SYMBIOSIS (2009) 49, 29-36

DOI 10.1007/s13199-009-0008-z ©Springer Science+Business Media B.V. 2009 ISSN 0334-5114

Symbiotic performance of common bean and soybean co-inoculated
with rhizobia and Chryseobacterium balustinum Aur9 under
moderate saline conditions

J. Estévez', M.S. Dardanelli', M. Megias', and D.N. Rodriguez-Navarroz*

'Departamento de Microbiologia y Parasitologia, Facultad de Farmacia, Profesor Garcia Gonzélez, n° 2, C.P. 41012,
Sevilla, Spain;

ZIFAPA, Centro Las Torres-Tomejil, Apdo. Oficial 41200, Alcalé del Rio, Sevilla, Spain, Tel. +34-955-045504,
Fax. +34-955-045625, Email. dulcenombre.rodriguez@juntadeandalucia.es

(Received August 14, 2008, Accepted November 26, 2008)

Abstract

The effect of co-inoculating beans and soybeans with rhizobia and Chryseobacterium, a plant growth promoting bacteria
(PGPR), was studied under conditions of mild saline stress. Chryseobacterium balustinum Aur9 was used with Rhizobium
tropici CIAT899 or R. etli ISP42 to inoculate common bean (Phaseolus vulgaris L.), or jointly with Ensifer (Sinorhizobium)
fredii SMH12 and HH103 to inoculate soybean (Glycine max (L.) Merrill). The effect of co-inoculation was studied by
following nodule primordia initiation, nodulation kinetics and symbiotic performance in plants grown under moderate saline
conditions (25 mM NaCl). In common bean, co-inoculation improved nodule primordia formation when compared with
single inoculation (R. tropici CIAT899). However, co-inoculation did not provide benefits in the development of nodule
primordia in soybean with E. fredii SMH12. The kinetic of nodulation in bean was also favored by double inocula resulting
in a higher number of nodules. Long-term effects of co-inoculation on beans and soybeans depended on the rhizobial species
used. In both, control and saline conditions, co-inoculation of R. tropici CIAT899 and C. balustinum Aur9 improved bean
growth when compared with the single inoculation (CIAT899). However, the positive effect of double inocula on plant
growth did not occur when using R. etli ISP42. Soybean plants receiving double inoculation (E. fredii SMH12 and
C. balustinum Aur9) showed better symbiotic performance, mostly under saline stress, than with a single inoculation. The
results indicate that co-inoculation with C. balustinum and rhizobia under mild saline conditions partially relieves the salt-
stress effects, although do not always result advantageous for symbiotic N, fixation in legume plants.
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1. Introduction

Salinity is a major threat to agriculture mostly in arid
and semi-arid climates where soluble salts in the soil or the
irrigation water inhibit plant metabolism and growth
(Munns, 2002). Salinity may affect soil microbial
populations (Polonenko et al., 1986; Sardinha et al., 2003;
Yuan et al, 2007) but in the particular case of the
association legume-rhizobia, it affects more the plant and
the symbiosis than the bacteria (Singleton, 1983; Zhou et
al., 1992; Bordeleau and Prévost, 1994). Root hair
development and the initial process of nodulation are
affected under salinity (Tu, 1981; Singleton and Bohlool,
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1984), and in the long term decreases plant biomass, nodule
number and mass and nitrogen fixing capacity (Soussi et
al., 1998; Elsheikh and Wood, 1990; Tejera et al., 2005;
Khadri et al., 2006).

The plant rhizosphere is an important soil ecological
environment for  plant-microbe interactions.  The
colonization by a variety of microorganisms in and around
the roots may have important effects on plant growth and
development (Glick, 1995; Vessey, 2003; Welbaum et al.,
2004). In fact, the use of rhizobial inoculants for legume
crops is a well-known agricultural practice that has been
successfully applied all over the world (Catroux et al.,
2001).

However, there are environmental constrains, as
salinity, that might preclude their use or limit the expected
beneficial results of the rhizobial symbiosis on plant
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growth, as nodulation and nitrogen fixation processes could
be impaired or absent (Zahran, 1999; Gentili and
Jumpponen, 2006).

A variety of soil bacteria known as plant growth-
promoting rhizobacteria (PGPR) may stimulate plant
growth and development under stress conditions (Ashraf et
al., 2004; Mayak et al., 2004 a,b; Barassi et al., 2006; Yue
et al., 2007). This property of PGPR has prompted the use
of double or mixed inoculants to overcome environmental
limitations on nitrogen fixation and improved crop
production (Dashti et al., 1998; O'Hara et al., 2002; Bai et
al., 2003; Zaidi et al., 2003; Rudresha et al., 2005).

The aim of this research was to study the effect of co-
inoculation of specific rhizobia and a PGPR (C. balustinum
strain Aur9) on nodulation and symbiotic performance of
bean and soybean under moderate saline conditions. To our
knowledge this is one of few reports studying the effect of
double-inocula on nodule primordia initiation and on
nodulation kinetics of plants grown under salt stress.

