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Abstract
Aims Azospirillum brasilense is one of plant growth
promoting bacteria used to improve plant growth and
grain yield of cereal crops. The level of inoculation
response is defined by complex plant-microorganism
interactions, many of them still unknown. Thus, we
evaluated both agronomic response and microbial ecol-
ogy of wheat crop under A. brasilense inoculation and
nitrogen fertilization at field conditions in order to im-
prove inoculation efficiency.
Methods Treatments were: control, nitrogen fertilization
and inoculation with 40M and 42M strains. Functional
and structural diversity of rhizosphere bacterial commu-
nities were evaluated by community-level physiological
and terminal restriction fragment length polymorphism
profiles. Besides, aerial biomass, grain yield and counts

of microaerophilic diazotrophic rhizobacteria were
determined.
Results Plant ontogeny modified the number of
culturable microaerophilic diazotrophic rhizobacteria.
Although agronomic response did not show differences,
plant ontogeny and the agricultural practices modified
both physiology and genetic structure of rhizosphere
microbial communities. Interestingly, these differences
due to the treatments were observed at jointing stage but
not at grain-filling stage of wheat.
Conclusions Our results demonstrate how different
management decisions can change plant- microorgan-
ism relationships. While wheat could not show differ-
ences between some agricultural treatments, under the
soil surface microbial communities could show them.

Keywords Triticum aestivum . CLPP. Crop production,
Functional diversity . Structural diversity . T-RFLP

Introduction

Wheat, rice and maize provide more than 60% of calo-
ries of human diet, by direct consumption or livestock
feed and subproducts production (FAOSTAT 2012). As
food demand increases, crop production should intensi-
fy and more inputs, such as chemical fertilization, will
be necessary as it was proposed in the paradigm of the
green revolution occurred during the second half of the
twentieth century. It is now known that this productive
system could produce negative effects on the environ-
ment (Tilman et al. 2002), despite some agriculture
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practices, such as no-tillage and crop rotations with
cereal plants, which ensure a positive balance of soil
nutrients and lower soil organic matter degradation
(Grandy et al. 2006; Sisti et al. 2004). For this reason,
nowadays, many authors propose a Bnew green revolu-
tion^ in order to increase grain yields through both better
understanding of plant-soil interactions and manage-
ment of beneficial soil microorganisms (Den Herder
et al. 2010; Gewin 2010).

Within these beneficial soil microorganisms, plant
growth promoting rhizobacteria (PGPR) produces ben-
eficial direct and indirect effects on plant growth (Ba-
shan and de-Bashan 2010). Azospirillum is one of most
studied PGPR genera. It has been well demonstrated
that Azospirillum spp. inoculation increases growth,
development and grain yield of several crops (Cassán
et al. 2015). In addition, Azospirillum spp. increases
fertilizer use efficiency under different soil and climatic
conditions (Casanovas et al. 2015).

The level of inoculation response has been described
as a wide range, determined by inoculant-plant-
environment interactions (Cummings 2009; García de
Salamone 2012a) which also determine microbial diver-
sity in the rhizosphere (Philippot et al. 2013). During the
last years, many authors have been looking for the
relationships between aboveground and belowground
diversity (Hooper et al. 2000; Mendes et al. 2015;
Saleem and Moe 2014) in order to preserve species,
and ecosystem processes and services (Hooper et al.
2000), including crop production (Philippot et al.
2013). For this reason, in this work both environments
were considered in order to analyze inoculation and
fertilization wheat response.

Due to inoculant-plant-environment interactions pro-
duce inconsistencies of the responses to A. brasilense
inoculation, as it has been well mentioned before
(Cassán and Díaz-Zorita 2016), the aim of this work
was evaluated both agronomic response and microbial
ecology of wheat crop under A. brasilense inoculation
and nitrogen fertilization at field conditions in order to
improve inoculation efficiency. The hypothesis of the
work was that A. brasilense inoculation and N fertiliza-
tion increase biomass production and grain yield of
wheat and do not modify rhizosphere microbial com-
munities under field conditions. Thus, agronomical re-
sponse of wheat crop to A. brasilense inoculation and N
fertilization at field conditions was evaluated. In addi-
tion, functional and structural diversity of rhizosphere
communities were evaluated by analyses of culturable

diazotrophic communities, community-level physiolog-
ical profiles (CLPP) and terminal restriction fragment
length polymorphism (T-RFLP) of 16S rRNA gene.
Many authors emphasize the usefulness of combining
various techniques, including cultivable traditional tech-
niques, for the evaluation of soil microbial diversity
(Bastida et al. 2008; Gil-Sotres et al. 2005; Kirk et al.
2004; Torsvik and Øvreås 2002). In this regard, some
authors combined some techniques, such as physiolog-
ical and molecular profiles, in order to analyze differ-
ences between plant species (Houlden et al. 2008;
Miethling et al. 2000), soil type (Bossio et al. 2005;
Miethling et al. 2000) and agricultural practices (Bossio
et al. 2005; García de Salamone et al. 2012; Naiman
et al. 2009; Xue et al. 2008). For this reason, both
physiological and molecular approaches were used in
this work in order to characterize the microbial diversity
of wheat rhizosphere.

