shows that the axis root length was only
increased in plants co-inoculated with G. mosseae
together with the GM rhizobial strain. The num-
ber of lateral roots (Fig. 3) was not significantly
increased by microbial inoculants at the first har-
vest, but it was at the second (40 days) by co-
inoculation with G. mosseae and the GM rhizo-
bial strain. The length of individual roots was
also stimulated (at both harvest) by the same
microbial combinations (Fig. 4). As Fig. 5 shows,
all biological treatments increased lateral root

length (significantly in most cases) at the first
harvest, but this effect was more evident in plants
co-inoculated with GM rhizobial strain and G.
mosseae. Both rhizobial treatments increased lat-
eral root length in non-mycorrhizal plants. How-
ever, such an effect was increased by 300% (20
days) and by 276% (40 days) under dual GM–G.
mosseae inoculation. The length of lateral roots
colonized by G. mosseae was significantly affected
by rhizobial strain inoculation.

The total root length (axis plus lateral roots)
and the relative proportion between axis and lat-
eral roots is represented in Fig. 6. Biological
treatments tend to increase the proportion of lat-
erals.

The length of AM-colonized root (AM%) was
higher in the case of G. intraradices-colonized
plants (Fig. 7). G. mosseae resulted in a less infec-
tive endophyte but the most effective, at any
growth stage.

Similarly, the amount of living mycelium,
i.e. the proportion of AM colonization showing
SDH activity, was higher in G. intraradices-colo-
nized plants. For G. mosseae-colonized roots, the
amount of living colonization increased along the
time but the proportion non-vital/vital coloniza-
tion decreased with time. In fact, at the first
harvest, all the fungal mycelium developed by
G. mosseae in the root cortex showed SDH activ-
ity and, in the last determination (40 days), the
amount of SDH-active mycelium decreased to a
30% relative to total AM colonization.

4. Discussion

Inoculation of S. meliloti strains, as free-living
rhizosphere microorganisms, increase shoot and
root biomass of a non-legume mycorrhizal plant
species. The positive benefits from rhizobial inoc-
ulation, either the WT strain or its GM deriva-
tive, may be attributed to several mechanisms
such as the secretion of plant growth hormones,
known to enhance plant growth by acting on
plant metabolic processes [9]. Phytoactive sub-
stances can cause morphological and physiologi-
cal changes in the root system and, according to
results presented in this paper, the lateral root
development was improved by the GM rhizobial
strain early after inoculation. The growth-pro-
moting effect of G. mosseae co-inoculated with

Fig. 7. Effect of S. meliloti strains (the wild type �WT� and
its genetically modified �GM� derivate) on mycorrhizal colo-
nization and its succinate dehydrogenase (SDH) activity in
lettuce roots at two harvest times (20 and 40 days after
sowing). Bars representing mean values (five replicates), not
sharing a letter, differ significantly at PB0.05 by Duncan’s
test.
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the GM strain on the development of lateral roots
seems to be a direct microbial interactive mech-
nism because both the GM and the WT strains
produced similar effects on shoot biomass. At the
final harvest, GM strain associated with G.
mosseae resulted in the most efficient treatment,
increasing lateral roots (by 276%), principal root
(by 37%) and shoot biomass (by 476%). These
growth effects may not be attributed to the highest
G. mosseae colonizing ability, as Tobar et al. [17]
observed a direct interaction of rhizobial and AM
fungus independently of root colonization. Both
rhizobial strains were more effective in mycor-
rhizal plants. The effectivity of these dual inocula-
tions demonstrates direct and specific interactions
between particular microorganisms (bacterium
and AM fungus).

The specific compatibilities Glomus sp. and S.
meliloti strains have been previously tested in the
legume M. sati6a using six wild types of S. meliloti
strains in co-inoculation with three AM fungi [15].
The interactions involved in the tripartite sym-
bioses on the mutualistic processes have been dis-
cussed [16,18]. Bianciotto et al. [25] also found
that the degree of attachment between rhizobia to
spores and/or hyphae of AM fungi depended upon
the strain. The effect of other Sinorhizobium sp.,
like S. leguminosarum, as growth-promoting bacte-
ria in non-legume plant was previously tested
[2,26].

The here-in described effect of rhizobial strains
on root development has been shown for other
microorganisms that influence root growth and
branching, which is fundamental for root function
[27–29]. The fact that the GM strain is more
effective to improve lateral root development than
the WT strain in mycorrhizal plants was also
found by Barea et al. [21] using a legume plant. In
fact, the PGPR ability of S. meliloti strains can be
envisaged as an additional mechanism to the N-
fixing activity involved in the nodulated Medicago
sp. plant responses. It therefore seems that free-liv-
ing rhizobia behave as other PGPRs like
Azospillum [30] or Pseudomonas inoculants [31].

In conclusion, this new aspect of rhizosphere
ecology/biology emphasizes the ecological and
practical importance of rhizobial isolates as free-
living microorganisms for legume and non-legume
plants, and the positive interaction developed with
other members of soil microbiota as the AM
fungi.
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G. Höflich, A. Hartmann, Root colonization of different
plants by plant-growth-promoting Rhizobium legumi-
nosarum bv. trifolii R39 studied with monospecific poly-
clonal antisera, Appl. Environ. Microbiol. 63 (1997)
2038–2046.

[27] S. Adalsteinsson, P. Jensen, Modifications of root geome-
try in winter by phosphorus deprivation, J. Plant. Physiol.
135 (1989) 513–517.

[28] A.H. Fitter, Characteristics and function of root system,
in: Y. Waisel, A. Eshel, U. Kafkafi (Eds.), Plant Roots,
Marcel Dekker, New York, 1991, pp. 3–25.

[29] J. Torrey, Endogenous and exogenous influences on the
regulation of lateral root formation, in: M.B. Jackson
(Ed.), New Root Formation in Plants and Cuttings,
Martinus Nijhoff, Boston, MA, 1986, pp. 31–66.

[30] Y. Bashan, J.G. Dubrowsky, Azospirillum spp. participa-
tion in dry matter partitioning in grasses at the whole plant
level, Biol. Fertil. Soils 23 (1996) 435–440.

[31] J.J. Germida, F.L. Walley, Plant growth-promoting rhi-
zobacteria alter rooting patterns and arbuscular mycor-
rhizal fungi colonization of field-grown spring wheat, Biol.
Fertil. Soil 23 (1996) 113–120.

.


