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Abstract
Aims The main objective of this study was to test the
hypothesis that isolating and characterizing bacterial sus-
pensions (undefined consortia) from the root/rhizosphere
of rice will contribute to the selection of mixtures of
rhizobacteria with better growth-promoting activity of rice
plants.
Methods Bacterial consortia were obtained from
roots/rhizosphere soil samples of rice plants grown un-
der upland and irrigated production systems. Those
undefined consortia were subjected to five consecutive
passes every 7 days in NFb (N-free broth) semisolid
medium. Thereafter, strains of each growth-promoting
consortia were isolated by plating on three different
culture media. Then, undefined consortia, as well as
mix and single bacterial strains, were characterized in
terms of indoleacetic acid production, nitrogen fixation
capacity, and growth promotion of rice plants.
Results Of the 72 consortia analyzed, 41.7 % and
50.0 % increased nitrogenase activity and the produc-
tion of indolic compounds, respectively, after 5 contin-
uous passes in NFB medium. Three undefined consor-
tia, 11 single strains and 5 strain mixtures, exhibited
plant growth promotion in rice plants under greenhouse
conditions.

Conclusions Continuous enrichment in Nfb medium of
undefined consortia from root/rhizosphere soil is a good
strategy for the selection of plant growth-promoting
bacteria for rice plants.

Keywords Rice .Diazotrophs . Plant growth-promoting
rhizobacteria .Microbial consortia

Introduction

Plant growth-promoting rhizobacteria (PGPR), such as
Azotobacter, Clostridium, Azospirillum, Herbaspirillum,
Burkholderia, Rhizobium (Choudhury and Kennedy
2004), and a variety of Enterobacteriaceas (Kennedy
et al. 2004), have been previously isolated from the rhi-
zosphere of rice based on their capacity to promote plant
growth by N fixation, increase root surface area by the
secretion of plant growth regulators such as indoleacetic
acid (IAA), increase the availability of nutrients, or pro-
mote growth by combined modes of action (Vessey 2003;
Rodrigues et al. 2008). The activities of individual PGPR
strains have been demonstrated through the development
of mixed inoculants, thereby allowing fertilizer applica-
tions to be decreased by up to 25 and 50 % for N and P,
respectively, compared to uninoculated controls (Bashan
et al. 2004).

Mixed inoculants,defined as mixtures of two or more
strains, have been produced with endophytic
(Govindarajan et al. 2008) or rhizospheric PGPR with
high nitrogenase activity (Alam et al. 2001), phosphate
solubilization capacity, production of growth-regulating
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substances (Rodriguez and Fraga 1999; Rojas et al.
2001; Raja et al. 2006), or even with arbuscular
mycorhizal fungi able to promote growth in rice plants
under well-watered or drought conditions (Ruíz-
Sánchez et al. 2011). These mixed inoculants respond
flexibly to environmental changes by using available
energy flows and substrates more efficiently than pure
cultures (Zlotnikova et al. 2007). In addition, they can
stimulate an increase in the amounts of sugars and
amino acids exuded by the root and thus stimulate N
fixation and the production of growth regulators (Raja
et al. 2006), thereby generating an improved plant
growth (Nandakumar et al. 2001; Piao et al. 2005;
Ruíz-Sánchez et al. 2011). However, the promotion of
plant growth by mixed inoculants has been inconsistent
(de Freitas 2000; Oliveira et al. 2002; Mehnaz et al.
2010). Some PGPR mixtures can even result in plant
growth inhibition, although their component members
are growth promoters (Felici et al. 2008). Among other
reasons, this phenomenon might be due to the interrup-
tion of plant-microbial interactions that are established
in the rhizosphere (Newton and Fray 2004). The devel-
opment of bacterial mixtures between PGPR does not
take in account the role of organisms without a
direct growth-promoting activity into establishing
synergistic relationships. They participate in in-
creasing the availability of nutrients (Shrestha et al.
2007), removal of inhibitory products (Minamisawa
et al. 2004), stimulation of mechanisms to promote plant
growth (Holguin and Bashan 1996) and interactions still
unknown.

The isolation and selection of diazotrophs by enrich-
ment in nitrogen-free medium (NFb) is a common prac-
tice (Döbereiner 1995; Jha et al. 2009). However, the
nitrogenase activity of strains obtained by enrichment is
often less than the original activity (Holguin et al. 1992),
most likely due to the disturbance of synergistic rela-
tions that promote N-fixation in the rhizosphere envi-
ronment (Holguin and Bashan 1996; Minamisawa et al.
2004). On the other hand, microbial ecology studies
claim that highly diverse communities give rise to high-
ly competitive populations after several generations by
making better use of the nutrient sources and growth
conditions. This rise in highly competitive populations
results from changes in the structure of the population
due to constant replacement of the organisms (Kassen
and Rainey 2004). The main objective of this study was
to test the hypothesis that isolating bacterial suspensions
(undefined consortia) from the root/rhizosphere of rice

will select mixtures of rhizobacteria with better growth-
promoting activity of rice plants.