Materials and methods

Field site and climate conditions

An experiment was performed at field conditions
(35°02′36^ S and 59°37′59^W) in Villa Moll, Navarro,
province of Buenos Aires, Argentina. This region expe-
riences warm and humid weather with an average tem-
perature 16.4 °C and average annual rainfall of
1037 mm. The wheat crop was conducted under rain-
fed conditions. The average rainfall during the crop
season is 427 mm, and the rainfall during the field trial
was 473 mm. The soil was a Chacabuco sandy loam
(Aquic Argiudoll) and chemical characteristics of the
upper soil layer (20 cm) before sowing were: pH (6.1 of
1:2.5 soil:water), electrical conductivity (0.45 dS m−1),
total organic matter (3.9%), nitrate (59.7 mg kg−1), and
available phosphorus (5.37 mg kg−1).

Sowing and crop management

The wheat cultivar used was Klein Castor (Klein™,
Alberti, Buenos Aires, Argentina). Before sowing, weed
control was done with a unique combined application of
1.7 L ha−1 of glyphosate (Touchdown™ Syngenta™,
Pilar, Buenos Aires, Argentina) and 5 g ha−1 of
metsulfuron methyl (Metsulfurón 60 Zamba™, Villa
Moquehuá, Buenos Aires, Argentina). The crop se-
quence of the plot was soybean, wheat/soybean, and
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maize under no-tillage system for more than ten years.
Sowing occurred on 18 July 2009, based on environ-
mental conditions typical for the location. Seeds were
sown at 150 kg ha−1 with row spacing of 17.5 cm. At
sowing, the entire experimental plot was fertilized with
20 kg ha−1 of P as triple superphosphate. Crop manage-
ment conditions were the same as those applied in
adjacent fields. At tillering stage, the following herbi-
cides were applied: 200 ml ha−1 of dicamba (Dicamba
Zamba™, Villa Moquehuá, Buenos Aires, Argentina)
and 5 g ha−1 of metsulfuron methyl (Metsulfurón 60
Zamba™, Villa Moquehuá, Buenos Aires, Argentina).

Experiment design and treatments

The experiment had a completely randomized block
design with three treatments: Control, without N fertil-
ization or inoculation, Fertilized (with 46 kg N ha−1 of
Solmix™ − 28% N and 2.6% S- PASA Fertilizantes,
Petrobras™, Bahía Blanca, Buenos Aires, Argentina),
and Inoculated (with a combination of two different
A. brasilense strains). Four blocks were applied perpen-
dicularly to the topographic slope which was less than
0.5%. Twelve plots were considered in the experiment
and the dimensions of each plot were 12.5 m by 3.25 m.
Nitrogen fertilization was performed at beginning of the
tillering stage. Inoculation treatment was carried out on
the day of sowing, applying the inoculant to a rate of
15 ml kg−1 of seeds. The inoculant used in this experi-
ment was a liquid formulation of NFb medium with
3.7 × 108 CFU ml−1 of two different A. brasilense
strains. These strains were 40M and 42M (GenBank
accession number HM002661 and HM002662, respec-
tively). These strains were cultured separately and
mixed using a 1:1 ratio (v/v) of each strain culture 24 h
before using to inoculate the wheat seeds. Both strains
were previously isolated from maize rhizosphere
(García de Salamone and Döbereiner 1996), identified
(García de Salamone et al. 2010) and vastly character-
ized (Di Salvo et al. 2014). These strains have shown
different fatty acid methyl esters composition and
indolic compounds production (Di Salvo et al.
2014). Previously, it has been demonstrated major
inoculation response with multi-strain inoculants
than monoaxenic inoculants in wheat (García de
Salamone 2012b; Hungria et al. 2010), maize
(García de Salamone and Döbereiner 1996) and rice
(García de Salamone et al. 2010).

