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Abstract The application of agricultural practices in which
non-leguminous plants are inoculated with growth-promoting
diazotrophic bacteria is gaining importance worldwide.
Nevertheless, an efficient strategy for using this inoculation
technology is still lacking, and a better comprehension of the
environmental factors that influence a plant’s ability to support
its associative bacterial community is indispensable to achiev-
ing standardized inoculation responses. To address the effects
of nitrogen (N)-fertilization on the diversity of both the total

and metabolically active endophytic bacterial communities of
field-grown maize plants, we extracted total DNA and RNA
frommaize plants inoculated withAzospirillum brasilense strain
Ab-V5 that were growing in Oxisol and treated with regular and
low levels of N-fertilizers (RN and LN, respectively). Four clon-
al libraries were constructed and sequenced and the dominant
populations analyzed. Partial description of the bacterial diver-
sity indicated that plants receiving RN- and LN-treatments can
maintain bacterial communities with similar diversity indexes
for the total endophytic bacterial community, although the com-
munities of Novosphingobium and Methylobacterium were un-
evenly distributed. Fertilization management had a stronger ef-
fect on the dominant populations of the metabolically active
bacterial community, and 16S rRNA gene libraries from RN
plants suggested a lower diversity of such populations in com-
parison with libraries from LN plants. The agronomic parame-
ters obtained at the end of the crop season indicated that the
inoculation treatment was efficient in promoting plant growth.
However, the combination of regular treatments with N-
fertilizers and plant inoculation did not have an additive effect
and actually tended to decrease crop productivity.

Keywords Bacterial diversity . Plant growth-promoting
bacteria . Non-legume inoculation . 16S RNA gene library

Introduction

The search for ways to achieve high crop productivity while
concurrently minimizing various environmental hazards asso-
ciated with current agricultural practices has led researchers to
increasingly focus on alternative practices that will enable a
reduction the use of chemical fertilizers (Döbereiner 1992;
Pérez-Montaño et al. 2013). The enormous biodiversity of
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plant–bacteria relationships is emerging as an important
source of industrially important bioproducts, such as medical-
ly relevant and insecticidal compounds. A better understand-
ing of these relationships can also result in improvements in
the practice of inoculating plants with beneficial bacteria.
These bacteria are generally known as plant growth-
promoting bacteria (PGPBs), and their utilization can repre-
sent an alternative low-cost and highly efficient means to pro-
tect crops and increase plant resistance against biotic and abi-
otic stresses, thereby improving agricultural production.
Diazotrophic endophytic and associative bacteria represent a
specific group of PGPBs of great interest due to their potential
to (at least partially) replace nitrogen (N)-fertilizers. However,
the mechanisms involved in transferring biologically fixed
nitrogen within non-leguminous plant–bacterial associations
are not completely understood and, in addition, these bacteria
are well known for their capacity to affect plant metabolism
directly by synthesizing molecules with phytohormone-like
activity (Glick 2012).

Plant-associated bacteria encompass a high diversity of
species and occupy a broad range of habitats. It has been noted
that attention should be paid to the endophytes within this
myriad of species (Döbereiner 1992; Reinhold-Hurek and
Hurek 2011). The endophytic bacterial community is thought
to affect host plant development and to interact with other
plant-associated microbial populations through the following
relations: protocooperation, mutualism, commensalism, com-
petition, predation, parasitism and amensalism (Ryan et al.
2008). Furthermore, agricultural practices are also likely to
influence the endophytic community because the plant plays
an active role in selecting the bacterial species which best fits
the resulting endophytic environment (Gaiero et al. 2013). In
fact, the establishment of an endophytic community within
any plant species represents a dynamic event that is driven
by biotic and abiotic influences, with the plant actively mod-
ifying the soil microbiota to select the bacterial species most
able to colonize the endophytic habitat and thereby regulating
its populations (Hartmann et al. 2009). Different crop man-
agement methods influence edaphic conditions and plant
growth; however, the precise mechanisms through which ag-
ricultural practices impact particular bacterial species are still
not well known. Hence, the identification of practices that
could stimulate (or at least not harm) beneficial associative
species could lead to an improved physiological, envi-
ronmental and productive status in agroecosystems
(Singh et al. 2011).

Maize (Zea mays L.) ranks first in the global production of
cereals, accounting for much of the total calories produced by
agriculture. Its high productivity and relatively low price in
comparison with other cereals has resulted in a growing global
demand, and it is estimated that maize production will in-
crease from 867.5 million tons in 2012 to up to 1,178 billion
tons in 2050 (FAO 2012). To achieve the increase in food

production needed tomeet the demands of this growing global
population, food productivity has to be increased in parallel
with reductions in production costs and the environmental
harm often caused by high agricultural inputs. N is the most
limiting nutrient for maize production, but significant losses of
N-fertilizer in cultivated fields can damage the environment
and represent severe economic costs. For these reasons, there
is a great potential in exploiting natural associations between
plants and beneficial diazotrophic bacteria. Field-grownmaize
plants are colonized by a variety of epiphytic and endophytic
microorganisms, including enshrined PGPB species such as
Azospirillum, Burkholderia, Pseudomonas, Rhizobium,
Herbaspirillum and other putative species that have yet to be
confirmed as PGPBs (Montañez et al. 2012).

