
The benefits of foliar inoculation with Azospirillum brasilense
in soybean are explained by an auxin signaling model

Mariana L. Puente1
& José L. Gualpa2 & Gastón A. Lopez2 & RominaM.Molina2 & SusanaM. Carletti3 & Fabricio D. Cassán2

Received: 8 August 2017 /Accepted: 1 December 2017
# Springer Science+Business Media B.V., part of Springer Nature 2017

Abstract
Azospirillum sp. is one of the most studied genera of plant growth-promoting rhizobacteria (PGPR). The ability of Azospirillum sp. to
promote plant growth has been associated with its ability to produce several phytohormones, such as auxins, gibberellins and
cytokinins, but mainly indole-3-acetic acid (IAA). It has been propoosed that the production of IAA explains the positive effects of
co-inoculation with Azospirillum sp. on the rhizobia-legume symbiosis. In this study, we constructed an IAA-deficient mutant of
A. brasilense Az39 (ipdC−) by using a restriction-free cloning method. We inoculated soybean seeds with 1·106 cfu·seed−1 of
Bradyrhizobium japonicum E109 and co-inoculating leaves at the V3 stage with 1·108 cfu.plant−1 of A. brasilense Az39 wt or
ipdC− or inoculated leaves with 20 μg.plant−1 synthetic IAA. The results confirmed soybean growth promotion as there was increased
total plant and root length, aerial and root dry weight, number of nodules on the primary root, and an increase in the symbiosis
established with B. japonicum E109. Nodule weight also increased after foliar co-inoculation with the IAA- producer A. brasilense
Az39. The exogenous application of IAA decreased aerial and root length, as well as the number of nodules on primary roots in
comparison with the Az39 wt strain. These results allow us to propose a biological model of response to foliar co-inoculation of
soybean with IAA-producing rhizobacteria. This model clearly shows that both the presence of microorganism as part of the coloni-
zation process and the production of IAA in situ are co-responsible, via plant signaling molecules, for the positive effects on plant
growth and symbiosis establishment.
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1 Introduction

Soybean [Glycine max (L). Merr.] plants obtain nitrogen by ab-
sorbing it from the soil solution as nitrate or ammonium ions or

via biological nitrogen fixation through the establishment of a
mutualistic symbiosis with beneficial rhizobacteria belonging to
the genus Bradyrhizobium (López-García et al. 2009). These soil
bacteria induce nodule formation and nitrogen fixation in soy-
bean roots. Formation of a nitrogen-fixing root nodule is a com-
plex developmental event that depends on a chemical Bdialog^
between the microsymbiont and the plant. This Bdialog^, as well
as the nitrogen fixation process and the soybean crop productiv-
ity under field conditions, can be modified by the presence of
exogenous phytohormones (auxins, cytokinins, gibberellins) or
the inoculation with beneficial rhizobacteria (Vicario et al. 2015;
Hungria et al. 2015). These beneficial bacteria is known as plant
growth-promoting rhizobacteria (PGPR) (Kloepper and Schroth
1978). The production of phytohormones by PGPR has been
proposed as the most important mechanism in the rhizobia-
legume symbiosis (Srinivasan et al. 1996; Frugier et al. 2008).
The auxins produced by PGPR are thought to increase the num-
ber of root hairs and thus increase the interaction sites between
the rhizobia and the root hairs, whereas cytokinins are considered
as key differentiation signals for nodule organogenesis. The early
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work of Thimann (1936) suggested that auxins played an impor-
tant role in the course development (ontogeny) and now we
know that changes in the concentration of this phytohormone
or in its balance with cytokinins are a pre-requisite for nodule
organogenesis (Mathesius et al. 1998).