Sampling and determinations

Rhizosphere soil, roots and aerial parts of the wheat
plants were sampled at jointing (88 days after sowing,
DAS) and grain-filling (133 DAS) stages of the crop. At
physiological maturity (154 DAS) samples of aerial
biomass were taken. At the three phenological stages,
aerial parts were sampled by cutting all the plants which
were growing in a line of 0.5 m (García de Salamone
et al. 2012). Each composite sample had an average of
seventeen plants per each plot. Every line was randomly
selected in each plot as representative of the canopy,
avoiding the border effects. In order to determine aerial
biomass, sampled wheat plants, excluding their repro-
ductive structures, were dried to constant weight at
55 °C. Samples of rhizosphere soil and roots were taken
with a core on the seeding line at a depth of 0–20 cm. A
total of twelve samples of both aerial biomass and
rhizosphere soil with roots were taken at each ontoge-
netic stage of the wheat crop.

Microbial counts and analysis of functional diversity

Roots were manually separated from rhizosphere soil of
the samples obtained at jointing and grain-filling stages.
Roots were used to perform soil suspensions in aqueous
solution of NaCl (9 g L−1). Ten-fold dilutions were
prepared for each sample. CLPP were analyzed using
96-well microplate with 23 different sole-carbon
sources, as described previously by Di Salvo and García
de Salamone (2012). Microplates were inoculated with
50μl from the 10−4 dilution and were incubated at 30 °C
for 96 h. Absorbance values were taken every 24 h with
a microplate reader Multiskan EX™ (Labsystems, Van-
taa, Finland) at 590 nm. Absorbance values from 48 h of
incubation were used to perform further analyzes de-
scribed below. Ten-fold dilutions were also used to
analyze the most probable number (MPN) (de Man
1983) of diazotrophic rhizobacteria, using N-free NFb
semisolid medium (Döbereiner and Pedrosa 1987).

Analysis of structural diversity

Rhizosphere soil samples were dried at 55 °C to pre-
serve samples (García de Salamone et al. 2012). Total
DNAwas extracted from 0.5 g of each sample with the
UltraClean Soil DNA Isolation Kit (#12800, Mo Bio™
Laboratories, Carlsbad, CA, USA). Extracted DNA
from rhizosphere soil samples were used as templates
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for 16S rRNA gene amplification with 27f (5’-
AGAGTTTGATCMTGGCTCAG-3′) and 1392r (5’-
ACGGGCGGTGTGTRC-3′) primer pairs (Marchesi
et al. 1998). The 27f primer was 5′ labeled with 6-
carboxyfluorescein. Three aliquots per sample of the
extracted DNA were used to perform PCR amplifica-
tion. All PCR were carried out in 25 μL (total volume)
solutions containing 100 ng of DNA solution, 0.1 mM
of each primer, 2.5 mM of MgCl2, BSA (0.2 mg mL−1),
Taq 1× buffer, 0.2 mmol L−1 of each dNTP, and 0.4 U
mL−1 of Taq DNA polymerase (Invitrogen™, Carlsbad,
CA, USA). The reactions were performed in a
thermocycler (GeneAmpPCR System 2400™,
PerkinElmer™, Waltham, MA,USA) using the follow-
ing steps: initial denaturation at 94 °C for 5 min, 30 cy-
cles at 94 °C for 1 min each one, 55 °C for 1 min, and
72 °C for 3 min, with a final extension step at 72 °C for
10 min.

The three aliquots of each sample were pooled after
PCR amplification and the labeled PCR products were
concentrated and desalted with centrifugal filter col-
umns (Microcon 100™, Amicon™, EMD Millipore™,
Billerica, MA, USA). Approximately 300 ng of labeled
PCR products were digested with MspI and HhaI
(Fermentas™, Thermo Fisher Scientific™, Waltham,
MA, USA). After enzyme inactivation by heating at
65 °C for 15 min, samples were sent toMacrogen Korea
for GeneScan Service using the GS1200LIZ DNA frag-
ment length standard (Applied Biosystems™) to assess
the length of fluorescently labelled terminal restriction
fragments (T-RFs).

The different T-RFs sizes obtained by capillary elec-
trophoresis were analyzed by PeakScaner v1.0 soft-
ware™ (Applied Biosystems™). All the T-RFs sizes
between 50 and 550 bp, with peak heights larger than
100 fluorescence units, were considered for the analysis
to obtain reproducible T-RFLP profiles. As enzymatic
restrictions were performed with two different enzymes,
two data sets of electropherograms were obtained. Total
fluorescence intensity present in each electropherogram
was compared within each data set; T-RFLP data was
standardized to the lowest quantity, as described by
Dunbar et al. (2001). All profiles were aligned. Results
were contrasted with in silico digestion made using the
virtual digest (ISPaR) of the Microbial Community
Analysis III (MiCA) Software -online available- with
primer sequences and restriction enzymes used in this
work and the database named RDP (R10, U27) 700,829
Good Quality (>1200) Bacterial (Shyu et al. 2007).