The methodology of continuous enrichment has per-
mitted the achievement of undefined consortia with high
capacities to degrade various xenobiotic agents
(Marron-Montiel et al. 2006; Li et al. 2008). However,
to the best of our knowledge, this method has not been
used to obtain mixed inoculants with plant growth-
promoting activity. In this regard, the objectives of this
study were to i) evaluate a strategy to obtain bacterial
undefined consortia with growth-promoting activity in
rice plants using continuous enrichment in NFb culture
medium and ii) determine the plant growth-promoting
activities of isolates obtained from the undefined con-
sortia in specific mixtures and individually.

Materials and methods

Study site and sampling

Twelve rice farms were sampled in the departments of
Tolima (4 farms) and Meta (8 farms) (Colombia) under
irrigated and upland production systems during July and
August of 2008. In the upland rice production system,
the water supply is rain-fed, whereas in the irrigated rice
production systems, water is supplied by the district
water system. In Meta, four irrigated (irrigated Meta,
IM) and four upland farms (upland Meta, UM) were
sampled. Meta experiences an annual average tempera-
ture of 24 °C and annual rainfall of 3,500 mm. The
predominant soils are Oxisols with low fertility and high
contents of Fe andMn (Fedearroz 2000). In the southern
zone of Tolima (in the municipality of Saldaña), four
farms were sampled under irrigated rice production
systems (irrigated Tolima, IT). In this zone, the annual
average temperature is 23 °C and annual rainfall is
1,122 mm. The soils are mainly Inceptisols and
Entisols (Fedearroz 2000). Fifteen plants distributed
every 15–25 m were taken from each cropland. Each
plant was shaken vigorously and divided into three
approximately equal parts to form three integrated sam-
ples, with 15 subsamples each, of roots with rhizosphere
soil. The samples were deposited in propylene bags,
transported at 4 °C, and processed after arrival at the
laboratory. For each farm, a composite soil sample was
taken to determine the physicochemical parameters ac-
cording to standard techniques (Horwitz 2000).
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Obtaining root-rhizosphere bacterial suspensions
(undefined consortia)

One gram (fresh weight) of root segments and rhizo-
sphere soil from each composite sample was macerated
and diluted in 9 mL of saline solution (0.85 % NaCl) to
develop serial dilutions until 10−3 dilution. Then, 1 mL
of the 10−3 dilution was inoculated into 50-mL tubes
that contained 22 mL of modified NFb semisolid
(1.28 % bacteriological agar, Merck) medium (Rennie
1981). This medium was composed of malic acid
(5 g L−1), K2HPO4 (0.5 g L−1), NaCl (0.1 g L−1),
MgSO4.7H2O (0.2 g L−1), CaCl2.2H2O (0.02 g L−1),
KOH (2 g L−1), glucose (8 g L−1), mannitol (8 g L−1),
bromothymol blue (0.05 g L−1), 2 mL of a micronutrient
solution (for 200 mL: 0.02 g Na2MoO4.2H2O, 0.235 g
MnSO4, 0.280 g H3BO3, 0.008 g CuSO4.5H2O and
0.0024 g ZnSO4.7H2O), 4 mL of EDTA-Fe (0.8258 g
FeSO4.7H2O and 0.556 g Na2EDTA.2H2O), and 1 mL
of vitamins biotin (0.1 g L−1) and pyridoxine (0.2 g L−1).
The medium was adjusted to pH 7. After incubation for
7 days at 30 °C, 1 mL of bacterial suspension was
inoculated into 22 mL of semisolid NFb (first genera-
tion). Given the impossibility of centrifuging the semi-
solid medium, 0.5 mL was taken from the surface of the
tube to retrieve the aerobic diazotrophs and 0.5 mL was
taken after stirring for 30 s in a vortex to obtain an
evenly distributed mixture of microorganisms through-
out the tube. Every 7 days, the procedure was repeated
until completion of the fifth generation. This procedure
was carried out in triplicate, and an aliquot of each
undefined bacterial suspension per generation was
stored in the presence of 15 % glycerol at −20 °C until
further testing to select and identify the cultivable bac-
teria present in each bacterial suspension that exhibited
growth promotion capacity.

Nitrogenase activity

To evaluate the effect of continuous enrichment on the
nitrogenase activity of undefined consortia obtained
from sampled farms, an acetylene reduction assay was
performed (Holguin et al. 1992) for the first and fifth
generations (subcultured in NFB medium). Briefly,
50 μl of a bacterial suspension (undefined consortia),
which had been stored at −20 °C, were used to inoculate
5 mL of NFb supplemented with 1 g L−1 of yeast extract
(NFb + YE). The bacterial suspension was adjusted to
0.2 absorbance units at 600 nm, with a solution of NaCl

(0.85 %) after being incubated for 24 h at 30 °C and 150
rev min−1 (rpm). Then, 0.1 mL of adjusted suspension
was inoculated into 10 mL of semisolid NFb. After 24 h
of incubation, 10 % of the atmosphere was replaced by
acetylene, and the suspension was incubated for 24 h.
Finally, 1 mL of air was removed from the bottles and
tested for acetylene and ethylene using a gas chromato-
graph (Varian 6000 Instrument Group, USA). Three
undefined consortia (one for each subsample) were
evaluated from each farm using four replicates per sam-
ple. The strains obtained from each undefined consortia
were then evaluated similarly, except that the strains
were reactivated in NFb + YE solid medium.