Azospirillum is one of the most studied PGPR over the last
four decades because it improves the growth, development
and yield of several crops, including some legumes (Bashan
and de Bashan 2010). The positive effects of inoculation with
these bacteria are related to their ability to produce phytohor-
mones such as auxins (Crozier et al. 1988; Zimmer and Bothe
1988), cytokinins (Horemans et al. 1986; Cacciari et al. 1989),
gibberellins (Bottini et al. 1989; Janzen et al. 1992; Piccoli and
Bottini 1996), abscisic acid and ethylene (Perrig et al. 2007),
as well as certain polyamines such as cadaverine (Cassán et al.
2009). The production of auxins, mainly indole-3-acetic acid
(IAA), is considered the most important and significant mech-
anism that promotes plant growth (Cassán et al. 2014).

At least four metabolic pathways have been proposed for
IAA biosynthesis in rhizobacteria: three using the amino acid
L-tryptophan (Trp) as a precursor and one Trp-independent
pathway (Prinsen et al. 1993; Carreño-Lopez et al. 2000).
Azospirillum synthesizes IAA almost exclusively through the
indole-3-pyruvic acid (IPyA) pathway (Patten and Glick 1996).
The IPyA pathway was initially demonstrated in A. brasilense
Sp245 by Costacurta et al. (1994) by cloning the ipdC gene,
which encodes an indole-3-pyruvate decarboxylase (IPDC), a
key enzyme in the pathway because it is the rate-limiting step.
Prinsen et al. (1993) also showed that ipdC− knockout mutants
are strongly reduced in IAA biosynthesis. The co-inoculation
with an IAA-deficient strain of Ensifer meliloti (ex-
Sinorhizobium meliloti) with an IAA-producing strain of
Azospirillum brasilense on alfalfa seeds significantly increased
the number of nodules on the primary root. By using an ipdC
knockout mutant of A. brasilense, Remans et al. (2008) also
found an increase in the nodule number by the co-inoculation
with IAA-producing A. brasilense and Rhizobium etli in com-
mon bean. Other researchers, such as Yahalom et al. (1990),
showed a beneficial response in biological nitrogen fixation
after co-inoculation with Rhizobium and Azospirillum not only
with regard to root morphology and nodule number, but also in
relation to the functionality of the enzymatic machinery in
nodules. Burdmann et al. (1997) also observed that common
bean seedlings inoculated with IAA-producing A. brasilense
showed increased production of flavonoids in the roots and a
greater ability to induce the expression of nod genes in
Rhizobium, compared with non-inoculated seedlings.

Despite the above findings, the value of employing a com-
bination ofA. brasilense and B. japonicumwith soybean seeds
is limited under agronomic conditions. This is because the use
of a wide range of chemical pesticides on the seeds drastically
reduces bacterial survival and plant growth promotion
(Campo et al. 2009; Zilli et al. 2009). The aim of the present

study was to evaluate the benefits of foliar inoculation with
A. brasilense Az39 on soybean plants and its symbiosis with
B. japonicum E109. Additionally, we aimed investigate
whether any positive responses were related to the ability of
A. brasilense Az39 to produce IAA.

2 Materials and methods

2.1 Biological materials

The bacteria used in this study were: (1) B. japonicum E109
(WDCM31) and (2)A. brasilenseAz39 (strains deposited at the
BPCV-IMYZA-INTA Culture Collection, Castelar, Buenos
Aires, Argentina). Additionally, for the construction of the
IAA-deficient mutant (4) A. brasilense Az39 ipdC−, we used
(3) Escherichia coli S17–1 (ATCC 47055). Azospirillum
brasilense Az39 and B. japonicum E109 are two of the strains
most currently used for inoculant formulations in Argentina and
Brazil (Lodeiro 2015; Cassán and Díaz-Zorita 2016). Their
complete genome sequences have been recently published by
Rivera et al. (2014) and Torres et al. (2015). Seeds of soybean
[Glycine max (L). Merr.] Nidera A 5009 RR were used.