Sequences of Bunculturable bacteria^ were discarded
for these analyses.

Statistical analyses

Functional diversity was analyzed using the Shannon’s
Index (H index) which was obtained from absorbance
values of CLPP microplates. The H index was calculat-
ed as H = − ∑ pi (lnpi) where pi is the ratio of the
activity on each substrate to the sum of activities on all
substrates (Gómez et al. 2004). In all cases, activity was
the absorbance value on each substrate from 48 h of
incubation. In order to evaluate structural diversity, the
H index was calculated using T-RFLP data. In this case,
the H index was calculated as H = − ∑ pi (ln pi) where
pi is the ratio of the height of peaks for each size of
fragment to the sum of height of all peaks, adapted from
Gómez et al. (2004). T-RFLP and CLPP profiles were
analyzed using discriminant analysis analyses. Fluores-
cence intensity, standardized as described before, and
absorbance values were used to perform the discrimi-
nant analyses of T-FRLP and CLPP, respectively. H
index from both CLPP and T-RFLP data, aerial biomass
and grain yield data were analyzed by ANOVA and
Tukey’s test at P ≤ 0.05 for mean comparisons. All the
analyses were performed with the software INFOSTAT/
Professional 1.1 (Di Rienzo et al. 2011).

Results

Aerial biomass, grain yield and culturable diazotrophic
rhizobacteria of wheat plants.

Table 1 summarized mean values of grain yield and
aerial biomass at three phenological stages of wheat
plants. No significant differences between treatments
were observed at any phenological stage. Table 2 shows
the MPN of diazotrophic bacteria in the rhizosphere of
wheat plants. The ontogeny of wheat plants modified
the MPN of diazotrophic rhizobacteria but inoculation
and fertilization did not modify the number of this
physiological group at any phenological stage (Table 2).

Characterization of functional diversity of the bacte-
rial communities in the rhizosphere of wheat plants.

Figure 1 shows the discriminant analysis of the
CLPP of bacterial rhizosphere communities at both
phenological stages. Axis 1 and Axis 2 explained the
97% of the total variation. Microbial communities
clustered on the right of Axis 1 used preferentially
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citric acid, mannitol and phenylalanine as carbon
sources while microbial communities clustered on
the left used preferentially glycine and dextrose. Mi-
crobial communities clustered on the top of Axis 2
used preferentially glutamine and xylose as carbon
sources while microbial communities clustered on
the bottom used preferentially citric acid and histi-
dine. The discriminant analysis showed that the mi-
crobial communities clustered mainly by the pheno-
logical stage of the wheat plants and secondly by the
inoculation and fertilization treatments applied on
these plants (Fig. 1). According to this, treatments
did not modify H index but phenological stages mod-
ified the functional diversity (Table 3).

Characterization of structural diversity of the bacte-
rial communities in the rhizosphere of wheat plants.

Digestions of the 16S rRNA amplified products with
theHhaI andMspI restriction enzymes produced 13 and
26 different T-RFs sizes, respectively. Of these, 5 and
18 T-RFs sizes obtained with each enzyme respectively
were observed in both the rhizosphere of control plants
and in the rhizosphere of treated wheat plants. Some of
these T-RFs sizes were the most abundant in the rhizo-
sphere of wheat plants under the three different treat-
ments (Fig. 2).

Figure 3 shows the discriminant analysis of the T-
RFLP of bacterial rhizosphere communities at both phe-
nological stages. Axis 1 and Axis 2 explained the 75% of
the total variation. Microbial communities on the right of
Axis 1 clustered mainly by the 144 bp, 148 bp and 549–
550 bp T-RFs sizes obtained withMspI restriction enzyme
and the 359–360 bp T-RF size obtained with HhaI restric-
tion enzyme as correlation coefficient indicated in the
discriminant analysis. Microbial communities on the left
of Axis 1 clusteredmainly by the 66 bp, 129–130 bp, 163–
164 bp and 428–429 bp T-RFs sizes obtained with MspI
restriction enzyme. Microbial communities on the top of
Axis 2 clustered by the 132 bp, 139–140 bp and 158–
159 bp obtained with MspI restriction enzyme and the
359–360 bp T-RFs sizes obtained with HhaI restriction
enzyme. Microbial communities on the bottom of Axis 2
clustered by the 494–495 bp T-RF size obtainedwithMspI
restriction enzyme. These T-RFs sizes, which were pointed
out as mainly important in the discriminant analysis, had
different relative abundance in the rhizosphere of wheat
plants under the evaluated treatments at both phenological
stages (Fig. 4). The discriminant analysis showed that the
microbial communities clustered by the inoculation and
fertilization treatments applied on these plants only at the
grain-filling stage of the crop (Fig. 3). However, neither the