Production of indolic compounds

To evaluate the effect of continuous enrichment on the
production of indolic compounds, a Salkowsky colori-
metric test was performed (Glickmann and Dessaux
1995) for the first and fifth generations. A 0.1-mL
aliquot of each undefined consortia, which was obtained
in the same way as outlined previously for nitrogenase
activity detection, was inoculated into 10 mL of LB
medium (10 g L−1 tryptone, 5 g L−1 of yeast extract
and 10 g L−1 NaCl) supplemented with tryptophan
(0.3 mM). After 72 h of incubation at 150 rpm and
30 °C, 1 mL of supernatant was mixed with 1 mL of
Salkowsky reagent (Glickmann and Dessaux 1995).
The reaction was kept in the dark for 30 min, after
which, spectroscopy readings were taken at 540 nm.
Three undefined consortia were evaluated per farm,
and each sample was analyzed in triplicate. Similarly,
the strains isolated from each undefined consortia
exhibiting growth- promoting activity were evaluated
for IAA production.

Evaluation of growth promotion of undefined consortia
under greenhouse conditions

To determine whether the rhizosphere-root bacterial
suspensions (undefined consortia), obtained from con-
tinuous enrichment, promoted growth in rice plants,
three undefined consortia of the first and fifth generation
per each of the 12 farms (72 treatments) were evaluated
under greenhouse conditions in a completely random-
ized design. Bacterial suspensions were grown in NFb +
YE broth for greenhouse testing. After 24 h at 30 °C and
150 rpm, the bacterial suspensions of each undefined
consortia were adjusted with sterile distilled water to 0.2
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absorbance units (600 nm). Five seeds per consortium
were disinfected first with 70 % ethanol for 6 min and
then with 2 % NaOCl for 6 min. They were finally
rinsed with abundant sterile distilled water to remove
residual disinfectants. Then disinfected seeds were in-
oculated with 1 mL of bacterial suspension after being
soaked in sterile distilled water for 48 h. Three replicates
of each undefined consortia were used to inoculate 5
seeds per replicate that were then sown in pots with
200 g of soil from the sampled areas, depending on the
origin of the rhizosphere soil-root sample (Table 1).
Each replicate consisted of one pot with three plants
inoculated since then after a week of growth, only three
plants were left. A negative control of uninoculated
seeds, which were soaked in 5 mL of sterile distilled
water, and positive control pots inoculated with the
PGPR Enterobacter hormaechei G10 (Vanegas 2007),
which was also adjusted to 0.2 absorbance units at
600 nm, were used. After a week of growth, only three
plants per pot were left. The undefined consortia from
soils obtained from Meta and Tolima were used to
inoculate rice seeds of Fedearroz 369 and Fedearroz
60 cultivars, respectively, because those bacterial sus-
pensions were obtained from rhizosphere soils of those
cultivars (Vanegas et al. 2013). The pots were fertilized
with K2HPO4 (18 kg P ha−1), K2SO4 (102 kg K ha−1),
and a solution of 20 mL of Hoagland’s micronutrients at
20 % (Hoagland and Arnon 1950) at 7 days after seed
sowing. At 20 days after seed sowing, each pot was
fertilized with 25 mL of a solution of 20 % Hoagland’s
micronutrients without N. Finally, 40 days after plant-
ing, the dry weight of the stem and roots was determined
for the treated plants.

Characterization of the bacterial members of each
undefined consortium

To determine the growth-promoting capacity of the
members of each bacterial suspension in rice plants, all
bacterial morphotypes that grew on three different me-
dia were selected. Briefly, the bacterial suspensions that
exhibited growth-promoting capacity were grown in
NFb + YE broth for 24 h. Serial dilutions were then
prepared (10-4–10-8) and plated on three culture media
LB, NFb, and NFb +YE. The morphotypes observed on
the three media were purified and stored at −20 °C.
Nitrogenase activity and indolic compound production
were evaluated for each morphotype as previously de-
scribed. To evaluate growth promotion in rice plants, the
methodology described previously was followed, with
the exception that the seeds were sown in peat and
fertilized with a solution of 50 % Hoagland’s
micronutrients (Hoagland and Arnon 1950) without N.
Bacterial suspensions prepared at 0.2 optical densities at
600 nm of each isolate (approximately 108 CFU. mL−1),
obtained from each culture medium, were evaluated
individually and by mixing equal volumes of all isolates
that belong to the same culture medium. For each treat-
ment, four replicates were used. Each undefined consor-
tium with growth-promoting activity and their respec-
tive morphotypes were evaluated under a completely
randomized design in a single test. Bacteria with
growth-promoting capacity were selected and identified
by the amplification of 16S rDNA using the universal
primers 27f and 1492r under standard conditions
(Martin-Laurent et al. 2001). The PCR products were
sequenced by Macrogen Inc., and the taxonomic

Table 1 Chemical parameters of
rice farmland soils from the three
sampling areas

The standard errors are shown in
parentheses (n=4); different let-
ters represent significant differ-
ences between zones according to
the Tukey multiple comparison
test