2.2 Culture conditions

B. japonicum E109 was grown in Yeast Extract Mannitol
(YEM) medium, as described by Vincent (1970), while
A. brasilense was grown in liquid medium of Sadasivan and
Neyra (1985). The liquid medium was complemented with
10 mg∙mL−1 of L-tryptophan for IAA quantification and
50 μg∙mL−1 of gentamicin in the case of the ipdC- strain (with
exception of the cultures used for plant treatment). All
rhizobacteria were incubated under stirring at 30 °C for 48–
72 h (Az39) or 72–96 h (E109). To determine the typical
phases of the growth curve of each microorganism in the used
culture media, the number of viable cells (cfu∙mL−1) was
quantified using the microdrop quantification method (Miles
and Misra 1938). Plates containing: YEM medium (Vincent
1970) were used for B. japonicum, and Congo Red medium
(Rodríguez Cáceres 1982) for Az39 wt, and Congo Red me-
dium modified by the addition of 50 μg∙mL−1 gentamicin for
ipdC− Az39. The plates were analyzed after incubation at
30 °C for 7 days in the case of B. japonicum and for 6 days
for A. brasilense, as previously described in Cassán et al.
(2013), with modifications.

2.3 Construction of the A. brasilense Az39 ipdC−

mutant

A restriction-free cloning method was used to obtain the ipdC
mutant of A. brasilense Az39 deficient in IAA production, as
described by Unger et al. (2010). This method uses a pair of
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primers for each fragment cloned, corresponding to the 5′ and
3′ fragments of the target gene and the gentamicin-resistance
cassette (GmR). The upstream and downstream fragments of
the ipdC gene (target region) were amplified by PCR from
genomic DNA using the primer pairs Az39–5′IPDC_FW/
Az39–5 ′IPDC_RV and Az39–3 ′IPDC_FW/Az39–3 ′
IPDC_RV respectively. A total of six primers were required
to mutate a single gene (Table S1, supplementary material).
The methodology consisted in amplifying each fragment with
specific primers by using the Q5® HF DNA Polymerase
(New England Biolabs, Ipswich, MA, USA), purifying each
fragment, and combining them with the plasmid
pK18mobsacB (ATCC® 87,097™, Manassas, USA) in an
extension reaction. Then, the suicide plasmid carrying the
mutagenesis cassette was treated with DpnI enzyme
(Promega, Madison, WI, USA) to digest only methylated or
hemimethylated DNA and subsequently transformed into
Escherichia coli S17–1 λpir strain, a λ-pir lysogen of S17–1
[thi pro hsd R−hsdM+recA RP4 2-Tc::Mu-Km::Tn7 (TpR

SmR)]. Finally, the construct was mobilized into
A. brasilense Az39 by biparental mating, according to
Simon et al. (1983). Double recombinant clones, resistant to
gentamicin and sensitive to kanamycin, were recovered with-
out the need of sacB counter selection. From the colonies
recovered, those possessing the desired construction were se-
lected by Bcolony PCR^ and the sequences obtained were
confirmed by sequencing and used in further experiments.

2.4 IAA quantification

The IAA from the wt and ipdC− strains of A. brasilense Az39
and B. japonicum E109 was identified and quantified at the
lag (2 h), exponential (4 h) and stationary (24 h for
Azospirillum sp. and 30 h for B. japonicum) growth phases.
The samples were analyzed by using High Performance
Liquid Chromatography, according to Spaepen et al. (2008).
Treatments from three independent experiments were per-
formed in triplicate (n = 9). Values represent mean ± standard
error. Data were analyzed for variance by ANOVA followed
by Tukey’s Test a posteriori analysis at p ≤ 0.05. Analysis was
performed using INFOSTAT version 2014 (Di Renzo et al.
2014) (Universidad Nacional de Córdoba, Argentina).