Agricultural practices with an emphasis on mineral and
organic fertilizer use have been reported to influence the en-
dophytic community of maize roots (Seghers et al. 2004). In
addition, maize genotypes also influence the diversity of
culturable endophytes (Ikeda et al. 2012). However, the intro-
duction of Azospirillum brasilense at high population densi-
ties into crop ecosystems seems to induce different responses
in the native microbial communities, as pointed out by the
authors of various studies who reported little or no effect
(Herschkovitz et al. 2005; Lerner et al. 2006), a transient or
limited effect (Baudoin et al. 2009; de-Bashan et al. 2010) or
strong shifts in the native bacterial community (Correa et al.
2006; Baudoin et al. 2010). The response was found to vary
according to plant genotype, bacterial strain, environmental
conditions, agricultural practices and other factors, as well as
with the introduction of PGPBs at high levels per se (Castro-
Sowinski et al. 2007). Correlations between the composition
of the endophytic bacterial community and plant productivity
have barely been studied. Therefore, we report here a step
towards increasing our understanding of the diversity of the
total andmetabolically active endophytic bacterial community
in maize plants that have been inoculated with the PGPB
A. brasilense Ab-V5 strain under low and regular N-
fertilizer input, along with the resulting agronomic and pro-
ductivity parameters.

Materials and methods

Experimental conditions

Hybrid maize plants AG 2040 (Monsanto Co., St. Louis, MO)
were grown at the experimental station of the Universidade
Estadual de Londrina (23°20′S, 51°12′W), Paraná State,
Brazil. The climate is classified as humid subtropical (Cfa type
according to the Köppen climate classification system), with
an average temperature and a relative humidity of 20.2 °C and
75 %, respectively. The soil is an Oxisol with a high clay
content (82.1 %) that is characterized by a pH (in H2O) of
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5.40, base saturation of 67.75 %, organic matter content of
2.06 %, phosphorus (P) content of 10.7 mg kg−1 and total N
content of 1.47 g kg−1. The cation exchange capacity of the
Oxisol is (in cmolc/dm

3): H + Al, 3.97; K, 0.46; Ca, 6.6; Mg,
1.30; Al, 0.01. The amount and type of fertilizer, which was
applied in the plant rows at the time of sowing, was based on
this chemical analysis of the soil. The low N-fertilization (LN)
treatment consisted of 136 kg ha−1 potassium (KCl),
77 kg ha−1 P (super triple phosphate) and N-urea at
30 kg ha−1. An additional input of N-urea was manually sup-
plied as side-dressing to the plots in the regular N-fertilization
(RN) treatment at 20 days after sowing at a rate of
130 kg ha−1, resulting in approximately 1.67 g of N-
urea per plant (calculated based on the distribution of
rows and number of plants per row).

The epiphytic bacterium Azospirillum brasilense Ab-V5
(Hungria et al. 2010) was used as the inoculant strain.
Bacterial cells were grown in Dyg’s liquid medium
(Rodrigues Neto et al. 1986) for 48 h at 28 °C, and the culture
density was determined with a Neubauer cell counting cham-
ber. The cultures were normalized to 1×1010 cells mL−1 using
sterile Dyg’s medium as a diluent, and the diluted cultures
were used to prepare a peat inoculant with a final concentra-
tion of 1 × 109 cells g−1. The seeds were inoculated 12 h
before mechanical sowing by first mixing the seeds with a
sucrose solution (10 mL sucrose solution kg−1 seeds) to in-
crease adhesion of the peat, followed by manually mixing of
the treated seeds with 10 g of peat inoculant and air-drying
until sowing. Each experimental plot in the field consisted of
six rows, each 6 m long, with an inter-row spacing of 0.9 m;
planting density was 7 plants m−1. Each plot was separated
from its neighboring plot by 1.5 m. The result was a complete-
ly randomized block design in a 2 (with and without
A. brasilense Ab-V5 inoculation) × 2 (RN and LN) factorial
scheme with three replications. The “useful” plot area com-
prised the four central rows of each plot (total of 168 plants).
Inoculated plants growing under RN and LN conditions were
randomly sampled 35 days after sowing, with three plants
taken (subsamples) from the “useful” plot of each replicate
(total of 9 plants per treatment); these plants were washed in
tap water immediately after sampling to remove the soil
particles and the stems immersed in liquid N and stored
at −20 °C for molecular analysis.

The productivity parameters of the inoculated maize plants
under the RN- and LN-fertilization regimens were determined
at the end of the crop season. A total of ten plants from each
“useful” plot were randomly selected to determine stem diam-
eter, plant height, ear height, ear length, and the number of
kernels per cob. After adjustment to 13 % moisture, the grain
yield and 100 seed weight were calculated by harvesting the
plants grown in the “useful” plot and by randomly sampling
ten samples of 100 seeds, respectively. All data were tested for
normality of the variables and homogeneity of variances

before subjected to analysis of variance (ANOVA); each as-
sumption required for the ANOVA was verified. Significant
differences were followed by comparisons of the means using
the LSD test at the 5 % significance level.

Nucleic acid extraction and PCR amplification

For the DNA and RNA extractions, the samples were asepti-
cally processed in a laminar air flow workbench using sterile
tweezers and scalpels to obtain the core of the stem base in
order to access the endophytic communities. To avoid cross-
contamination of samples, the instruments were washed after
each contact with a plant sample with sterile water and 70 %
ethanol and then wiped dry with sterile absorbent paper. The
frozen cores of the maize stems obtained as described above
were ground into a fine powder in liquid nitrogen. Total DNA
was extracted from 0.5-g subsamples of the ground plant ma-
terial by the standard phenol–chloroform method (Sambrook
and Russel 2001); total RNAwas extracted from a second 0.5-
g subsample of ground plant material using TRIzol Reagent
(Life Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions. Nucleic acid extracts were qualitatively
evaluated by electrophoresis in agarose gels and quantified
by spectrophotometry at 260 nm; the 260/280 ratio was also
determined as a quality parameter for each sample.