2. Material and Methods
Bacterial strains and plant materials

Rhizobial strains used in this work were R. fropici
CIAT899, a worldwide used bean-nodulating strain
(Martinez-Romero et al., 1991), Rhizobium etli 1SP42
isolated from nodules of Phaseolus vulgaris (Rodriguez-
Navarro et al., 2000), and Ensifer (Sinorhizobium) fredii
SMH12 and E. fredii HH103 selected for soybean and
tested in our laboratory (Rodriguez-Navarro et al., 2003).
The PGPR used for co-inoculation was Chryseobacterium
balustinum Aur9 from the Spanish Culture Collection
(CECT5399 Family Flavobacteriaceae), a Gram-negative
rod isolated from the rhizosphere of Lupinus albus that has
proved PGPR activity in several plants species (Gutierrez
Maiiero et al., 2003; Lucas Garcia et al., 2003, 2004c¢).

Two different cultivars of common bean (Phaseolus
vulgaris) were used: Negro Jamapa (for nodule primordia
assay) and Bush Blue Lake (BBL) (for nodulation kinetic,
greenhouse experiments). This later cultivar, of greater
commercial importance, was adopted with the aim of
testing the potential use of co-inoculation agronomically.
Soybean (Glycine max) cv. Osumi was used for both,
nodule primordia and greenhouse experiments.

Bacterial cultures

Rhizobial strains were routinely grown in yeast extract-
mannitol (YMB) medium (Vincent, 1970) or B~ medium
(van Brussel et al., 1977), Chryseobacterium balustinum
strain Aur9 was grown in TY medium (Beringer, 1974).
Bacteria were stored in 10% glycerol at -70°C, and working
cultures were maintained in slants at 4°C.

Development of nodule primordia assays

These biological tests were performed according to
Lopez-Lara et al. (1995). Seeds were surface-sterilized with
pure sodium hypochlorite (5%) and germinated in an
incubator at 28°C. Pre-germinated seeds with root length
ranging 1.5-2.5 cm were nested on curled wires kept in test
tubes (3 x 20 cm). The tubes with 25 ml of N-free plant
nutrient solution (Fahraeus, 1957) were set on special racks
to keep roots in darkness. Two saline treatments were set:
control (0 mM NaCl) and a mild saline stress (25 mM
NaCl). Plants were grown in environmental growth
chamber (day/night temperature: 28/20° C; 16 h light/8h
dark period; relative humidity 40/60%) during 10 days
(beans) and 14 days (soybean).

Previous to rhizobial inoculation, 20 pl of C. balustinum
Aur9 (10 CFU/ml) per plant were added. The pre-
incubation with C. balustinum lasted 15 h in bean or 48 h in
soybean. Plants were then inoculated with rhizobia at 1 cm
below the zone of emerging root hairs using 20 pl of
bacterial cultures (10 CFU/ml) of Rhizobium tropici
CIAT899 (bean) or Ensifer (Sinorhizobium) fredii SMH12
(soybean). Each assay was repeated at least three times and
three replicates were set up for each treatment. At the end
of the growth period, roots were detached, cleared with 5%
sodium hypochlorite during 20 min, copiously washed with
distilled water and stained with methylene blue (1%) to
visualize primordia, nodule appearance and size by optical
microscopy (Truchet et al., 1989).

Nodulation kinetic assay

Seeds of common bean cv. Bush Blue Lake (BBL) were
surface-sterilized and inoculated at sowing time with 1 ml
C. balustinum culture 1 day-old (10°~10° CFU/ml). Fifteen
hours after inoculation, seeds were re-inoculated with 1 ml
(10°-10° CFU/ml) of R. tropici CIAT899. The control
consisted in single inoculation (rhizobia) at sowing time.
Seedlings were grown in glass vessels (ca. 300 cc) filled up
with sterile quartz-sand, and watered with diluted (1/2) N-
free nutrient solution (Rigaud and Puppo, 1975). Three
replicates were set up (two seeds per replicate) for each
treatment/sampling time. Salt treatments were carried out in
parallel, inoculated as described above, but the nutrient
solution was supplemented with NaCl (25 mM). Salt-
watering started one week after bacterial inoculation. All
plants were watered every two days. Sampling time started
5 days after inoculation, and continued every two days up
to 4 weeks (a total of 6 samplings were done). At each
sampling time, three replicates per treatment were removed
and the number of nodules counted.

Plant growth promotion experiments

All experiments were carried out under controlled
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conditions (25°C/18°C day/night, and 88% RH). Common
bean cv. BBL and soybean cv. Osumi were grown in plastic
pots (ca. 1.5 1), filled up with sterile quartz-sand and
watered with diluted (1/2) Rigaud and Puppo N-free
nutrient solution. Plant tests aimed at determining the effect
of salinity were carried out using the same nutrient solution
supplemented with NaCl (25 mM). Salt-watering started
one week after bacterial application. All plants were
watered with nutrient solutions every other day.