2.5 Biological assays

A set of biological assays were performed to analyze the soy-
bean growth and B. japonicum E109 symbiosis, according
with the following treatments: (1) soybean seeds inoculated
with B. japonicum E109 (control); (2) soybean seeds inoculat-
ed with B. japonicum E109 and leaves co-inoculated with
Az39 wt (IAA-producing strain); (3) soybean seeds inoculated
with B. japonicum E109 and leaves co-inoculated with Az39
ipdC− (IAA deficient); (4) soybean seeds inoculated with

B. japonicum E109 and leaves exogenously treated with a pure
solution of IAA (Note: we used a pure IAA solution with a
concentration similar to that produced by Az39 at the station-
ary growth phase, as shown in Table 1). The seeds were inoc-
ulated with 1·106 cfu·seed−1 of B. japonicum and then sown in
330-cm3 plastic pots containing sterile vermiculite as substrate.
The foliar co-inoculation with A. brasilense and the exogenous
application of IAA were performed when the plants reached
the V3 stage (Fehr and Caviness 1977) of development or
third-node stage. For the foliar application of A. brasilense
Az39 and the IAA solution, independent manual atomizers
were used. In both cases, the A. brasilense Az39 (wt and
ipdC− mutant) inoculum had a titer of 1·109 cfu·mL−1 at the
moment of inoculation. The inoculation dose was established
in a final volume of 2 mL.plant−1 containing 5.0% (v/v) of
A. brasilense Az39 (wt or ipdC−) cultures (1·108 cfu.plant−1),
centrifuged and resuspended in sterile physiological solution
to prevent the possible introduction of exogenous IAA. In the
case of the pure IAA solution, a dose of 2 mL.plant−1 contain-
ing 10 μg.mL−1 IAAwas used. All doses and application times
were standardized in previous experiments (data not shown).
In the case of the foliar co-inoculation with A. brasilense, the
application time at V3 showed the best results under environ-
mentally controlled conditions. Additionally, the V3 stage is
coincident with the time for application of chemical products
in soybean crops under agronomic field conditions in South
America. This coincidence was deliberately considered to ex-
tend this technology to field conditions in the future.

Plants were cultured in a plant growth chamber with a pho-
toperiod of 16 h light (30 °C) and 8 h of dark (20 °C), 40–60%
of relative humidity and irrigated with a nitrogen-deficient
Hoagland’s nutrient solution (Hoagland and Arnon 1950).
After 28 days, the plants were uprooted and their nodules on
primary and secondary roots counted. The root and shoot dry
weight, as well as the root and shoot length, were determined.
Additionally, the number of bacterial cells (wt or ipdC−) recov-
ered from leaves of soybean seedlings was determined by the
Bmost probable number^ (Döbereiner et al. 1995) and Bdirect
sowing^ (Rodríguez Cáceres 1982) methods. Bacterial coloni-
zation was confirmed by the use of a FEI Quanta 250 Electron
Microscope (Thermo Fischer, USA). A fully randomized block
design with seven replicates per treatment was used for this
experiment (n = 42). Data were analyzed using ANOVA and
means were compared by Duncan’s multiple range test (p ≤
0.05) using the software INFOSTAT version 2014 (Di Renzo
et al. 2014) (Universidad Nacional de Córdoba, Argentina).

3 Results

An isogenic mutant of Az39 deficient in the expression of an
indole pyruvate decarboxylase was successfully constructed
in which a genomic fragment having the gene ipdC gene was
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replaced with a gentamicin-resistant cassette by homologous
recombination (Fig. 1). The genomic structures of the recov-
ered gentamicin-resistant and kanamycin-sensitive clones
were analyzed by PCR, using several combinations of
primers. The analysis unambiguously confirmed the expected
genomic array of the ipdC− mutants, which differed from the
Az39 wild type strain. Once the mutants were constructed,
confirmatory experiments were carried out to analyze the bac-
terial growth and IAA production ability of the ipdC−mutants
in comparisonwith the Az39wild type strain. The three clones

were evaluated for IAA production on chemically defined
medium (data not shown), but only ipdC− 2 was used for
inoculation assays.