PCR reactions were performed for each subsample using
the universal eubacterial primers 27f and 1492r (Gurtler and
Stanisich 1996). The PCR mixtures contained 50 ng of DNA
extracts in 50 μL of PCR buffer (Life Technologies), 2 mM
MgCl2, 200 nM of each primer, 200 nM of deoxynucleoside
triphosphate, and 1 U AmpliTaq DNA polymerase (Life
Technologies). The reaction mixtures were incubated in a
Life Express thermocycler (BIOER, Bingjiang, China) for
an initial cycle of 5 min at 94 °C, followed by 35 cycles of
25 s at 94 °C (denaturation), 2.5 min at 57 °C (annealing), and
2 min at 72 °C (extension), with a final extension step of
10 min at 72 °C. Fragments of the expected size ( approx. 1,
430 bp) were excised from the agarose gels and subjected to
semi-nested PCR amplification using primers 27f and 518r
(with fragment lengths of approx. 450 bp; Muyzer et al.
1993) with the aim of decreasing the number of amplified
fragments from the mitochondria and chloroplasts in the li-
braries. Fragments obtained by semi-nested PCR were mixed
according to each treatment to form a single 16S rRNA gene
fragment pool, which was used to construct the DNA-derived
16S rRNA gene clone libraries. Reverse transcription (RT)
PCR was performed for each subsample using 500 ng of
RNA extracts synthesized into cDNAwith M-MuLV reverse
transcriptase (New England BioLabs, Ipswich, MA) using
primer 778r (Rösch and Bothe 2005). Reactions without re-
verse transcriptase were included as controls to ensure that the
amplification products originated exclusively from RNA.
Control and template reactions were subjected to PCR
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amplification using primers 27f (Gurtler and Stanisich 1996)
and 518r (Muyzer et al. 1993). The amplification products
were mixed according to the treatment to form a single 16S
rRNA fragment pool and used to construct the 16S rRNA
gene clone libraries that were derived from RNA.

16S libraries: cloning and sequencing

The PCR products were purified with a PureLink Quick Gel
Extraction and PCR Purification Combo Kit (Life
Technologies) and cloned with a TOPO TA Cloning Kit
(Life Technologies) with a pCR 2.1-TOPO vector according
to the manufacturer’s instructions. Random inserts were sam-
pled and verified by PCR when the correct size was identified
by digestion with the EcoRI restriction enzyme (Life
Technologies). Chemically competent Escherichia coli
DH5α cells were transformed with the cloned fragments,
resulting in two libraries from DNA-derived PCR fragments
(DNA-derived libraries) and two libraries from RNA-derived
fragments (RNA-derived libraries). The mean transformation
efficiency was approximately 1 × 104 transformants μg−1

PCR product. The DNA-derived clone libraries were named
EEM160N (regular N-fertilization) and EEM30N (low N-fer-
tilization); RNA-derived clone libraries were named RTEE
M160N (regular N-fertilization) and RTEEM30N (low N-fer-
tilization). The plasmids were isolated by using a miniprep
protocol from Sambrook and Russel (2001), and the isolated
plasmids were evaluated by electrophoresis in agarose gels
and by spectrophotometry at 260 nm to determine the quantity
and quality of the extracts.

Sequencing reactions were performed using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Life Technologies)
with primer 518r (Muyzer et al. 1993) on an ABI 3500 auto-
mated sequencer (Applied Biosystems, Foster City, CA).
Base-calling was performed with the PHRED program
(Ewing and Green 1998), and the sequences were trimmed
to exclude low-quality ends before being assembled using
BioEdit software (Hall 1999). A chimera check of the 16S
rRNA gene sequences was performed using the Bellerophon
(Huber et al. 2004), Pintail, and Mallard programs (Ashelford
et al. 2005).

Biodiversity and phylogenetic analysis

Rarefaction curves and Shannon–Wiener diversity indexes
were obtained using the FastGroupII platform (http://
fastgroup.sdsu.edu; Yu et al. 2006) and defining the
operational taxonomic units (OTUs) at 97% sequence identity
(PSI). The homogeneous coverage of clone libraries (C) was
calculated according Singleton et al. (2001). The species rich-
ness was calculated by dividing the number of OTUs by the
homogeneous coverage of clone libraries C. Sequence identi-
ties were assigned based on the closest match to sequences

available at the National Center for Biotechnology
Information (NCBI) database (http://www.ncbi.nlm.nih.gov)
by using the BLAST algorithm. All sequences were
submitted to GenBank (accession no. JX899827–
JX900131). The RDP Lib Compare tool was used to
estimate abundance difference within a given phylogenetic
taxon (Wang et al. 2007).

Representative sequences from each OTU as determined
by the FastGroupII platform output were aligned using the
ClustalX2 program (Larkin et al. 2007), and the resulting
multiple sequence alignment was corrected manually using
BioEdit (Hall 1999). Phylogenetic inference was obtained
usingMEGA6 software (Tamura et al. 2013), the evolutionary
history was inferred by using the UPGMA method, and the
evolutionary distances were computed with the Maximum
Composite Likelihood method. The resulting tree output was
obtained by bootstrap test (1,000 replicates), and the tree was
compressed at 1 % base substitution per site to improve visu-
alization of the results. Statistical comparisons of the individ-
ual clone libraries were performed with the RDP II Library
Compare tool (http://rdp.cme.msu.edu/comparison/comp.jsp;
(Cole et al. 2009).