Surface sterilized and pre-germinated seeds of both
legumes were transferred aseptically to pots (three per pot)
and inoculated with 1 ml (10°~10° CFU/ml) of one day-old
bacterial culture of C. balustinum Aur9. After 15 h (beans)
or 48 h (soybean) of C. balustinum inoculation, seedlings
were inoculated with 1 ml (10°-10° CFU/ml) of the specific
rhizobial cultures. Uninoculated plants were also included
in each plant test. A week after inoculation, seedlings were
thinned down to uniformity to two per pot. Pots were
arranged in a complete randomized block design with four
replicates per bacterial and NaCl treatment (0 or 25 mM
NaCl). Plants were harvested 4 weeks after inoculation and
symbiotic effectiveness was estimated by comparing the
shoot dry weights (dried at 70°C) with those of
uninioculated control plants. Nodulation was evaluated by
the number and dry nodule biomass. Root mass (dry
weight) was recorded once the nodules were detached and
roots dried in oven (70°C, 48h).

Statistical analyses

Statistical analysis was performed by means of the
Analysis of Variance (ANOVA) following a completely
randomized design. Multiple comparisons of means were
done by L.S.D. method. All hypotheses were tested at the
95% confidence level. The analysis was performed using
Statistix 8.0 software (NH Analytical Software, USA).

3. Results

Effects of co-inoculation on development of nodule
primordia

Short-term observations (10 days) of bacterial co-
inoculation on nodule initiation and development in bean
cv. Negro Jamapa and soybean cv. Osumi roots are
presented in Fig. 1. Nodule primordia were completely
absent in either uninoculated plants or C. balustinum
inoculated plants (data not shown). Under control
conditions (0 mM NaCl), bean plants only inoculated with
R. tropici CIAT899 (Fig. 1) displayed similar nodule
primordia development as those inoculated with the double
inocula (CIAT899 + Aur9). In contrast, under saline
conditions (25 mM NacCl), co-inoculation resulted in a
significant improvement of nodule primordia development

(Fig. 1). A reduction in nodule number was recorded in
plants single-inoculated with CIAT899 growing under
saline conditions (data not shown).

Soybean plants did not show significant differences in
nodule initiation associated with single or double
inoculation. In this species, co-inoculation did not promote
the formation of nodule primordia in saline or non-saline
treatments (Fig. 1). The appearance of nodule primordia
was unaffected by the PGPR and a similar number of
nodules was recorded in saline and non-saline conditions

(Fig. 1).
Nodulation kinetic assays

The observations performed on nodule primordia
initiation in Negro Jamapa beans suggested that the
presence of Aur9 might positively affect bean nodulation
by CIAT899 in co-inoculated plants. To investigate this
possibility, the nodulation kinetic was assayed in a different
bean cultivar (cv BBL) using single (CIAT899) and double
inocula (CIAT899 + Aur9). Five days after sowing (DAS)
there were no significant differences between treatments
(Fig. 2). From 7 to 15 DAS there was a significant (p<0.05)
positive effect of Aur9 on nodule formation under control
conditions (0 mM NaCl). At 22 and 28 DAS, significant
differences in the number of nodules were only recorded
between plant-growing conditions (saline or control
conditions) not between bacterial treatments (single
rhizobia or co-inoculation). Salinity significantly delayed
nodule formation and number of nodules in bean almost in
all samplings, except at the first sampling (5 DAS). The
reduction in number of nodules associated to the presence
of salt ranged from 15 to 66% in CIAT899 inoculated
plants, and from 17 to 84% in co-inoculated plants.

The effect of the PGPR on nodulation kinetics of
soybean was not studied because Aur9 did not produce any
effect on the development of nodule primordia.

Effects of co-inoculation on nodulation and plant growth

The inoculation of beans with rhizobia and
C. balustinum Aur9 led to a significant increase in shoot
growth in comparison with uninoculated plants (data not
shown). Saline conditions reduced plant growth up to 50%,
and bean plants inoculated either with ISP42 or with ISP42
+ Aur9 did not show significant differences in growth
(Table 2). Conversely, plants inoculated with Aur9 +
CIAT899 showed greater growth than single-inoculated
plants (CIAT899) in both control and salinity. In saline
conditions, nodulation parameters were significantly higher
in plants inoculated with the rhizobia alone either with
strain ISP42 or CIAT899 (Table 2). When Aur9 was
present, it led to fewer nodules and smaller nodule biomass.

The effects of co-inoculation on soybean nodulation and
growth are presented in Table 3. Co-inoculation of Aur9
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Table 1. Bacterial strains used in this work.

Strain Host-plant Origin Source of reference

Rhizobium etli ISP42 Phaseolus vulgaris Spain Rodriguez-Navarro et al. (2000)
Rhizobium tropici CIAT899 Phaseolus vulgaris Mexico Martinez-Romero et al. (1991)
Ensifer fredii HH103 Glycine max China Dowdle and Bohlool (1985)
Ensifer fredii SMH12 Glycine max Vietnam Cleyet-Marel (1987)
Chryseobacterium balustinum Aur9 Lupinus albus Spain Lucas Garcia et al. (2004b)

Table 2. Effect of co-inoculation with specific rhizobia and C. balustinum Aur9 on nodulation and plant growth of bean cv. BBL grown

under controlled conditions.