Only the Az39 wt strain was able to produce and release
IAA into the culture medium in the presence of L-Trp
(Table 1). The highest IAA production (determined as IAA
accumulation) was observed at the stationary growth phase
(10.84 μg∙mL−1), coincident with the kinetics of a typical
bacterial secondary metabolite. Neither the Az39 ipdC- mu-
tant strain nor B. japonicum E109 were able to produce or

Table 1 Evaluation of bacterial
growth (cfu∙mL−1) and indole-3-
acetic acid production (μg∙mL−1)
at different phases of the growth
curve obtained from pure cultures
of the wild type and ipdC−mutant
of A. brasilense Az39 and the
wild type strain B. japonicum
E109. A. brasilense was grown in
a defined medium complemented
with 10 mg∙mL−1 of L-tryptophan
and 50 μg∙mL−1 of gentamicin (in
the case of ipdC-). E109 was
grown in YEM medium

Strain Growth curve phase Bacterial growth (log10 cfu∙mL−1) IAA concentration (μg∙mL−1)

Az39 wt lag 5.00 ± 0.08 3.34 ± 0.124a

exponential 8.15 ± 0.03 5.26 ± 0.201b

stationary 9.30 ± 0.05 10.84 ± 0.098c

Az39 ipdC− lag 4.70 ± 0.02 *

exponential 7.96 ± 0.04 *

stationary 9.00 ± 0.06 *

E109 lag 5.48 ± 0.04 *

exponential 8.43 ± 0.09 *

stationary 9.72 ± 0.10 *

*: not identified

Fig. 1 Construction of the A. brasilense Az39 ipdC− mutant. a The
A. brasilense Az39 genomic region comprising the ipdC gene (in red)
was replaced with a gentamicin resistance cassette (GmR, in black) by
homologous recombination. The mutant allele in a suicide plasmid was
introduced into Az39 by bi-parental mating, and double crossover mu-
tants were recovered in selective medium. b The correct integration of the
cassette into the genome was verified in three independent clones (ipdC−

1, ipdC− 2, and ipdC− 3) by PCR, using different primer combinations

(P1 + P4, P1 + GmR, and GmF+ P4; indicated in dotted lines). The reac-
tion products were run on 1% agarose gel stained with ethidium bromide
under standard conditions. TheAz39wild type (wt) strain was included in
the analysis, as a control and GeneRuler™ (Thermo Scientific™, USA)
1 kb DNA Ladder used as molecular marker. The three clones were
evaluated for IAA production on chemically defined medium (data not
shown), but only ipdC− 2 was used for inoculation assays
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accumulate detectable amounts of this molecule throughout
the growth curve, confirming the inability of the mutant and
E109 to produce or accumulate IAA in the culture medium.

Azospirillum brasilense compatible colonies and cells were
recovered from the inoculated plants (≈1E + 2 cfu.g−1), 24 h
after innoculation and this number increased at least three fold
(≈3E + 2 cfu.g−1) at 48 h post-inoculation and remained stable
for another 96 h. There was no significant difference in the
colonization of A. brasilense Az39 (wt and ipdC−) and no
compatible cells were obtained in the un-inoculated controls.
Electron microscopy confirmed the presence of cells compat-
ible with A. brasilense wt and ipdC− mutant on soybean
leaves at 1, 24 (data not shown), and 48 h post-inoculation
(Fig. S1).

The foliar co-inoculation of soybean with A. brasilense
Az39 wt and ipdC− and the exogenous application of pure
IAA solution were compared with the seed inoculation
with B. japonicum E109, and the results are summarized
in Figs. 2, 3 and 4.

The foliar co-inoculation with the IAA-producing Az39 wt
strain showed significant differences in several parameters of
plant growth, such as total plant and root length, aerial and
root dry weight, number of nodules on the primary root and
nodule weight. As summarized in Fig. 2, the foliar co-
inoculation with wt Az39 led to an average increase of 12%
in plant length as compared with the seed inoculation with
B. japonicum E109 and co-inoculation with the mutant
Az39 ipdC− (Fig. 2a). At the root length level (Fig. 2b), the
co-inoculation with Az39 wt led to an average increase of
31%. The foliar treatment with the IAA-deficient mutant
Az39 ipdC− induced a significant reduction in the plant and
root length, but also in root weight and number and biomass of
nodules when compared to the foliar co-inoculation with
Az39 wt (Figs. 3 and 4). As summarized in Figs. 2 and 3,
the foliar co-inoculation with Az39 ipdC− led to the lowest
growth rate, with a reduction of 18.6% in plant height and