Table 1 Aerial biomass and grain yield of wheat at three phenological stages of plants under different treatments

Phenological stage Agronomic variable Treatments

Control Inoculated Fertilized
(kg ha−1) ± standard deviation

Jointing Aerial biomass 4335 ± 1380 a 4442 ± 1218 a 4282 ± 537 a

Grain-filling Aerial biomass 13,307 ± 3430 a 16,319 ± 2653 a 16,119 ± 1963 a

Physiological maturity Aerial biomass 7142 ± 1355 a 7403 ± 1530 a 7492 ± 1307 a

Grain yield 5514 ± 1166 a 5526 ± 1309 a 5914 ± 1023 a

Different letters indicate significant differences with Tukey’s test (P ≤ 0.05) between treatments at each phenological stage with n = 12

Table 2 Most probable number (MPN) of diazotrophic bacteria in the rhizosphere of wheat plants at two phenological stages

Phenological stage Treatments Means

Control Inoculated Fertilized
(log MPN g−1 root) ± standard deviation

Jointing 6.14 ± 0.54 a 6.16 ± 0.29 a 5.87 ± 0.39 a 6.06 ± 0.42 b

Grain-filling 5.79 ± 0.64 a 5.17 ± 0.62 a 5.27 ± 0.75 a 5.41 ± 0.70 a

Different italic letters indicate significant differences with Tukey’s test (P ≤ 0.05) between phenological stages with n = 24

Different normal letters indicate significant differences with Tukey’s test (P ≤ 0.05) between treatments at each phenological stage with n = 12
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plant ontogeny nor the evaluated treatments modified the
structural diversity evaluated with T-RFLP of microbial
communities from rhizosphere of wheat plants (Table 3).

Discussion

Many authors demonstrated increases in wheat grain
yield (Díaz-Zorita et al. 2015; García de Salamone
2012a; Naiman et al. 2009) in response to A. brasilense
inoculation. Although in this work edaphoclimatic con-
ditions were in the optimal range for the wheat

production, grain yield and aerial biomass did not show
increases due to N fertilization and inoculation with 40M
and 42M A. brasilense strains compared to control plants
(Table 1). It has been vastly discussed that the complex
plant-microbe-environment interactions cause variations
in the level of agronomic response to A. brasilense inoc-
ulation (Cassán and Díaz-Zorita 2016), including plant
and bacteria genotypes (García de Salamone 2012a). At
this regard, the two A. brasilense strains used in this work
were isolated from maize (García de Salamone and
Döbereiner 1996). Despite non agronomic response were
observed in this wheat field experiment, they promoted
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Fig. 1 Discriminant analysis of
the CLPP of bacterial
communities on roots of wheat
under three different treatments at
jointing (white symbols) and
grain-filling (black symbols)
stages (n = 24). Circles
correspond to control plots,
squares to fertilized plots, and
triangles to inoculated plots. Data
used for the analysis correspond
to 48 h absorbance values. Total
explained variance by each axis is
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Table 3 Functional and structural diversity of rhizosphere microbial communities of wheat plants at two phenological stages

Phenological stage Treatments Means

Control Inoculated Fertilized

Shannon indexa ± standard deviation

Jointing 2.87 ± 0.03 a 2.93 ± 0.05 a 2.88 ± 0.05 a 2.89 ± 0.05 a

Grain-filling 3.05 ± 0.02 a 3.06 ± 0.01 a 3.06 ± 0.02 a 3.06 ± 0.02 b

Shannon indexb ± standard deviation

Jointing 2.84 ± 0.15 a 2.81 ± 0.07 a 2.66 ± 0.20 a 2.77 ± 0.16 a

Grain-filling 2.75 ± 0.18 a 2.83 ± 0.10 a 2.83 ± 0.12 a 2.80 ± 0.13 a

Different italic letters indicate significant differences with Tukey’s test (P ≤ 0.05) between phenological stages with n = 24

Different normal letters indicate significant differences with Tukey’s test (P ≤ 0.05) between treatments at each phenological stage with n =
12
a Shannon index calculated with CLPP data (functional diversity)
b Shannon index calculated with T-RFLP data (structural diversity)
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grain yield and aerial biomass of maize (García de
Salamone and Döbereiner 1996) and rice (García de
Salamone et al. 2010).