Treatments 0 mM NaCl 25 mM NaCl

SDW NNOD NDW RDW SDW NNOD NDW RDW
1SP42 650 a 704 a 210 a 380 a 312 a 207 a 345a 188 a
ISP42+Aur9 660 a 423 b 171 a 317 a 279 a 87b 184D 172 a
CIAT899 760 b 242 b 139b 343 a 311b 253 a 98.0a 170 b
CIAT899+Aur9 1030 a 327 a 191 a 378 a 434 a 119b 244b 278 a

Data represent mean values of four replicates. Significant differences (p<0.05) between values within a column, for each pair of rhizobial
treatments, are indicated by different letters. SDW = shoot dry weight (mg/plant), NNOD = number of nodules (per plant), NDW = nodule

dry weight (mg/plant), and RDW = root dry weight (mg/plant).

Table 3. Effect of co-inoculation with specific rhizobia and C. balustinum Aur9 on nodulation and plant growth of soybean cv. Osumi

grown under controlled conditions.

Treatments 0 mM NaCl 25 mM NaCl

SDW NNOD NDW RDW SDW NNOD NDW RDW
HH103 4725a 343D 274b 181b 445 a 27b 233a 172 b
HH103+Aur9 510 a 77.7 a 572 a 319a 427.5a 375a 272 a 288 a
SMH12 507.5b 23.5b 389D 198 b 410b 16.5b 1520 145b
SMH12+Aur9 792.5a 60.0 a 98.7a 409 a 590 a 63.7a 62.5a 325a

Data represent mean values of four replicates. Significant differences (p<0.05) between values within a column, for each pair of rhizobial
treatments, are indicated by different letters. SDW = shoot dry weight (mg/plant), NNOD = number of nodules (per plant), NDW = nodule

dry weight (mg/plant), and RDW = root dry weight (mg/plant).

and rhizobial strains HH103 and SMH12 led to a significant
increase in the number of nodules and root growth
(Table 3). The SMH12 + Aur9 treatment significantly
increased growth of soybean shoots in plants under saline
or non-saline conditions. The same treatment resulted in a
remarkable increase of nodulation and root growth in saline
conditions.

4. Discussion

Co-inoculation of common bean with C. balustinum
Aur9 and rhizobia increased the formation of nodule
primordia when compared with treatments with rhizobia
alone. The effect of double inoculation strongly depended

on rhizobial species. While R. tropici CIAT899 used jointly
with Aur9 did improve plant growth and nodulation (nodule
number and weight) in control and in salt-treated plants, the
use of R. etli ISP42 did not provide any benefit to the
symbiotic association. The situation was different in
soybean, in which co-inoculation did not affect primary
events in nodule initiation, but it had a long-term effect
resulting in the improvement of shoot and root growth,
nodule number and nodule mass, at both saline and non-
saline conditions.

In common bean, pre-inoculation with the PGPR
C. balustinum Aur9 might have improved rhizobial
infection at initial stages by increasing root hair formation
and infection sites. Several reports have shown that co-
inoculation with PGPRs promotes root hair growth and
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Figure 1. Nodule primordia of bean cv. Negro Jamapa plants inoculated either with Rhizobium tropici CIAT899 and Chryseobacterium
balustinum Aur9 (left column) or with R. tropici CIAT899 (right column); and nodule primordia of soybean cv. Osumi plants inoculated
either with Ensifer fredii SMH12 and C. balustinum Aur9 (left column) or with E. fredii SMH12 (right column). Row-1, plants grown
under control conditions. Row-2, plants grown under salt conditions (25 mM NaCl). Pictures were taken 10 days after sowing.
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Figure 2. Nodulation kinetics of bean cv. BBL seedlings
inoculated with R. tropici CIAT899 (black symbols) and R. tropici
CIAT899 and C. balustinum Aur9 (white symbols), under control-
growth condition (square) and salt-growth conditions (25 mM
NaCl, circle). Data represent mean values + standard deviation of
three replicates.

enhances root flavonoid secretion (Ahmad et al., 2005;
Spaepen et al., 2007; Estévez, 2007; Dardanelli et al.,
2008). The promotion of infection sites favored by the
PGPR may have contributed to increase the formation of
nodule primordia and early nodule development. However,
further development of nodules into active N,-fixing organs
mainly depends on plant growth and its capacity to export
sugars into nodules and develop effective sinks for the N-
rich compounds produced by N, fixation (Phillips, 1980;
Hartwig et al., 1994). Photosynthate deprivation, nodule gas
exchange and feedback regulation by N accumulation are
among the main limiting factors of abiotic stress on
symbiotic N, fixation (Zahran, 1999). Common bean and
soybean show different sensitivity to salinity and are rated
as sensitive and moderately tolerant, respectively (Maas,
1986). In fact, a substantial 50% growth inhibition occurred
in bean at 25 mM NaCl while it just affected soybean in 5—
25% (Tables 2 and 3). In the long-term, salinity-induced
inhibition of shoot growth may have affected photosynthate
supply to nodules and N sinks reducing nodule growth and
N, fixing activity. The greater sensitivity of bean than
soybean to 25 mM NaCl might be hampering further nodule
development and N, fixation activity overturning the
primary events induced by co-inoculation in this species.
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Most scientific works dealing with co-inoculation in
legumes have reported plant growth promotion and
enhancement of symbiotic parameters (Dashti et al., 1998,
2000; Hamaoui et al., 2001; Kuklinsky-Sobral et al., 2004;
Tilak et al., 2006). Nevertheless, other works have pointed
out that co-inoculation might impair rhizobial colonization
and interfere nodule formation and development (Camacho
et al., 2001; Zaidi et al., 2003; Berggren et al., 2005).
Recently, Albareda et al. (2006) have demonstrated that
C. balustinum Aur9 did not affect rhizobia attachment to
roots of bean and soybean. Under saline conditions,
attachment of rhizobia to Aur9 pre-inoculated roots was
greater than to roots without PGPR pre-treatment.