Results

The DNA and RNA extracted from the stem core sections of
field-grown maize plants was used to amplify and perform
RT-PCR of the 16S rRNA gene fragments from the endophyt-
ic bacterial community. From among all of the clones in each
library, we randomly chose 114, 111, 38, and 42 clones from
the EEM160N, EEM30N, RTEEM160N, and RTEEM30N
libraries, respectively, for sequencing. From the DNA-
derived libraries, 60 sequences (26.7 %) were identified as
plastid 16S rRNA genes (chloroplast DNA) and discarded
from further analysis. No plastid-related 16S rRNA gene se-
quences were found in the RNA-derived libraries. The clone
sequences remaining in the four libraries reflected the domi-
nant bacterial groups associated to maize, although it must be
noted they provide only a partial overview of the total bacte-
rial diversity.

The rarefaction curves of the 16S rRNA clone libraries
(Fig. 1) indicate that the number of screened clones was in-
sufficient to access the complete diversity of the endophytic
bacterial community within all clone libraries, with the excep-
tion of the RTEEM160N library (Fig. 1f). The library cover-
age ranged from 71.7 to 97.% and supports the finding that
more clones should be sequenced to characterize the total
diversity of endophytic species associated with maize plants
grown under the conditions studied here (Table 1). The
Shannon–Weaver indices and species richness estimates indi-
cate a similar diversity among DNA-derived libraries, where-
as no clear N-fertilization effect was noted. Data from
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combinations of the genomic libraries showed higher diversity
estimates and higher numbers of OTUs for DNA-derived li-
braries relative to the RNA-derived libraries, indicating that
the active endophytes made up a portion of the total endophyt-
ic bacterial community associated with maize. Comparison of
the diversity estimates and numbers of OTUs among the
RNA-derived libraries revealed that both values were higher
among LN plants than among RN plants. In addition, the
numbers of OTUs observed when libraries were jointly ana-
lyzed were lower than the sum of OTUs identified in each

single library, suggesting that few OTUs were shared by both
libraries, except for the combined analysis of the EEM160 and
RTEEM160 libraries (Table 1).

The distribution of representative OTUs with respect to the
phylogenetic composition of the 16S rRNA gene libraries as
determined by the RDP Classifier and its respective closest
relatives in GenBank are presented in Electronic
Supplementary Mater i a l (ESM) 1, 2 , 3 , and 4 .
Proteobacteria was the dominant taxon in all libraries
(90.5–100 %), with the most abundant class being the

Table 1 A statistical analysis and description of the 16S rRNA gene clone libraries from the stem core samples of field-grownmaize (AG 2040 hybrid)
inoculated with Azospirillum brasilense Ab-V5

Librarya Nucleic acidb Fertilization condition Sequences OTUsc Homogeneous
coverage (%)d

Species richness Shannon–Weaver index

EEM30N DNA LN 85 33 71.7 46.0 2.89

EEM160N DNA RN 80 31 73.8 42.0 2.89

RTEEM30N RNA LN 42 16 73.8 21.7 2.27

RTEEM160N RNA RN 38 6 97.4 6.2 1.48

EEM30N+EEM160N DNA LN+RN 165 61 63.0 96.8 3.59

RTEEM30N+RTEEM160N RNA LN+RN 80 18 77.5 23.2 2.17

EEM30N+RTEEM30N DNA+RNA LN 127 46 75.6 60.8 3.27

EEM160N+RTEEM160N DNA+RNA RN 118 37 82.2 45.0 3.13

RN, Regular nitrogen (N)-fertilization treatment; LN, low N-fertilization treatment; OTU, operational taxonomic unit
a See text (section 16S libraries: cloning and sequencing) and caption to Fig. 1 for a definition of the libraries
b The nucleic acid extract used to construct the respective clone library
c OTUs were defined at 97 % sequence identity
dCx=1 – (nx/N), where nx is the number of OTUs represented by a single clone sequence in a library and N is the total number of clones

Fig. 1 Rarefaction analysis of 16S rRNA clone libraries [DNA-derived
clone libraries: EEM160N regular nitrogen (N)-fertilization treatment
(RN), EEM30N low N-fertilization treatment (LN); RNA-derived clone
libraries: RTEEM160N RN, RTEEM30N LN] recovered from field-
grown maize (AG 2040 hybrid) inoculated with Azospirillum brasilense
Ab-V5 under different N-fertilization conditions. a Clones screened from

DNA-derived libraries of plants grown under 160 kg N ha−1 (RN plants)
and 30 kg N ha−1 (LN plants), b DNA-derived clones from LN plants, c
DNA-derived clones from RN plants, d clones screened from RNA-
derived libraries of plants grown under 160 kg N ha−1 and
30 kg N ha−1, e RNA-derived clones from LN plants, f RNA-derived
clones from RN plants. OTU Operational taxonomic units
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Alphaproteobacteria (88.1–100%). Representative sequences
of Gammaproteobacteria and Betaproteobacteria were not
detected in the RNA-derived libraries, despite N-fertilization.
Representative Firmicutes sequences were also identified in
three of the libraries, ranging from 4.7 to 14.1 %, with the
except being the library constructed from the RNA extracts
of maize plants receiving the RN-fertilization treatment. At
the family level, the Sphingomonadaceae encompassed the
majority of the OTUs in both RN and LN plants (73.8 % of
all sequenced clones), reaching up to 100 % of OTUs in the
RNA-derived library from RN plants. Following the
Sphingomonadaceae, only the OTUs related to the families
Bacillaceae andMethylobacteriaceae were present at relative
abundances of >5 %, reaching up to 6.9 and 6.5 % of the total
sequenced clones in these two families, respectively. While
most of the non-sphingomonad-related taxa occurred at a
low relative abundance (<5 % of cloned sequences) in each
particular library, these taxa were responsible for shifts in the
endophytic bacterial communities of plants grown under con-
trasting N-fertilization levels (Fig. 2).