40% in root length, as compared with the foliar co-
inoculation with Az39. The exogenous application of IAA
decreased the root length (Fig. 2), but increased the number
of nodules per plant in comparison with the control inoculated
with B. japonicum E109 (Fig. 4), and decreased the aerial and
root length, as well as the number of nodules on primary roots,
in comparison with the Az39 wt strain. In addition, the foliar
co-inoculation with Az39 wt led to significant differences
compared to the foliar application of exogenous IAA in the
roots (length and dry weight) and aerial parts (dry weight), as
well as in the number of nodules on the primary root.

After inoculation with Az39 wt, aerial dry weight increased
significantly (Fig. 3a); in contrast, root dry weight was statis-
tically higher than that observed after inoculation with Az39
and E109 and application of IAA, with an increase of 17%
(Fig. 3b). Foliar co-inoculation with Az39 ipdC− reduced ae-
rial and root dry weight by 11% and 5.4% respectively, but
these differences were statistically significant only in aerial
dry weight.

Figure 4 summarizes the parameters related to the
Bradyrhizobium-soybean symbiosis. Nodulation was posi-
tively affected by co-inoculation with Az39 wt. The num-
ber of nodules on the primary root showed an average in-
crease of 20% compared with the other treatments (Fig. 4a).
The number of nodules per plant had an average increase
of 26%, compared with that observed after the single inoc-
ulation with E109 and co-inoculation with Az39 ipdC−

(Fig. 4b). Although the nodule biomass showed no differ-
ences between treatments, an increase of 17% was ob-
served after foliar co-inoculation with Az39 wt (Fig. 4c).
The number of nodules in the secondary root was also af-
fected only by the foliar application of IAA, with a signif-
icant increase of 29% compared to the other treatments
(data not shown). Similarly to that observed in other pa-
rameters, the co-inoculation with ipdC− induced a decrease
in nodulation parameters.
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4 Discussion

The use of phytohormones and PGPR is an extensive prac-
tice in agriculture to increase plant growth and crop yields
around the world (Muniralzaman 2000). IAA is the best-
characterized auxin known to be produced by many benefi-
cial PGPR (Spaepen et al. 2007). Low concentrations of
IAA can stimulate the elongation of taproots. High concen-
trations of IAA can stimulate lateral root formation, decrease
the length of the primary root and increase the formation of
root hairs with the concomitant increase in the root surface
and water absorption volume (Dobbelaere et al. 1999; Patten
and Glick 2002; Perrig et al. 2007; Spaepen et al. 2007;
Remans et al. 2008). In legumes, the symbiosis with
rhizobia and nodule ontogeny are controlled by the level
of phytohormones produced at the different stages of the
organ development (Dart 1977). Several authors have ob-
served that the exogenous application of auxins (mainly
IAA) in alfalfa and peanut seedlings promotes the formation
of nodules and increases seedling weight (Gruodien and

Zvironaite 1971; Srinivasan and Gopal 1977). Increases in
crop dry weight compared with untreated controls were ob-
served when IAA was applied in Cassia absus and common
bean (Phaseolus vulgaris L.) (Hussain et al. 2011; El-Saeid
et al. 2010). Furthermore, Remans et al. (2008) observed
that a mutant of A. brasilense Sp245 ipdC−, deficient in
IAA production, induced no increase in nodulation or nitro-
gen fixation in common bean (Phaseolus vulgaris L.). This
indicated that bacterial production of this phytohormone is a
key factor for the establishment of the rhizobium-legume
symbiosis. In our experiments, the wild type strain of
A. brasilense Az39 was the only strain able to produce
IAA, reaching a maximum concentration at the stationary
growth phase because of the accumulation of the metabolite
in the culture medium. This production of IAA by
A. brasilense Az39 wt was consistent with that observed
by Perrig et al. (2007) and Cassán et al. (2009) in chemically
defined media.