The co-inoculation pattern may also play a critical role
in the outcome results. Lucas Garcia et al. (2004a,b) have
demonstrated a competition effect among several PGPRs
and rhizobia in E. fredii-soybean and Bradyrhizobium sp.-
lupine systems, when plants were at once co-inoculated
compared with a delayed mode of inoculation, leading in
the former case to no significant effects on plant growth.
Thus, in this work we have followed a delayed mode of co-
inoculation of PGPR and rhizobia.

In the present work it is shown that C. balustinum Aur9
did not interfere with R. tropici CIAT899 root infection and
nodule initiation either under control or saline conditions.
Likewise, co-inoculation partially overcame the negative
effects of salinity on the number and size (data not shown)
of nodules and the delay of nodule appearance.

Thus, pre-inoculation with strain Aur9 clearly increased
the number of nodules by R. tropici CIAT899 under saline
stress. It may be related to the increased secretion of root
flavonoids in co-inoculated plants (Estévez, 2007) and/or to
the PGPR production of IAA promoting root hair
development and hence possible sites for rhizobial entry
(Lucas Garcia et al., 2004a; Ahmad et al., 2005; Spaepen et
al., 2007).

Soybean seedlings did not show differences in the
development of nodule primordia induced by co-inoculation
either in saline or non-saline conditions. These results do
not agree with a previous research performed using split-
root systems where the PGPRs relieved nodule inhibition in
soybean induced by salinity (Bellogin et al., 2006).

It seems rather clear that plant growth promotion in co-
inoculations depends on the rhizobial species (or strains),
growth conditions and/or the symbiotic associations.
Remans et al. (2008) have described differences in the
responsiveness to PGPR among cultivars of P. vulgaris,
which suggest genetic variation for this trait within bean
germplasm. Common bean plants cv. BBL co-inoculated
with R. etli ISP42 and Aur9 did not show any advantage in
comparison with the single inoculation with rhizobia.
However, co-inoculation led to greater symbiotic
performance when strain CIAT899 was used (Table 2).
While strain ISP42 alone provided greater nodulation than
CIAT899, nodulation by this later strain was clearly

promoted by the PGPR in the absence of salt. In soybeans,
plant growth was mainly dependent on the rhizobial strain.
Double inoculation led to a significant increase in shoot
mass only when strain SMH12 was used (Table 3).
However, co-inoculation  improved root growth
independently from the rhizobia strain in both saline and
non-saline conditions.

Some authors (Jebara et al., 2001; Remans et al., 2008)
have proposed that bacterial strain-plant genotype
combination should be considered for selecting the most
adapted microbe-plant combinations to environmental
limitations like salinity. In accordance with our data, the
main conclusion that may be drawn for co-inoculation with
PGPRs is that each symbiotic association requires a careful
preliminary assessment in order to optimise the efficiency
of the system under particular environmental conditions.
Co-inoculation might contribute to enhance N, fixation in
soybean and beans in the absence of salt but requires a
careful selection of appropriated partners. In moderate
salinity levels, only soybean showed improvement of plant
growth and symbiotic parameters when using the PGPR
Aur9.

Acknowledgments

This work was supported by grant AGL2005-07923-
C01-05 from MEC (Ministry of Education and Culture). JE
was supported by an FPU fellowship from the Ministry of
Education and Culture (AP2002-3740). MSD is member of
the research career of CONICET, Argentina.

REFERENCES

Ahmad, F., Ahmad, I., and Khan, M.S. 2005. Indole acetic acid
production by the indigenous isolates of Azotobacter and
fluorescent Pseudomonas in the presence and absence of
tryptophan. Turkish Journal of Biology 29: 29-34.

Albareda, M., Dardanelli, M.S., Sousa, C., Megias, M., Temprano,
F., and Rodriguez-Navarro, D.N. 2006. Factors affecting the
attachment of rhizospheric bacteria to bean and soybean roots.
FEMS Microbiology Letters 259: 67-73.

Ashraf, M., Hasnain, S., Berge, O., and Mahmood, T. 2004.
Inoculating wheat seedlings with exopolysaccharide-producing
bacteria restricts sodium uptake and stimulates plant growth
under salt stress. Biology and Fertility of Soils 40: 157—-162.