The results of a pairwise comparison between DNA-
derived libraries that was performed with RDP’s
LibCompare showed significant differences among the com-
position of total endophytic bacterial communities in plants
grown under different N-fertilization conditions (Fig. 2).
Although the Sphingomonadaceae were predominant and a
major component of the endophytic community under both
LN- and RN-fertilization conditions, members of the genus
Novosphingobium were identified in higher abundance in
RN plants (P value>9.6E-4), which is at a lower taxonomic
level (Fig. 2b). The non-sphingomonads were also unevenly
distributed among LN and RN plants, with the relative abun-
dance of members of genus Methylobacterium decreasing in
RN plants (P value>3.5E-3; Fig. 2c). When only the RNA-
derived clone libraries were analyzed, pairwise comparisons
of the metabolically active endophytic bacteria provided an
unclear picture of the fertilization effect on OTU abundance
(Fig. 2b, c). Nevertheless, maize plants receiving the regular
amount of N-fertilization (e.g., 160 kg N ha−1) showed a
narrower diversity of physiologically active endophytes than
those under the low N-fertilization regimen (30 kg N ha−1).
Surprisingly, the sequencing results of the RNA-derived 16S
rRNA gene library from RN plants, which presented a rela-
tively higher homogeneous coverage (97.4 %) and a rarefac-
tion curve reaching a plateau, was formed by as few as six
OTUs in terms of the active endophytic bacterial community,
all of which are related to the Sphingomonadaceae family
(Fig. 2b, c; ESM 3). However, the active bacteria associated
with LN plants (ESM 4) showed a broader diversity, with up
to 16 OTUs, of which seven belonged to non-sphingomonads
( Bac i l l aceae , 3 OTUs ; Rhodosp i r i l l aceae , 2 ;
Caulobacteraceae, 1; Xanthobacteraceae, 1). While these re-
sults should be confirmed in future studies, differences in the

sphingomonad-related 16S rRNA gene sequences from the
LN and RN plant libraries suggest the influence of N-
fertilization on the colonization of the endophytic maize hab-
itat by these taxa.

To better evaluate the cross-distribution of OTUs among
the four libraries, we performed a clustering analysis of 16S
rRNA sequences using the representative OTUs from the full
set of clone sequences as determined by the FastGroupII pro-
gram (Figs. 3 and 4). The phylogenetic distribution of the
Sphingomonadaceae-related OTUs is presented in Fig. 3; de-
spite the identification of 45 OTUs representing the
Sphingomonadaceae from all libraries, the phylogenetic tree
compressed at 1 % base substitution per site resulted in 37
clusters. From these, six OTUs, namely, RTEEM30N 086,
EEM30N 403, RTEEM160N 056, EEM160N 485, RTEE
M30N 045, and EEM160N 600, were shared by two or more
clone libraries and corresponded to the vast majority of
sphingomonad-related sequences (110 sequences, 60.8 % of
total sphingomonads). The representative clones for these six
OTUs were closely related to Sphingobium (two OTUs, 46
clone sequences), Sphingomonas (two OTUs, 35 sequences),