Variables Meta Tolima
Upland farms 1–4 Irrigated farms 5–8 Irrigated farms 9–12

pH 4.70 (0.09) c 5.40 (0.11) b 6.23 (0.21) a

Ca (mmolc .kg
−1) 1.77 (0.19) b 1.58 (0.20) b 14.65 (1.44) a

Mg (mmolc .kg
−1) 0.59 (0.04) b 0.37 (0.06) b 3.31 (0.59) a

Al (mmolc .kg
−1) 1.59 (0.09) a 0.87 (0.30) a 0.00

CEC (mmolc .kg
−1) 9.38 (0.40) b 7.69 (1.43) b 19.03 (1.18) a

Cu (mg kg−1) 2.76 (0.34) b 2.15 (0.49) b 5.36 (0.56) a

Zn (mg kg−1) 3.27 (0.80) bc 1.39 (0.28) c 5.44 (0.92) ab

Fe (g kg−1) 0.21 (0.02) b 0.42 (0.03) a 0.28 (0.04) ab

NH4
+ (mg kg−1) 27.78 (4.00) ab 42.13 (5.72) a 2.99 (1.49) c

NO3
− (mg kg−1) 29.45 (3.84) a 9.09 (3.26) b 3.00 (1.21) b
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assignment was conducted using the SeqMatch tool
from the Ribosomal Database Project (Cole et al. 2009).

Statistical analysis

Significant differences between treatments were evalu-
ated using ANOVA (P≤0.05). The treatment means
were compared using the Tukey test, with the exception
of the greenhouse experiments, where a least significant
difference test (LSD) was used. The trials that did not
meet the assumptions of ANOVA were differentiated
using the Kruskal-Wallis test (Kruskal and Wallis
1952) in the statistical program Minitab 14.1.

Results

Physicochemical analysis

The soil samples from the three zones of study were
differentiated by various chemical parameters (Table 1).
However, it is worth mentioning that soils did not differ
significantly in % TN, % OC, % clay, % sand, or % silt.
Furthermore, they did not differ in the concentrations of
K, P, and micronutrients such as Mn and B.

In order to have a general view of the effect of
enrichment on the nitrogenase activity and indolic com-
pound production from a whole set of undefined con-
sortia obtained per farm, the average of replicates of
every integrated sample from each cropland was sum-
marized in Table 2. In this context the tendency of
undefined consortia obtained from rhizosphere/root
samples from Tolima was to increase nitrogenase activ-
ity, whereas undefined consortia from Meta did not
show any increase in the nitrogenase activity by contin-
uous enrichment (Table 2). On the other hand, the
production of indolic compounds increased in 50 % of
the undefined consortia in no particular pattern. Two of
the averaged samples were from upland areas and two
were from each of the irrigated crop zones. The produc-
tion of indolic compounds decreased in 33.33 % of the
analyzed undefined consortia (two were from upland
crops and two were from irrigated crops) (Table 2).

Promotion of growth by each undefined consortia

For assays under greenhouse conditions, three replicates
of each undefined consortium from the 12 farms were
evaluated as independent treatments for the first and

fifth generations. Of 72 bacterial suspensions evaluated,
3 showed significant increases in the promotion of rice
plant growth compared to uninoculated plants. An un-
defined consortium of the first generation from cropland
10, irrigated Tolima (G1.F10.1.IT), increased the dry
weight of stems by 43.52 % compared to the control
(Table 3). Undefined consortia of the fifth generation,
G5.F9.2.IT (Table 4) and G5.F1.2.UM (Table 5), in-
creased the dry weight of stems by 193.17 %, and
65.63 % respectively, compared with uninoculated
controls.

Plant growth promotion assays for undefined consortia
and their members in rice plants under greenhouse
conditions

As previously mentioned, three undefined consortia
promoted plant growth compared to uninoculated con-
trols (Tables 3, 4 and 5). Single isolates and mixed
inoculants developed by mixing strains according to
the selection medium (LB, NFb or NFb + YE) were
used to inoculate rice seeds. Inoculation of rice plants
with the undefined consortium G1.F10.1.IT and 6 of its
isolates and 2 mixtures showed significant increases in
root dry weight by at least 70.60 % (Table 3) (All
percent increases are in comparison to control). The
mixture of strains S8 and S9 showed the largest increase
in foliar dry weight (108.49 %) and root dry weight
(44.03 %). From the undefined consortium G5.F9.2.IT,
5 isolates and one bacterial mixture (S5/S6/S7/S8) pro-
moted increases in root dry weight by up to 88.87 %
(Table 4). With respect to the undefined consortium
G5.F1.2.UM, the bacterial mixture (S3/S4/S6) increased
root dry weight by 57.10 % and foliar dry weight by
92.57 % (Table 5). The strains that showed the greatest
increases in foliar dry weight were S8, S10, and S6
(Table 5).

Indolic compound production and nitrogenase activity
of isolated strains

The three bacterial suspensions from undefined consor-
tia with plant growth-promoting activity presented low-
er indolic compound production than those recorded for
the isolates (Fig. 1). Isolates of the undefined consor-
tium G5.F9.2.IT exhibited indolic compound produc-
tion of between 84.99 and 160.16 μg mL−1. Isolates of
the undefined consortium G5.F1.2.UM exhibited indo-
lic compound production of between 66.83 and
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Table 3 Dry weight of the stems and roots of rice plants inoculated with strains obtained from the undefined consortiumG1.F10.1.IT under
greenhouse conditions after 40 days of growth

Growth media Strains Dry weight of rice plants (Fedearroz 60)