It is important to distinguish between this lack of
statistical response and the economic advantage of in-
creasing grain yield by the inoculation (García de
Salamone 2012a; Naiman et al. 2009). While the use
of inoculants contributes in small amount of money to
the cost of crops, any beneficial increase of grain yield is
gratefully accepted by the farmers. In addition, any

increase in aerial biomass involves higher plant residues
after harvest, which will be added to the soil to maintain
organic matter pool. Besides of the greater amount and a
higher quality of the stubble to the humification process
(Sisti et al. 2004), it could allow the accumulation of soil
organic matter in order to increase soil quality and
agricultural sustainability (Grandy et al. 2006).

The structural diversity of microbial communities
refers to its genetic composition, while the functional
diversity refers to ecosystem functions of these
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microbial communities. The relationship between struc-
tural diversity and functional diversity is still unknown
but under persistently assessment (Bastida et al. 2008;
Mendes et al. 2014). Thus, this is the greatest challenge
of soil microbial ecology (Torsvik and Øvreås 2002).
Besides, studies on aboveground-belowground biota
interactions and biodiversity can be used to evaluate
effects of human-induced environmental changes
(Wardle et al. 2004). Interestingly, in this work, agricul-
tural treatments did not affect aboveground plant bio-
mass and grain yield but, by contrast, modified under-
ground microbial communities.

The functional redundancy phenomenon refers to the
‘ability of one microbial taxon to carry out a process at
the same rate as another under the same environmental
conditions’ (Allison and Martiny 2008). Changes in
structural diversity of microbial communities could not
affect ecosystem functions due to the functional redun-
dancy (Allison and Martiny 2008; Bossio et al. 2005),
particularly in disturbed ecosystems such as agricultural
(Mendes et al. 2015). Despite this, in this work both
CLPP and T-RFLP analyses showed that A. brasilense
inoculation and N fertilization modified temporarily the
structure and physiology of microbial communities of
wheat rhizosphere (Figs. 1 and 3). These changes in
structural and functional diversity were mainly observed
at jointing stage. After a disturbance, such as inoculation

and fertilization practices (van Bruggen and Semenov
2000), soil microbial communities could change (Kent
and Triplett 2002; Minz and Ofek 2011) and return to a
similar composition before the disturbance, depending
on its resilience (Allison and Martiny 2008). In this
regard, some authors demonstrated that repeated inocu-
lations of biocontrol bacteria did not modify significant-
ly the microbial communities (Steddom et al. 2002). On
the contrary, periodic soil tillage modified them in rela-
tion to microbial communities from soil under low
tillage system, which had a similar composition than
original forest soil (Peixoto et al. 2006).

Despite the fact that carbon sources into the micro-
plates and culture conditions do not represent the same
conditions as in the soils (Preston-Mafham et al. 2002),
the CLPP provides information about potential func-
tionality of microbial communities (Mills and Garland
2002). The CLPP technique was used to differentiate
microbial communities from different treatments (Di
Salvo and García de Salamone 2012; Lupwayi et al.
1998; Semmartin et al. 2010). Inoculation with
A. brasilense also modified the CLPP of the culturable
microbial communities associated with rice (García de
Salamone et al. 2010, 2012) and wheat (Naiman et al.
2009). In this work, both fertilization and inoculation
treatments modified the physiological profiles of
rhizobacteria communities of wheat plants at jointing
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Fig. 4 Relative abundance of the terminal restriction fragment (T-
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The T-RFs sizes were obtained after the digestion with MspI
restriction enzyme of the 16S rRNA amplified products from
rhizosphere of wheat plants under the three treatments in both
phenological stages (n = 24)
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stage but these differences were not observed at grain-
filling stage (Fig. 1). Although the physiological profiles
of the A. brasilense strains used in this work were
characterized in vitro conditions (Di Salvo et al. 2014),
they could not be directly used to explain the differences
in the CLPP profiles observed in this work because the
whole rhizosphere microbial community has being pro-
filed at field conditions. Interestingly, similarly as the
analysis of CLPP profiles, the analysis of structural
profiles showed that both fertilization and inoculation
treatments modified the structural profiles of
rhizobacteria communities of wheat plants at jointing
stage but these differences were not observed at grain-
filling stage (Fig. 3). In addition, some authors evaluated
microbial diversity using H index calculated with data
of CLPP (Di Salvo and García de Salamone 2012;
Gómez et al. 2004) and 16S–rRNA gene profiles ob-
tained with T-RFLP (Sawamura et al. 2010). In this
work, H index from CLPP data represents functional
diversity while H index from T-RFLP data represents
structural diversity. Interestingly, only the former
showed differences between phenological stages of
wheat plants. This result could be related with observed
changes in microbial diversity during the plant growth
cycle due to differences in quantity and quality of roots
exudates reported by several authors (Herschkovitz et al.
2005; Houlden et al. 2008; Philippot et al. 2013).