Bai, Y., Zhou, X., and Smith, D. L. 2003. Enhanced soybean plant
growth resulting from coinoculation of Bacillus strains with
Bradyrhizobium japonicum. Crop Science 43: 1774-1781.

Barassi, C.A., Ayrault, G., Creus, C.M., Sueldo, R.J., and
Sobrero, M.T. 2006. Seed inoculation with Azospirillum
mitigates NaCl effects on lettuce. Scientia Horticulturae 109:
8-14.

Bellogin, R.A., Cubo, T., Hidalgo, A., Lopez F.J., Megias, M.,
Ollero, F.J., Ruiz-Sainz, J.E., and Espuny, M.R. 2006. El
sistema de doble raiz aplicado al estudio de la influencia de
estirpes PGPRs sobre la nodulacion de la soja por S. fredii



LEGUMES INOCULATED WITH RHIZOBIUM AND CHRYSEOBACTERIUM 35

HH103. Abstracts XI Reunién Nacional SEFIN, Madrid, Spain,
60 pp.

Berggren, 1., Alstrom, S., van Vuurde, J.W.L., and Martensson,
A.M. 2005. Rhizoplane colonisation of peas by Rhizobium
leguminosarum bv. viceae and a deleterious Pseudomonas
putida. FEMS Microbiology Ecology 52: 71-78.

Beringer, J.E. 1974. R factor transfer in Rhizobium
leguminosarum and Rhizobium phaseoli. Journal of General
Microbiology 84: 188—198.

Bordeleau, L.M. and Prévost, D. 1994. Nodulation and nitrogen
fixation in extreme environments. Plant and Soil 161: 115-125.

Camacho, M., Santamaria, C., Temprano, F., Rodriguez-Navarro,
D.N., and Daza, A. 2001. Co-inoculation with Bacillus sp.
CECT 450 improves nodulation in Phaseolus vulgaris L.
Canadian Journal of Microbiology 47: 1058—1062.

Catroux, G., Hartmann, A., and Revellin, C. 2001. Trends in
rhizobial inoculant production and use. Plant and Soil 230: 21—
30.

Cleyet-Marel, J.C. 1987. Dynamique des populations de
Rhizobium et de Bradyrhizobium dans le sol et la rhizosphere.
These d’Etat. University Claude Bernard, Lyon, France.

Dardanelli, M.S., Fernandez de Cordoba, F.J., Espuny, M.R.,
Rodriguez Carvajal, M.A., Soria Diaz, M.E., Gil-Serrano, A.M.,
Okon, Y., and Megias, M. 2008. Effect of Azospirillum
brasilense coinoculated with Rhizobium on Phaseolus vulgaris
flavonoids and Nod factor production under salt stress. Soil
Biology and Biochemistry 40: 2713-2721.

Dashti, N., Zhang, F., Hynes, R.K., and Smith, D.L. 1998. Plant
growth promoting rhizobacteria accelerate nodulation and
increase fixation activity by field grown soybean [Glycine max
(L.) Merr.] under short season conditions. Plant and Soil 200:
205-213.

Dashti, N., Prithiviraj, B., Hynes, R.K., and Smith, D.L. 2000.
Root and rhizosphere colonization of soybean [Glycine max (L.)
Merr.] by plant-growth-promoting rhizobacteria at low root
zone temperatures and under short-season conditions. Journal
of Agronomy and Crop Science 185: 15-22.

Dowdle, S.F. and Bohlool, B.B. 1985. Predominance of fast-
growing Rhizobium japonicum in a soybean field in the
People’s Republic of China. Applied and Environmental
Microbiology 50: 1171-1176.

Elsheikh, E.A.E. and Wood, D. 1990. Effect of salinity on growth,
nodulation and nitrogen yield of chickpea (Cicer arietinum L.).
Journal of Experimental Botany 41: 1263—-1269.

Estévez, J. 2007. Implicaciones basicas y aplicadas de la
interaccion triple rizobio-PGPR-leguminosa. PhD Thesis,
University of Seville, Spain.

Féhraeus, G. 1957. The infection of white clover root hairs by
nodule bacteria studied by a simple slide technique. Journal of
General Microbiology 16: 374-381.

Gentili, F. and Jumpponen, A. 2006. Potential and possible uses of
bacterial and fungal biofertilizers. In: Handbook of Microbial
Biofertilizers, Rai, M.K., ed. The Haworth Press, Inc., New
York, pp. 1-28.

Glick, B.R. 1995. The enhancement of plant growth by free-living
bacteria. Canadian Journal of Microbiology 41: 109—117.

Gutiérrez Maiiero, F.J., Probanza, A., Ramos, B., Colon Flores,
J.J., and Lucas Garcia, J.A. 2003. Effects of culture filtrates of
rhizobacteria isolated from wild lupine on germination, growth,
and biological nitrogen fixation of lupine seedlings. Journal of
Plant Nutrition 26: 1101-1115.