Roots (mg planta−1) % Stem (mg planta−1) %

NFb G1.F10.1.IT 12.16 (1.26) a 100.54 20.11 (3.42) a 57.08

LB S2 8.58 (1.64) cb 41.57 15.77 (1.91) cba 23.14

LB S3 11.21 (1.25) ba 84.91 17.69 (0.99) ba 38.20

LB a S4 10.66 (2.12) ba 75.79 18.31 (3.57) ba 43.00

NFb + YE S5 8.54 (0.77) cb 40.78 12.79 (0.92) c NI

NFb + YE S6 6.78 (1.01) c 11.75 12.73 (0.40) c NI

NFb + YE S7 8.17 (1.41) cb 34.68 12.83 (1.45) c NI

NFb + YE S5/S6/S7 10.34 (1.05) ba 70.60 17.55 (1.86) ba 37.08

NFb S8 7.74 (0.87) cb 27.67 14.59 (1.12) cb 13.98

NFb S9 12.28 (2.00) a 102.47 16.53 (1.71) cba 29.12

NFb S8/S9 12.64 (1.37) a 108.49 18.44 (2.64) ba 44.03

Control (−) 6.06 (0.37) c 12.80 (1.04) c

E. hormaechei G10 10.94 (1.04) ba 80.51 17.03 (0.28) cba 33.05

The standard errors are shown in parentheses (n=4). Different letters correspond to significant differences according to the least significant
difference test (LSD). Control (−): uninoculated plants. Positive control: E. hormaechei G10. YE: yeast extract. NI: do not exhibit increases
of over 2 % compared to uninoculated control. (%): percentage of increase over the uninoculated control. a The mixture of the isolates
obtained from LB medium was not evaluated

Table 2 Nitrogenase activity and indolic compound production of undefined consortia (UC) obtained by continuous enrichment cultured in
NFb medium for the first and fifth generations (G)

UC Nitrogenase activity (nmol ethylene h−1) Indolic compounds (μg ml−1)

G1 G5 G1 G5

1 UM 25.97 (2.66) ab A 7.90 (2.53) de B 82.26 (10.23) c A 10.23 (2.41) ef B

2 UM 4.84 (2.32) cd A 0.79 (0.26) f A 244.65 (11.97) a A 14.29 (0.41) de B

3 UM 4.84 (1.68) cd A 2.41 (0.78) ef A 13.84 (2.78) ed B 55.36 (2.64) bc A

4 UM 2.41 (0.84) cd A 3.25 (0.92) ef A 14.12 (5.89) ed B 60.38 (3.66) bc A

5 IM 1.85 (0.66) d A 2.37 (0.64) f A 28.29 (7.39) ed A 1.68 (0.18) f B

6 IM 33.12 (4.42) a A 29.84 (1.35) ab A 160.87 (2.79) b A 165.56 (3.31) a A

7 IM 4.05 (2.04) cd A 2.40 (0.26) ef A 21.61 (4.96) ed B 92.67 (10.41) b A

8 IM Nda 1.13 (0.28) f 23.83 (4.59) ed B 174.49 (5.98) a A

9 IT 5.01 (1.08) cd B 12.89 (1.53) cd A 0.99 (0.17) e A 5.45 (2.04) ef A

10 IT 2.00 (0.44) d B 19.37 (0.94) cb A 9.04 (2.26) e B 90.65 (10.78) b A

11 IT 17.53 (0.44) b B 30.95 (2.59) ab A 4.56 (2.13) e B 21.31 (8.21) de A

12 IT 7.06 (0.92) c B 41.87 (2.57) a A 32.10 (8.75) d A 5.56 (0.54) ef B

The standard errors are shown in parentheses for nitrogenase activity (n=12) and indoleacetic acid (n=9)

IT irrigated Tolima, UM upland Meta, IM irrigated Meta

Numbers represents the average of replicates (four for nitrogenase activity and three for indolic compound production) of the three integrated
samples from each cropland analyzed
a (Nd) Activity not detected. Lowercase letters indicate significant differences within generations. Uppercase letters indicate differences
between generations
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144.62 μg mL−1, and isolates of the undefined consor-
tium G1.F10.1.IT exhibited indolic compound produc-
tion of between 37.55 and 181.48 μg mL−1 (Fig. 1).
Despite the fact that the bacterial suspensions from
undefined consortia were selected in NFb culture medi-
um, theoretically favoring obtaining diazotrophs, they

exhibited low nitrogenase activity: 6.97, 4.56, and
0.46 nmol of ethylene h−1 for G5.F1.2.UM,
G5.F9.2.IT, and G1.F10.1.IT, respectively. None of the
isolates obtained from the three undefined consortia
exhibited nitrogenase activity greater than 0.1 nmol eth-
ylene h−1.