The T-RFLP technique was pointed out as one of the
most robust and reliable method used to characterize
structural diversity of microbial communities (Smalla
et al. 2007). Thus, several authors used this technique to
evaluate diversity of microbial communities (Ferrando
et al. 2012; Sawamura et al. 2010). Additionally, T-
RFLP allows a potential assignment of the T-RF size
(Dunbar et al. 2001). This assignment is potential due to
a particular T-RF size could come from many different
bacterial species (Smalla et al. 2007). Besides, a T-RF
size can be assigned to certain microbial genus if it was
isolated and identified previously, and if its sequence
was deposited in the database to be used later for in
silico digestion and subsequent comparison with the
sequence to be identified. Thus, unknown genera and
not available on database cannot be compared with
sequences to be identified and could not to be assigned.
Despite these limitations, in this work some of the T-RFs
sizes obtainedwith both restriction enzymes (Figs. 2 and
4) were compared with in silico digestions of sequences
from database and assigned to some known microbial
genera, similarly as Sawamura et al. (2010).

The 359–360 bp T-RF size obtained with HhaI re-
striction enzyme presented high relative abundance
(Fig. 2.A) and it was considered as mainly important
in the discriminant analysis to distinguish structural
profiles of rhizobacteria communities of wheat plants.
Most sequences with 359–360 bp T-RF size (Fig. 2.A)
could correspond to the genus Streptomonospora, an
halophilic actinomycete isolated from soils (Li et al.
2003) but not in the rhizosphere of crop plants. The
92–93 bp, 141 bp, 129–130 bp, 142–143 bp and 150–
151 bp T-RF size obtained withMspI restriction enzyme
were some of the most abundant in the profiles of
rhizobacteria communities of wheat plants (Fig. 2.B).
Most sequences with 92–93 bp T-RF size (Fig. 2.B)
could correspond to the genus Bacteroides, which was
observed in the rhizosphere of some crop plants, such as
soybean (Xu et al. 2009).

Most sequences with 141 bp T-RF size (Fig. 2.B)
could correspond to the PGPR genus Burkholderia,
which is frequently found in the rhizosphere of some
crop plants, such as maize (Di Cello et al. 1997), rice
(Gillis et al. 1995) and tomato (Caballero-Mellado et al.
2007). Most sequences with 129–130 bp T-RF size (Fig.
2.B) could correspond to the Paracoccus, Thiothrix,
Anaeromyxobacter and Gluconacetobacter genera. All
of them were found in the rhizosphere of some crop
plants, such as rice (Lu et al. 2006) and coffee (Fuentes-
Ramírez et al. 2001). Most sequences with 142–143 bp
T-RF size (Fig. 2.B) could correspond to the genus
Nocardioides, which was found in wheat rhizosphere
(Conn and Franco 2004). Finally, the 150–151 bp T-RF
size had in average 22% of relative abundance and it
was one of the most abundant T-RFs sizes (Fig. 2.B).
Most sequences with 150–151 bp T-RF size (Fig. 2.B)
could correspond to the Paenibacillus, Erythrobacter,
Nostoc, Methylobacterium and Azospirillum genera.
Some authors showed that Paenibacillus is present in
wheat rhizosphere (Germida and Siciliano 2001). The
genus Erytrhobacter was isolated from marine habitats
(Kobližek et al. 2003) but until now, it has not been
found in the rhizosphere. The genus Methylobacterium
is ubiquitous, and usually colonizes wheat rhizosphere
(Sanguin et al. 2009). In experimental trials, Nostoc spp.
has also shown to colonize the rhizosphere of wheat
(Karthikeyan et al. 2007) after inoculation.

Results regarding to relative abundance of T-RFs
sizes are often shown in the literature in the same way
as were shown in this work (Fig. 2). However, in this
work the discriminant analysis of T-RFLP data (Fig. 3)