Hamaoui, B., Abbadi, J.M., Burdam, S., Rashid, A., Sarig, A., and
Okon, Y. 2001. Effects of inoculation with Azospirillum
brasilense on chickpeas (Cicer arietinum) and faba beans (Vicia

faba) under different growth conditions. Agronomie 21: 553—
560.

Hartwig, U.A., Heim, 1., Liischer, A., and Nosberger, J. 1994. The
nitrogen-sink is involved in the regulation of nitrogenase
activity in white clover after defoliation. Physiologia Plantarum
92:375-382.

Jebara, M., Drevon, J-J.,, and Aouani, M.E. 2001. Effects of
hydroponic culture system and NaCl on interactions between
common bean lines and native rhizobia from Tunisian soils.
Agronomie 21: 601-605.

Khadri, M., Tejera, N.A., and Lluch, C. 2006. Alleviation of salt
stress in common bean (Phaseolus vulgaris) by exogenous
abcisic acid supply. Journal of Plant Growth Regulation 285:
110-119.

Kuklinsky-Sobral, J., Luiz Aratjo, W., Mendes, R., Geraldi, L.O.,
Pizzirani-Kleiner, A.A., and Azevedo, J.L. 2004. Isolation and
characterization of soybean-associated bacteria and their
potential for plant for plant growth promotion. Environmental
Microbiology 6: 1244—-1251.

Lopez-Lara, .M., van Der Drift, K.M.G.M., van Brussel, A.A. N.,
Haverkamp, J., Lugtenberg, B.J.J., Thomas-Oates, J., and
Spaink, H. 1995. Induction of nodule primordia on Phaseolus
and Acacia by lipo-chitin oligosaccharide nodulation signals
from broad-host-range Rhizobium strain GRH2. Plant
Molecular Biology 29: 465-477.

Lucas Garcia, J.A., Probanza, A., Ramos, B., and Gutiérrez
Mailero, F.J. 2003. Effects of three plant growth-promoting
rhizobacteria on the growth of seedlings of tomato and pepper
in two different sterilized and non sterilized peats. Archives of
Agronomy and Soil Science 49: 117-119.

Lucas Garcia, J.A., Probanza, A., Ramos, B., Barriuso, J., and
Gutiérrez Mafiero, F.J. 2004a. Effects of inoculation with plant
growth promoting rhizobacteria (PGPRs) and Sinorhizobium
fredii on biological nitrogen fixation, nodulation and growth of
Glycine max cv. Osumi. Plant and Soil 267: 143—153.

Lucas Garcia, J.A., Probanza, A., Ramos, B., Colon Flores, J.J.,
and Gutiérrez Maiiero, F.J. 2004b. Effects of plant growth
promoting rhizobacteria (PGPRs) on the biological nitrogen
fixation, Nodulation, and growth of Lupinus albus L. cv.
Multolupa. Engineering in Life Sciences 4: 71-77.

Lucas Garcia, J.A., Doménech, J., Santamaria, C., Camacho, M.,
Daza, A., and Gutierrez Maiiero, F.J. 2004c. Growth of forest
plants (pine and holm-oak) inoculated with rhizobacteria:
relationship with microbial community structure and biological
activity of its rhizosphere. Environmental and Experimental
Botany 52:239-251.

Maas, E.V. 1986. Salt tolerance of plants. Applied Agricultural
Research 1: 12-26.

Martinez-Romero, E., Segovia, L., Mercante, F.M., Franco, A.A.,
Graham, P., and. Pardo, M.A. 1991. Rhizobium tropici a novel
species nodulating Phaseolus vulgaris L. beans and Leucaena
spp. trees. Journal of Systematic Bacteriology 41: 417-426.

Mayak, S., Tirosh, T., and Glick, B.R. 2004a. Plant growth-
promoting bacteria that confer resistance to water stress in
tomatoes and peppers. Plant Science 166: 525-572.

Mayak, S., Tirosh, T., and Glick, B.R. 2004b. Plant growth-
promoting bacteria confer resistance in tomato plants to salt
stress. Plant Physiology and Biochemistry 42: 565-572.

Munns, R. 2002. Comparative physiology of salt and water stress.
Plant Cell and Environment 25: 239-250.

O’Hara, G., Yates, R., and Howieson, J. 2002. Selection strains of
root nodule bacteria to improve inoculant performance and
increase legume productivity in stressful environments. In:
Inoculants and Nitrogen Fixation of Legumes in Vietnam.



36 J.ESTEVEZ ET AL.

Herridge, D., ed. Australian Centre for International Agriculture
Research No. 109e. pp. 75-80.

Phillips, D.A. 1980. Efficiency of symbiotic nitrogen fixation in
legumes. Annual Review of Plant Physiology 31: 29-49.

Polonenko, D.R., Mayfield, C.I., and Dumbroff, E.B. 1986.
Microbial responses to salt-induced osmotic stress. Plant and
Soil 92: 417-425.

Remans, R., Beebe, S., Blair, M., Manrique, G., Tovar, E., Rao, I.,
Croonenborghs, A., Torres-Gutiérrez, R., El-Howeity, M.,
Michiels, J., and Vanderleyden, J. 2008. Physiological and
genetic analysis of root responsiveness to auxin-producing plant
growth-promoting bacteria in common bean (Phaseolus
vulgaris L.). Plant and Soil 302: 149-161.