The production of plant hormones by Azospirillum sp.
has been one of the most studied mechanisms of plant
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ences (p ≤ 0.05)
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growth promotion in the last decades (Spaepen et al. 2007;
Cassán et al. 2014). Several authors have reported the ben-
eficial role of IAA produced by Azospirillum sp. in plant
growth (Tien et al. 1979; Hubbell et al. 1979; Dobbelaere
et al. 1999; Spaepen et al. 2007). Tien et al. (1979). In
addition, Hubbell et al. (1979) proved that the exogenous
application of IAA, GA3, and kinetin in pearl millet and
sorghum induced changes in root morphology similar to
those found in seedlings inoculated with A. brasilense.
Later, Kolb and Martin (1985) showed that inoculation of
Beta vulgaris sp. and wheat with A. brasilense increased
the number of lateral roots compared to control plants.
These authors correlated this effect with high levels of
bacterial auxins in liquid culture and suggested that this
effect could be mimicked by exogenous application of sim-
ilar IAA concentrations. In the present study, the
phytostimulatory role of IAA in foliar Azospirillum sp.
inoculation was unequivocally demonstrated by comparing
the plant-growth-promoting effects of the foliar inoculation
with the wild-type strain, an auxin-impaired (ipdC knock-
out) mutant, and the exogenous addition of auxins.
Inoculation with the wild-type strain resulted in an increase
in root growth, but inoculation with the ipdC mutant did
not cause this effect. These results provided direct evi-
dence for the role of the bacterial IAA during the
bacteria-plant interaction.

Auxins increase the probability of interaction between
the plant and the micro-symbiont (Hirsch et al. 1997).
Furthermore, Schmidt et al. (1988) found that co-
inoculation of alfalfa seeds with Sinorhizobium meliloti
(inefficient IAA producer) and A. brasilense (efficient

IAA producer) significantly increased the number of root
nodules in the primary root. These authors correlated this
increase with the inoculum size and suggested that this
response could be mimicked by the addition of exogenous
IAA. In the present s tudy, the biosynthes is of
A. brasilense Az39 IAA was modified at the IPyA path-
way by knocking out the gene ipdC, which encodes a
key enzyme in the IPyA pathway, to prevent the bacte-
ria from producing IAA. This allowed us to evaluate the
effects of the IAA produced by Az39 on the
Bradyrhizobium-soybean symbiosis and soybean growth.
The knock-out of the ipdC gene prevented Az39 from
producing IAA and reduced the plant growth promotion
and Bradyrhizobium-soybean symbiosis interaction com-
pared to the Az39 wt (IAA producer) strain. These re-
sults allow us to propose a biological model of response
to foliar co-inoculation of soybean with an IAA-
producing rhizobacterium (Fig. 5). This model clearly
shows that both the presence of the microorganism as
part of the process of colonization and the production of
IAA in situ are co-responsible for the positive effects on
plant growth and symbiosis establishment, via plant sig-
naling molecules. In contrast, pure IAA solution applied
exogenously resulted only a response at the level of the
symbiosis establishment. The best results with respect to
growth parameters were only obtained in the presence
of the bacteria. The construction of an A. brasilense
Az39 strain deficient in IAA biosynthesis (ipdC−)
allowed us to demonstrate the importance of this mole-
cule in the Azospirillum-soybean and Bradyrhizobium-
soybean symbiosis.
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Fig. 5 Biological model
explaining the foliar inoculation
with A. brasilense, the IAA
effects and plant signaling. The
figure shows the plant response to
inoculation with the IAA
producer A. brasilense Az39 (A),
the IAA-deficient mutant ipdC-
(B), and the exogenous applica-
tion of synthetic IAA (C). The
presence of both bacteria and
bacterial IAA on plant tissues in-
duced a systemic signaling that
positively affected aerial organs,
roots and the symbiosis process
with B. japonicum E109. The ad-
dition of exogenous IAA induced
plant growth promotion indepen-
dently of inoculation. References:
black arrows (bacterial activity);
blue arrows (plant signaling); red
arrows (IAA activity)
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