Plant Soil (2018) 424:405–417 413



was also included because it is more useful to distin-
guish differences between treatments or phenological
stage than the relative abundance of the most abundant
T-RFs sizes (Fig.2). Even the relative abundance of the
T-RFs sizes, which were pointed out as mainly impor-
tant in the discriminant analysis, showed some differ-
ences between treatments (Fig. 4). In this regard, the
144 bp T-RF size was not one of the most abundant T-
RFs sizes obtained with MspI restriction enzyme (Fig.
2.B) but was pointed out as mainly important in the
discriminant analysis to distinguish structural profiles
of rhizobacteria communities of wheat plants. This T-
RF size was present in treated plants but not in control
plants (Fig. 4). After in silico digestion of sequences
from database with the MspI restriction enzyme, most
sequences with 144 bp T-RF size could correspond to
Bacillus and Pseudomonas genera, which are frequently
isolated from soils and vastly recognized as PGPR
(Cummings 2009; Gamalero and Glick 2011; García
de Salamone et al. 2012). Due to the inoculation and
N fertilization treatments increased the relative abun-
dance of 144 bp T-RF size (Fig. 4), which could be
assigned to Bacillus and Pseudomonas genera., it seems
that they could be used as co-inoculants for wheat, even
under interaction with N fertilizers. In this regard, there
are few references about co-inoculation and most of
these papers are not related with these three PGPR or
not related with wheat. One of them, showed interac-
tions between A. brasilense and P. fluorescens co-
inoculation and rice cultivars (García de Salamone
et al. 2012). This suggests that more studies are needed
to evaluate crop responses to co-inoculation of
A. brasilense strains and other bacteria.

It is interesting to analyze that, on one hand, the 150–
151 bp (MspI) T-RF size, which could correspond to
Azospirillum spp., was present in the rhizosphere of both
control and treated wheat plants (Fig. 2.B). On the other
hand, the three evaluated treatments did not show dif-
ferences in the MPN of diazotrophic rhizobacteria asso-
ciated with wheat plants (Table 2). Thus, both results
could be considered as consistent and related between
them, although, 150–151 bp (MspI) T-RF size is not
exclusive for diazotrophic rhizobacteria like
Azospirillum spp., and in the culture media used to
determine the MPN could be growing diazotrophic bac-
teria with T-RF other than 150–151 bp (MspI). In this
regard, other authors used the T-RFLP technique to
show that A. brasilense was present in the rhizosphere
soil samples from control and inoculated wheat plants

although as it was pointed out by Kazi et al. (2016):
‘inferences of identity from T-RFLP profiles must be
interpreted cautiously as multiple species can have T-
RFs of identical length’.

The semisolid Nfb medium was formulated in order
to isolate and characterize microaerophilic nitrogen-
fixing A. brasilense strains due to its typical growth
(Döbereiner 1998). Recently, it was demonstrated that
other nitrogen-fixing bacteria different from
A. brasilense could grow in this medium (Di Salvo
et al. 2014).

According to what was previously observed in inoc-
ulation trials of rice (García de Salamone et al. 2010;
Pedraza et al. 2009) and maize (Abril et al. 2006;
Casaretto and Labandera 2008), in this work it was
expected that MPN of diazotrophic rhizobacteria from
inoculated plants was higher than the others, but no
significant differences were observed (Table 2). In this
regard, some authors have demonstrated that not always
differences in the MPN of diazotrophic rhizobacteria
can be detected in inoculation field assays (Abril et al.
2006; García de Salamone et al. 2012) due to the fact
that other species different from A. brasilense or even
native strains of this bacteria could grow in the culture
medium. Despite the fact that MPN of diazotrophic
rhizobacteria has not been modified by the evaluated
treatments, the MPN of this functional group at joining
stage was higher than the MPN at grain-filling stage. In
this regard, other authors showed that rhizosphere colo-
nization by this functional group of bacteria decreased
during maize and rice growth using the same method-
ology as in this work (García de Salamone et al. 2010;
Roesch et al. 2006).

In conclusion, we demonstrated that plant ontogeny
mainly modified both physiology and genetic structure
of rhizosphere microbial communities. These differ-
ences were observed with the discriminant analysis,
while only functional diversity (H index form CLPP
profiles) showed differences between ontogenetic
stages. In addition, plant ontogeny modified the number
of cul turable microaerophi l ic d iazot rophic
rhizobacteria. In opposition to our hypothesis, in this
work, the inoculation with 40M and 42M A. brasilense
strains and the chemical fertilization with 46 kg N
ha−1 N did not modify the agronomic response of the
wheat crop but modified both the genetic and functional
characteristics of microbial communities associated
with the rhizosphere of wheat plants under field condi-
tions. Changes were observed only at jointing stage but
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not at grain-filling stage. Our results demonstrate how
different management decisions can change plant-
microorganism relationships. One of the most important
limitations to link the aboveground to belowground
ecology has been the lack of information on soil micro-
biology (Hooper et al. 2000). In this regard, this work
demonstrates that wheat crop could not show differ-
ences between some agricultural treatments but, by con-
trast, under the soil surface microbial communities
could show them. The results of this work will help to
scientist, professionals and farmers to obtain a better
understanding of microbial ecology in order to improve
yields and to obtain sustainable production under the
new green revolution paradigm.
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