�Fig. 2 Phylogenetic distribution of 16S rRNA gene clone libraries from
field-grown maize (AG 2040 hybrid) inoculated with A. brasilense Ab-
V5 under different N-fertilization conditions. Light-gray bars Libraries
constructed from LN plants, dark-gray bars libraries constructed from
RN plants. a Phylogenetic distributions at the family level, b relative
abundance of Sphingomonadaceae genera, c relative abundance of non-
Sphingomonadaceae genera. Clone libraries as as described in Fig. 1.
Classification of family within phylum (for clarity, only the family
within each combination is in italics): Bacillaceae, Firmicutes;
Burkholderiaceae, Proteobacteria; Moraxellaceae, Proteobacteria;
Enterobacteriaceae, Proteobacteria; Xanthobacteraceae, Proteobacteria;
Rhizobiaceae, Proteobacteria; Methylobacteriaceae, Proteobacteria;
Acetobacteraceae, Proteobacteria; Caulobacteraceae, Proteobacteria;
Rhodospirillaceae, Proteobacteria; Sphingomonadaceae, Proteobacteria.
Classification of genera according to class, order, and family (in this
sequential order; for clarity, only the genus is given in italics):
Rh i zomonas , A lphap ro t eobac t e r i a , Sph ingomonada l e s ,
Sphingomonadaceae; Sphingobium , Alphaproteobacter ia ,
Sphingomonadales, Sphingomonadaceae; Sandaracinobacter,
Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae;
Novosphingobium, Alphaproteobacteria, Sphingomonadales,
Sphingomonadaceae; Sphingomonas , Alphaproteobacteria,
Sphingomonadales, Sphingomonadaceae; Bacillus, Bacilli, Bacillales,
Bacillaceae; Burkholderia, Betaproteobacteria, Burkholderiales,
Burkholder iaceae; Acinetobacter, Gammaproteobacter ia ,
Pseudomonadales, Moraxellaceae; Escherichia, Gammaproteobacteria,
En t e r ob a c t e r i a l e s , En t e r ob a c t e r i a c e a e ; En t e roba c t e r ,
Gammaproteobacteria, Enterobacteriales, Enterobacteriaceae;
Xanthobacter, Alphaproteobacteria, Rhizobiales, Xanthobacteraceae;
Rhizobium, Alphaproteobacteria, Rhizobiales, Rhizobiaceae;
Methy l obac t e r i um , A l phap ro t eobac t e r i a , Rh i zob i a l e s ,
Methylobacteriaceae; Gluconobacter, Alphaproteobacteria,
Rhodospirillales, Acetobacteraceae; Acidiphilum, Alphaproteobacteria,
Rhodospirillales, Acetobacteraceae; Azospirillum, Alphaproteobacteria,
Rhodo sp i r i l l a l e s , Rhodo sp i r i l l a c e a e ; Bre vund imona s ,
Alphaproteobacteria, Caulobacterales, Caulobacteraceae
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and Novosphingobium (two OTUs, 29 sequences). Of these
individuals, two OTUs (RTEEM160N 056 and RTEEM30N
045) were restricted to the libraries constructed from RNA
extracts of both LN and RN maize plants (41 sequences,
22.7 % of total) and were closely related to Sphingomonas
(25 clone sequences) and Novosphingobium (16 sequences).
A total of 14 sphingomonad-related OTUs were found to be
exclusive to RN maize plants (32 sequences, 17.7 % of total),

from which one OTU was restricted to the RNA-derived li-
brary (RTEEM160 082). These clones were related to
Sphingomonas spp. (11 OTUs, 29 clone sequences) and
Novosphingobium spp. (three OTUs, three sequences). In ad-
dition, endophytic sphingomonads from maize plants grown
under LN-fertilization conditions formed a total of 17 exclu-
sive OTUs (39 sequences, 21.5 % of the total), with none of
these found in the RNA-derived library. These OTUs were
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closely related to Sphingomonas (11 OTUs, 21 sequences),
Sphingobium (3 OTUs, 11 sequences), Novosphingobium
(one OTU, 1 sequence), Sandaracinobacter (1 OTU, 4 se-
quences), and Rhizomonas (1 OTU, 2 sequences). Seven
sphingomonad-related OTUs were assumed to indicate the
active groups of the maize endophytic habitat (71 sequences,
or 39.2 % of the total) due to the clustering of clone sequences
from the RNA-derived libraries with these representative se-
quences. Analysis of this phylogenetic distribution revealed a
shift in the structure of the endophytic community in maize in
response to N-fertilization, with a decrease in the relative
abundance of Novosphingobium in the DNA clone library of
LN plants and an increase in their relative abundance in the
RNA clone library under the same growth condition.

The distribution of representative non-sphingomonad-
related OTUs revealed that N-fertilization had a relatively
pronounced effect on the phylogenetic composition and diver-
sity of endophytes in maize plants (Fig. 4) and that the diver-
sity of endophyte bacterial populations of maize under the
LN-fertilization condition were enriched. The non-
sphingomonad taxa were represented by 33 representative se-
quences that clustered into 26 groups in the compressed phy-
logenetic tree at 1 % base substitution. These clusters were
unevenly distributed among LN and RN 16S rRNA clone
libraries, with a higher number of representative OTUs in
LN plants. Only three clusters formed by ten non-
sphingomonad sequences were identified in both the LN and

RN libraries, namely, RTEEM30N 049, EEM160N 466, and
EEM160N 358; the first cluster was related to Brevundimonas
(three clone sequences) and the other two clusters were related
to Bacillus (7 clone sequences in total). Taking both the DNA
and RNA 16S rRNA libraries into consideration, LN plants
showed 17 exclusive clusters (46 clone sequences, or 71.9 %
of the non-sphingomonads) in contrast to the six exclusive
OTUs found for the RN libraries (8 sequences, or 12.5 % of
the non-sphingomonads). The OTUs which were exclusive to
the RN libraries were related to Methylobacterium (2 se-
quences), Burkholderia (2 sequences), Enterobacter (1 se-
quence), and Escherichia (1 sequence). For the LN-
fertilization condition, the exclusive non-sphingomonads
formed three OTUs related to Methylobacterium (21 se-
quences), three OTUs related to Azospirillum (6 sequences),
a Xanthobacter OTU (1 sequence), three OTUs related to
Rhizobium (3 sequences), a Gluconobacter OTU (1 se-
quence), an Acidiphilium OTU (1 sequence), an OTU related
to Acinetobacter (3 sequences), and four OTUs that were
closely related to Bacillus (10 sequences). Metabolically ac-
tive non-sphingomonad endophytes could not be detected in
extracts from RN plants. An analysis of sequenced clones
from 16S rRNA gene libraries in plants grown under the LN
condition identified representative OTUs related to
Azospirillum, Xanthobacter, Brevundimonas and Bacillus.
Although a possible bias in the phylogenetic composition of
maize endophytes due to the low coverage of the libraries
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Fig. 3 Neighbor-joining phylogenetic tree based on partial 16S rRNA
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to the Sphingomonadaceae were used to infer the evolutionary history,
with distances computed by Maximum Composite Likelihood method

and presented as the number of base substitutions per site. Numbers at
branch points Percentages of 1,000 bootstrap values above a 50 %
threshold. The tree was compressed at 1 % base substitution per site.
Colored squares Clone library to which each OTU belongs, number in
squares number of sequences of each OTU in its respective library
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cannot be ignored, the fact that only nine clusters of 26 non-
sphingomonads were identified in RN libraries, in addition to
the failure to identify non-sphingomonad-related sequences in
the library constructed from maize RNA extracts under the
RN condition, reinforces the putative effect of N-fertilization
in decreasing the metabolically active endophytic bacterial
populations in field-grown maize plants.