Table 4 Dry weight of the stems
and roots of rice plants inoculated
with strains obtained from the
undefined consortium G5.F9.2.IT
under greenhouse conditions after
40 days of growth

The nomenclature used is similar
to that used in Table 3
aThere were no significant differ-
ences in stem dry weight

Growth media Strains Dry weight of rice plants (Fedearroz 60)

Root
(mg planta−1)

% Stema

(mg planta−1)
%

NFb G5.F9.2.IT 11.28 (0.69) a 85.98 16.02 (0.81) 25.11

LB S1 10.21 (1.19) cba 68.41 16.67 (0.14) 30.19

NFb + YE S3 10.83 (2.49) ba 78.56 16.78 (2.11) 31.03

NFb + YE S4 8.58 (0.47) dcba 41.48 17.81 (1.92) 39.13

NFb + YE S3/S4 9.15 (0.52) cba 50.93 16.74 (2.05) 30.76

NFb S5 9.65 (0.71) cba 59.23 17.1 (0.13) 33.57

NFb S6 7.65 (0.33) dcb 26.24 16.37 (1.17) 27.84

NFb S7 10.37 (1.13) cba 71.01 16.77 (1) 30.97

NFb S8 7.31 (1.81) dc 20.58 17.77 (0.31) 38.78

NFb S5/S6/S7/S8 11.45 (1.38) a 88.87 15.94 (0.38) 24.53

Control (−) 6.06 (0.37) d 12.8 (1.04)

E. hormaechei G10 10.94 (1.04) cba 80.51 17.03 (0.28) 33.05

Table 5 Dry weight of the stems
and roots of rice plants inoculated
with strains obtained from the
undefined consortium
G5.F1.2.UM under greenhouse
conditions after 40 days of growth

The nomenclature used is similar
to that used in Table 3

Growth media Strains Dry weight of rice plants (Fedearroz 369)

Root
(mg planta−1)

% Stem (mg planta−1) %

NFb G5.F1.2.UM 10.93 (2.24) dcb 7.85 17.02 (1.22) edc 44.95

Lb S1 10.41 (1.34) dcb 2.69 15.1 (0.71) fed 28.64

NFb + YE S3 7.93 (0.62) d NI 16.04 (2.28) fed 36.64

NFb + YE S4 8.02 (1.50) d NI 13.45 (1.05) fe 14.6

NFb + YE S5 10.18 (1.38) dcb NI 17.44 (2.67) edcb 48.59

NFb + YE S6 10.21 (0.81) dcb NI 19.29 (3.15) dcba 64.35

NFb + YE S3/S4/S6 15.93 (1.4) a 57.1 22.61 (1.99) ba 92.57

NFb + YE S3/S4/S5/S6 12.33 (1.29) cb 21.66 16.31 (1.14) fed 38.94

NFb S7 13.08 (1.08) ba 28.98 15.9 (0.79) fed 35.45

NFb S8 8.97 (1.00) dc NI 22.4 (3.40) cba 90.85

NFb S9 8.67 (0.89) d NI 16.52 (0.76) fedc 40.71

NFb S10 10.28 (0.68) dcb NI 20.49 (2.88) dcba 74.51

NFb S7/S8/S9/S10 7.55 (0.89) d NI 13.2 (2.06) fe 12.43

Control (−) 10.14 (0.50) dcb 11.74 (0.45) f

E. hormaecheiG10 10.60 (0.72) dcb 4.57 23.19 (2.91) a 97.55
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Molecular identification

The strains of the undefined consortium G1.F10.1.IT
were identified as: Enterobacter sp. strains S2, S3, S5,
S6, S8, and S9 (accession numbers JQ779327,
JQ779328, JQ779330, JQ779331, JQ779333, and
JQ779334 respectively); Chryseobacterium sp. strains
S4 and S7 (accession numbers JQ779329 and
JQ779332 respectively); and Lactococcus sp. strain S6
(JQ779331). The strains of the bacterial suspension
G5.F9.2.IT (S5/S6/S7/S8), which exhibited the highest
increase of root dry weight (88.87 %) compared to
control, belong to the genus Enterobacter sp (accession
numbers JQ779335, JQ779336, and JQ779337 for S5,
S6, and S7, respectively) with the exception of strain S8,
which belongs to the genus Acinetobacter sp
(JQ779338).

Discussion

The selection of strains for the development of a mixed
inoculant is a critical step (Bhattacharjee et al. 2008). No
standard protocol is available to create a successful
mixed inoculum; however, the combination of different
PGPR with potentially complementary mode of actions
is most likely the most commonly used criterion
(Belimov et al. 1995; Wani et al. 2007; Adesemoye
and Kloepper 2009). Despite the obvious convenience
of such an approach, it does not consider compatibility
in terms of the microbial interactions between strains at

the niche level (de Freitas 2000; Rojas et al. 2001;
Oliveira et al. 2002; Felici et al. 2008; Xu et al. 2011).
This highlights the importance of implementing meth-
odologies that promote the selection of bacterial mix-
tures that exhibit good growth-promotion capacity and
already interact within the rhizosphere.

The methodology proposed in this study allows re-
searchers to obtain undefined consortia and mixed inoc-
ulants with high plant growth-promoting capacity using
an enrichment strategy through five consecutive subcul-
tures in a nitrogen-free medium from different
root/rhizosphere bacterial suspensions. This strategy is
a valuable tool for the development and establishment of
mixed inoculants with plant growth-promoting activity
without the need to further evaluate the compatibility
between the members of the mixed inoculants. In addi-
tion, single strains with plant growth-promoting activity
were also obtained (Tables 3, 4 and 5).