Rigaud, J. and Puppo, A. 1975. Indole-3-acetic acid catabolism by
soybean bacteroids. Journal of General Microbiology 88: 223—
228.

Rodriguez-Navarro, D.N., Buendia, A.M., Camacho, M., Lucas,
M.M., and Santamaria, C. 2000. Characterization of Rhizobium
spp. bean isolates from South-West Spain. Soil Biology and
Biochemistry 32: 1601-1613.

Rodriguez-Navarro, D.N., Bellogin, R., Camacho, M., Daza, A.,
Medina, C., Ollero, F.J., Santamaria, C., Ruiz-Sainz, J.E.,
Vinardell, J. M., and Temprano, F.J. 2003. Field assessment and
genetic stability of Sinorhizobium fredii strain SMHI12 for
commercial soybean inoculants. European Journal of Agronomy
19: 299-309.

Rudresha, D.L., Shivaprakasha, M.K., and Prasad, R.D. 2005.
Effect of combined application of Rhizobium, phosphate
solubilizing bacterium and Trichoderma spp. on growth,
nutrient uptake and yield of chickpea (Cicer aritenium L.).
Applied Soil Ecology 28: 139—146.

Sardinha, M., Miiller, T., Schmeisky, H., and Joergensen, R.G.
2003. Microbial performance in soils along a salinity gradient
under acidic conditions. Applied Soil Ecology 23: 237-244.

Soussi, M., Ocaila, A., and Lluch, C. 1998. Effects of salt stress on
growth, photosynthesis and nitrogen fixation in chick-pea
(Cicer arietinum L.). Journal of Experimental Botany 49: 1329—
1337.

Singleton, P.W. 1983. A split-root growth system for evaluating
the effect of salinity on components of the soybean-Rhizobium
Japonicum symbiosis. Crop Science 23: 259-262.

Singleton, P.W. and Bohlool, B.B. 1984. Effect of salinity on
nodule formation by soybean. Plant Physiology 74: 72-76.

Spaepen, S., Vanderleyden, J., and Remans, R. 2007. Indole-3-

acetic acid in microbial and microorganism-plant. FEMS
Microbiology Review 31: 425-448.

Tejera, N.A., Campos, R., Sanjuan, J., and Lluch, C. 2005. Effect
of sodium chloride on growth, nutrient accumulation, and
nitrogen fixation of common bean plants in symbiosis with
isogenic strains. Journal of Plant Nutrition 28: 1907—-1921.

Tilak, K.V.B.R., Ranganayaki, N., and Manoharachari, C. 2006.
Synergistic effects of plant-growth promoting rhizobacteria and
Rhizobium on nodulation and nitrogen fixation by pigeonpea
(Cajanus cajan). European Journal of Soil Science 57: 67-71.

Truchet, G., Camut, S., de Billy, F., Odorico, R., and Vasse, J.
1989. The Rhizobium-legume symbiosis. Two methods to
discriminate between nodules and other root derived structures.
Protoplasma 149: 82—89.

Tu, J.C. 1981. Effect of salinity on Rhizobium root hairs
interaction, nodulation and growth of soybean. Canadian
Journal of Plant Science 61: 231-239.

van Brussel, A.A.N., Planqué, K., and Quispel, A. 1977. The wall
of Rhizobium leguminosarum in bacteroid and free-living
forms. Journal of General Microbiology 101: 51-56.

Vessey, J.K. 2003. Plant growth promoting rhizobacteria as
biofertilizers. Plant and Soil 255: 571-586.

Vincent, J.M. 1970. A Manual for the Practical Study of Root-
Nodule Bacteria. Blackwell, Oxford.

Welbaum, G., Sturz, A.V., Dong, Z., and Nowak, J. 2004.
Managing soil microorganisms to improve productivity of agro-
ecosystems. Critical Reviews in Plant Sciences 23: 175-193.

Yuan, B.C., Li, Z.Z., Liu, H., Gao, M., and Zhang, Y.Y. 2007.
Microbial biomass and activity in salt affected soils under arid
conditions. Applied Soil Ecology 35: 319-328.

Yue, H., Mo, W., Li, Ch., Zheng, Y., and Li, H. 2007. The salt
stress relief and growth promotion effect of Rs-5 on cotton.
Plant and Soil 297: 139-145.

Zahran, H.H. 1999. Rhizobium-legume symbiosis and nitrogen
fixation under severe conditions and in an arid climate.
Microbiology and Molecular Biology Reviews 63: 968—989.

Zaidi, A., Khan, Md.S., and Amil, Md. 2003. Interactive effect of
rhizotrophic microorganisms on yield and nutrient uptake of
chickpea (Cicer arietinum L.). European Journal of Agronomy
19: 15-21.

Zhou, M., Tucker, T.C., Pessarakli, M., and Cepeda, J.A. 1992.
Nitrogen fixation by alfalfa with two substrate nitrogen levels
under sodium chloride stress. Soil Science Society of America
Journal 56: 1500-1504.