The agronomic evaluations performed at the end of the
crop season demonstrated that A. brasilense Ab-V5 inocula-
tion was successful and that inoculated bacteria promoted
plant growth (Table 2). Although some parameters were not
significantly different between treatments, such as the stem
diameter, plant height, ear height, and ear length, significant
differences were observed in the other parameters. For exam-
ple, the number of kernels per cob, grain weight, and estimat-
ed productivity were increased inmaize plants inoculated with
Azospirillum brasilense Ab-V5, and even those plants grown
under the condition of a low N-fertilization input reached the
same productivity as plants grown under the RN condition,
although the latter apparently gained no benefit from inocula-
tion with A. brasilense Ab-V5. These results indicate the abil-
ity of the maize plants inoculated with A. brasilenseAb-V5 to
support a high yield when inoculation substituted for up to
80 % of the total applied N-fertilizer (Table 2).

Discussion

Maize plants are naturally colonized by a high diversity of
bacterial species (Chelius and Triplett 2001; Montañez et al.

2012; Arruda et al. 2013), which are currently believed to play
important roles in plant development and the expression of
plant genes (Hartmann et al. 2009; Friesen et al. 2011).
Bacterial communities associated with maize are likely to
originate from the soil microbiome, from which the plant is
able to enrich a few taxa selectively in response to root me-
tabolism, a phenomenon known as the rhizosphere effect
(Berendsen et al. 2012). The selective enrichment of bacterial
taxa by plant roots results in a decreasing biodiversity gradient
from the bulk soil towards the endophytic habitat (Roesch
et al. 2008). This effect can be observed as soon as the plant
starts its development (20 days after sowing), and it is influ-
enced by a myriad of biotic and abiotic factors, such as the
plant genome, plant age, soil nutrient availability, and soil pH,
among others (Bouffaud et al. 2014).

The variability in the response of plants in inoculation trials
with PGPB has been widely reported, as has the observation
that maize plants inoculated with diazotrophic PGPB rarely
present a combined effect with high N-fertilization input. The
main goal of this study was to address the influence of N-
fertilization on the composition and activity of the bacterial
community associated with maize plants inoculated with
Azospirillum brasilenseAb-V5 (used in Brazil for the produc-
tion of commercial inoculants) and improve the performance
of inoculants of diazotrophic bacteria, rather than to determine
the full composition of the microbial community associated
with maize. Consequently, we did not sample uninoculated
plants for analysis of its bacterial community, rather we fo-
cused on achieving a better understanding of a specific crop
management program which aims to implement crop
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inoculation with PGPB as an alternative to the use of high
amounts of mineral fertilizers. Maize inoculation studies have
demonstrated that inoculation with PGPB positively affects
plant development, but to variable extents (Hungria et al.
2010). Physiological and anatomical changes can be observed
following the inoculation of maize plants with PGPB
(Masciarelli et al. 2013), and these changes can be assumed
to induce modifications in the plant gene expression pattern
and to influence plant nutrient acquisition and productivity.
However, further studies are needed to determine whether
the inoculation impacts on the structure of the maize-
associated bacterial community are a result of a direct effect
of the introduced bacteria on plant environment or an indirect
effect of the inoculated bacteria on the physiology and metab-
olism of the plant (Castro-Sowinski et al. 2007), including the
factors that influence and control endophytic bacterial activity
in plant tissues.

The sequencing results of three of our four libraries
(EEM160N, EEM30N and RTEEM30N) indicate that the
sampling effort did not reflect the complete taxonomic diver-
sity within these libraries, restricting the analysis to the dom-
inant taxa.While more clones will be needed for sampling and
sequencing to access the rare taxonomic groups, the coverage
of our libraries yielded similar estimates for the EEM160N,
EEM30N, and RTEEM30N libraries (73.8, 71.7, and 73.8 %,
respectively), allowing us to perform reliable comparisons
among communities and detect statistically significant differ-
ences. Nevertheless, the number of OTUs retrieved from the
RTEEM160N clone library is thought to reflect a robust view
of the endophytic bacterial diversity within this library, based
on the high coverage of the clone library and the shape of the
rarefaction curve. In addition, the predominance of
Proteobacteria in the four clone libraries presented in this
study is in agreement with previous studies (Chelius and
Triplett 2001; Seghers et al. 2004; Roesch et al. 2008; Liu
et al. 2013). At the lower taxonomic level, we found that most
of the OTUs present in each of the four clone libraries were
related to the family Sphingomonadaceae , wi th
Sphingomonas appearing as the dominant genus and account-
ing for up to 43.2% of the total sequenced clones, followed by
Novosphingobium, with 15.9 % of the total sequenced clones.