The enrichment through five consecutive passes
evaluated in this study allowed the selection of more
efficient nitrogen-fixing undefined consortia from irri-
gated rice fields at Tolima (Table 2). In contrast, unde-
fined consortia from upland and irrigated fields at Meta
did not show any increase in nitrogen-fixation capacity.
The crops at Tolima are fertilized with twice as much
applied nitrogen than those at Meta, where, on average,
100 kg N ha−1 is used. The large inputs of N applied to
the fields of Tolima and even Meta may inhibit the
nitrogenase activity of most diazotrophic bacteria
(Vanegas et al. 2013), as it has been shown that appli-
cations of between 20 and 100 kg of N ha−1 reduce N2
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Fig. 1 Indolic compound production (μg mL−1 of indolic acetic
acid, AIA) of strains (S) isolated from three undefined consortia
(C), G5.F9.2.IT, G1.F10.1.IT, andG5.F1.2.UM, exhibiting growth

promotion activity in rice plants. The bars represent the means of
three replicates with their respective standard errors. Different
letters represent significantly different results at P≤0.05
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fixing activity by up to 85 % (Shrestha and Maskey
2005). In addition, the crops of Tolima presented better
fertility parameters (i.e., CEC and nutrient availability)
than crops of Meta (Table 1), which may have allowed
the establishment of a greater diversity of diazotrophs
(Ueda et al. 1995; Rao et al. 1998). Consequently,
Tolima samples may provide conditions that induce a
faster response to the selection pressure associated with
subculturing in a N-free medium (Döbereiner 1995).

After obtaining these results, the effect of
subculturing up to the tenth generation was evaluated
(data not shown). The results showed that only one
undefined consortia from the upland crops (4 UM) of
Meta exhibited increased nitrogen-fixing capacity
(22.38 nmol of ethylene h−1). However, the four unde-
fined consortia from irrigated crops at Meta either main-
tained (IM6) a relatively high value (22.68 nmol of
ethylene h−1) or increased the nitrogenase activity to
between 9.13 nmol of ethylene h−1 (IM5) and
22.33 nmol of ethylene h−1 (IM7) after the tenth gener-
ation (data not shown). These results support the hy-
pothesis that continuous subculturing of an undefined
consortium obtained from rhizosphere/root soil samples
of rice on an N-free medium enriches the diazotrophic
microbial community that is able to fix nitrogen.
However, the number of generations needed to select a
microbial community with improved N-fixing capacity
is sample specific and depends not only on the origin of
the samples, but also on the original physico-chemical
conditions of the crop fromwhere the samples are taken,
most likely due to the original structure of the
diazotrophic microbial community. In fact, it has been
reported that under flooded conditions, N fixation is
increased due to an increase in the availability of nutri-
ents and microhabitats with different oxygen tensions
that allow the establishment of a wider variety of
diazotrophs (Ueda et al. 1995; Roger 1995; Liesack
et al. 2000). This finding may explain why the selection
response in terms of nitrogen fixation capacity was
better for the irrigated than the upland croplands.

Enrichment in NFb culture medium has been widely
used to obtain diazotrophic PGPR (Döbereiner 1995;
Jha et al. 2009). However, the bacterial suspensions
obtained through such enrichment have not been used
directly as inocula to promote plant growth. We do not
know whether the strains that were isolated from each
undefined consortia were representative of the complete
bacterial community that promoted the growth of rice
plants because we are limited to evaluating only the

culturable bacteria favored by the nutritional conditions
of each medium. In addition, it is unknown whether
these isolates were present at different abundance levels
within the undefined consortia. It is worth mentioning
that in each culture medium different strains predomi-
nated, which indicates the variability of the culturable
microbial community within each undefined consortia.

The continuous enrichment strategy permitted us to
obtain mixtures of rhizobacteria and individual
rhizobacterial strains with growth-promoting activity
in rice plants (Tables 3, 4 and 5). For the undefined
consortium G1.F10.1.IT, the strain mixture S5/S6/S7
promoted increased root and stem dry weights; howev-
er, when these strains were evaluated individually, each
by itself did not have a significant effect on plant growth
(Table 3). Similar results were shown for the strain
mixture S3/S4/S6 of the bacterial consortia
G5.F1.2.UM (Table 5). Synergistic effects on growth
promotion with significant increases in total N uptake
and rice yield have been previously reported when using
Azotobacter armeniacus and A. nigricans together, but
no effect was observed when either of these strains was
used individually (Piao et al. 2005). A similar result was
reported by Nandakumar et al. (2001).

Despite the relevance of these synergistic relation-
ships, the mechanisms that mediate these interactions
have not yet been established. It has been suggested that
lowmolecular weight molecules associatedwith cellular
communication such as N-acyl homoserine lactones
(AHL), may contribute with the establishment of such
interactions. Those molecules not only regulate diverse
behaviors in rhizosphere inhabiting bacteria (Holguin
and Bashan 1996; Ortiz-Castro et al. 2009), but can also
trigger an extensive range of functional responses in
plants (Mathesius et al. 2003). A preliminary character-
ization of the presence of this kind of molecules, using
the biosensor Chromobacterium violaceum CV026 in
cross-streak experiments was done as suggested by
McClean et al. (1997) for the members of consortium
G1.F10.1.IT. Strains S5, S8 and S9 were positive for the
presence of AHL (results not shown), suggesting a
possible communication at least between strains S8
and S9 that were tested together as plant growth-
promoting mix of bacteria (Table 3). We may speculate
that the presence of such molecules explains the effect
on growth promotion of the mix of those strains, how-
ever even if such communication exists it did not im-
prove the growth promotion capacity of S9 strain that is
the one that presented growth promotion activity when
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tested alone. Further experiments, out of the scope of
this study, should be done to demonstrate the role of
AHL in the growth promotion capacity of S8-S9 mix.

It is considered that the success of mixed inoculants
is due to synergism between promotion mechanisms
(Rojas et al. 2001; Raja et al. 2006), the ability to occupy
different niches within the plant, which produces a
cooperative effect in terms of growth promotion and a
more competitive bacterial mix (Govindarajan et al.
2007), metabolic synergy that increases the availability
of nutrients (Shrestha et al. 2007), removal of inhibitory
products such as oxygen (Bashan 1998; Minamisawa
et al. 2004), and stimulation of plant promotion mech-
anisms (Holguin and Bashan 1996). Further studies are
needed to determine which of these mechanisms, or
possibly other mechanisms, may contribute to the plant
growth promotion effect of the bacterial mixes obtained
in this study.

Forty-five percent of single strains that were obtained
from the three undefined consortia had the capacity to
promote plant growth in terms of either root and/or stem
dry weight. However, there was no correlation between
the growth promotion and nitrogen fixation capacity, as
the strains isolated from the different undefined consor-
tia exhibited negligible nitrogenase activity compared to
the original suspensions. Similar results were found by
Holguin et al. (1992) and Minamisawa et al. (2004)
when they isolated and evaluated the nitrogenase activ-
ity of strains obtained from enrichment in N-free media.
Of the undefined consortia, 50.00 % increased the pro-
duction of indolic compounds (Table 2). Again, no
correlation was observed between the production of
indolic compounds and growth promotion activity.

The undefined consortia that promoted growth under
greenhouse conditions presented neither high nitroge-
nase activity nor high indolic compound production
(Fig. 1). However, the strains obtained from each of
the three undefined consortia presented low or undetect-
able nitrogenase activity, whereas the production of
indolic compounds was present and relatively high for
most strains (Fig. 1). This result is consistent with the
mode of action of other diazotrophic PGPR such as
Azospirillum brasilense, the main mode of action of
which, despite its status as a nitrogen-fixing bacterium,
is related to the production of plant growth-regulating
substances such as auxins (Spaepen et al. 2008). The
results suggest that besides the auxin production, other
modes of action might be involved in the plant growth
promotion activity of the isolated strains. These modes

include the production of other plant growth regulators
such as gibberellins and/or cytokinins (Azcon and Barea
1975), phosphate solubilization (Yu et al. 2012),
siderophores production (Sharma and Johri 2003), reg-
ulation of the endogenous content of growth regulator
substances through mechanism such as ACC deaminase
(Glick 2013) and colonization (Verma et al. 2001;
Steenhoudt and Vanderleyden 2000), mechanisms that
will be studied in the future for the growth promoting
consortia and strains described in this study to under-
stand their mode of action as plant growth promoters.

The bacterial consortium G1.F10.1.IT included 5
m o r p h o t y p e s b e l o n g i n g t o t h e f a m i l y
Enterobacter iaceae . S imilar ly, the mixture
S5/S6/S7/S8 from the bacterial consortium G5.F9.2.IT
included 3 morphotypes of the genus Enterobacter.
Several genera of Enterobacteriaceae have been found
in the rhizosphere of rice plants and were reported as
PGPR (Barraquio et al. 2000; Mehnaz et al. 2001;
Verma et al. 2001; Kennedy et al. 2004; Shankar et al.
2011), suggesting an important role of this taxonomic
group in the rhizosphere of rice (Ladha and Reddy
2000). The ubiquity of this genus in the rhizosphere
has been attributed to its rapid growth, strong seed
adherence, root colonization capacity, metabolic diver-
sity, and use of multiple mechanisms to promote plant
growth (Barraquio et al. 2000; Shankar et al. 2011). This
may explain why, despite their putative constraints on
human health, several reports exist of the use of mixed
inoculants using rhizobacteria, including somemembers
of the Enterobacteriaceae (Holguin and Bashan 1996;
Shrestha et al. 2007; Mehnaz et al. 2010). The other
rhizobacteria found in the undefined consortia belong to
the genus Chryseobacterium, which has been reported
to act as a biocontrol for rice blast through the induction
of systemic resistance and to increase the productivity of
rice (Lucas et al. 2009). The use of Lactococcus as
PGPR in rice has not been reported. However, this
genus is widely distributed in rice silage (Ennahar
et al. 2003) and has been recognized as a producer of
bacteriocins (Delves-Broughton et al. 1996) and of lac-
tic acid from rice straw (Fukushima et al. 2004).

Conclusions

The continuous enrichment strategy using up to five
passages proved to be a good methodology for the
selection of undefined consortia with increased
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nitrogenase activity from rhizosphere/root samples of
irrigated crops at Tolima. More importantly, this rela-
tively simple strategy resulted in three bacterial suspen-
sions of undefined consortia, five mixtures of
rhizobacteria, and 11 individual rhizobacterial strains
that exhibited growth-promoting capacity in rice plants.
Although the continuous enrichment strategy increased
nitrogenase activity and the production of auxins in
some undefined consortia, the mechanisms of action of
the consortia and even of strains or mixtures of strains
that promoted growth were not identified. Currently,
new studies are being carried out in our laboratory to
identify the mode of action and the potential of the
selected strains to be developed as inoculants.
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