The significant differences observed in the distribution of
dominant endophytic bacteria among DNA-derived libraries
was restricted to the genera Novosphingobium and
Methylobacterium, with the former identified in a larger pro-
portion of plants under the RN-fertilization condition (17.5 %
of clones) relative to the LN-fertilization condition (3.5 % of
clones) and the latter predominating in LN plants (24.7 % of
clones) relative to RN plants (2.5 % of clones). Both
Novosphingobium and Methylobacterium genera belong to
phylum Proteobacteria, even though they correspond to dif-
ferent phylogenetic lineages of the alpha subgroup.
Representative species from both genera are commonly found

in soil (Roesch et al. 2008) and have also reported as endo-
phytes in maize (Liu et al. 2013). Major differences in carbon
m e t a b o l i sm b e t w e e n No v o s p h i n g o b i um a n d
Methylobacterium are based on the xenobiotic-degrading abil-
ity of several Novosphingobium strains; Methylobacterium
strains are known to assimilate C1 compounds as carbon
sources, such as methanol and formic acid. It is interesting
to note that the Methylobacterium is phylogenetically close
to the endosymbionts that nodulates legumes, and this genus
includes species that are able to nodulate and fix atmospheric
nitrogen in symbiosis with leguminous plants (Sy et al. 2001;
Jourand et al. 2004). In legumes, high levels of N-fertilizer
inhibit the development and function of root nodules
(Sa lvag io t t i e t a l . 2008 ) . We repo r t he r e tha t
Methylobacterium abundance diminishes in the clone libraries
derived from RN plants although no Methylobacterium se-
quence was found in the RNA-derived 16S clone libraries,
suggesting that this taxon had a low metabolic activity at sam-
pling time. The role ofMethylobacterium as a plant endophyte
encompasses interactions with plant pathogens (Araújo et al.
2002), reductions in toxicity from contaminated soils
(Madhaiyan et al. 2007), inductions of the defense response
against pathogens (Indiragandhi et al. 2008), and other plant
growth-promoting effects. The depletion of certain endophyt-
ic bacterial populations in maize, but not species richness, was
reported by Seghers et al. (2004) in their comparison of the
use of mineral versus organic fertilizers.

Differences in the composition of the dominant taxa of the
endophytic maize community observed in the DNA-derived
LN and RN libraries were not reflected in their respective
RNA-derived 16S gene libraries, which we assumed estimat-
ed the dominant taxa of the metabolically active endophytic
populations, even though the profiles of active bacteria were
quite distinct among the RN and LN libraries. Maize plants
receiving the RN-fertilization treatment exhibited the lowest
species richness in terms of active endophytes, with 84.2 % of
the sequenced clones related to Sphingomonas and 15.8 % of
sequences related to Novosphingobium. The relative abun-
dance of these genera shifted in the RNA-derived library from
the LN-fertilization condition, in which a decrease in the
Sphingomonas and an increase in the Novosphingobium rela-
tive abundance were followed by the identification of several
non-sphingomonad taxa (ESM 3, 4) . The genus
Sphingomonas has been reported to be a maize endophyte
(Chelius and Triplett 2001; Liu et al. 2013), but to the best
of our knowledge, our study is the first to identify
Novosphingobium as a maize endophyte. Indeed, both genera
are widespread in nature and have been identified as endo-
phytes in different plant species, including their potential as
PGPB and nitrogen-fixing species (Hrynkiewicz et al. 2009;
Videira et al. 2009). In addition, the lower biodiversity of the
active endophytic community compared with that of the total
endophytic community suggests that bacterial activity is not
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directly related to bacterial abundance and that plant nutrition-
al status plays an important role in determining which bacte-
rial groups will be able to grow and be active under particular
nutritional conditions. As observed earlier in the endophytic
communities associated with rice (Knauth et al. 2005) and
elephant grass (Videira et al. 2013), metabolically active en-
dophytes may comprise a portion of the total endophytic com-
munity at a specific time, a condition which may also be true
for maize.

Relative shifts in the abundance of dominant phylogenetic
groups in the DNA- and RNA-derived libraries indicate either
an enrichment or depletion of OTUs related to these taxa in
response to the amount of N-fertilization applied at maize
sowing. The modification of plant metabolism in response to
the amount of nitrogen available in the soil could lead to
qualitative–quantitative changes in the root deposition and
consequently modify the rhizosphere effect, thereby influenc-
ing the recruitment of specific bacterial taxa from the soil
microbiota, which may eventually lead to changes in the en-
dophyte populations. Both nitrogen and carbon metabolism in
plants are tightly regulated, and differences in the nitrogen
status have been shown to influence both the composition of
the root exudates of maize by depleting the amounts of amino
acids released by the roots (Carvalhais et al. 2010) and the
metabolite profile of leaves by increasing the amounts of
starch, carbohydrates, and secondary metabolites (Schlüter
et al. 2012). Within the endophytic habitat, the nutritional
status of the plant could induce changes in nutrient availability
that would in turn affect the colonization, development, and
activity of the endophytic microbiota, as has observed earlier
for maize and other grasses (Prakamhang et al. 2009; Pariona-
Llanos et al. 2010). In this context, the endophytic community
associated with maize can also be regulated in a manner sim-
ilar to that observed for legumes—that is, through the plant–
bacteria signaling system together with the nitrogen signaling
pathway, in which the infection, nodulation, and composition
of endophytes are affected by the amount of N-fertilizer ap-
plied (Wahab et al. 1996; Ikeda et al. 2010).

Soil is the repository of microbial diversity which is able to
interact with virtually any plant species; the intensive use of
mineral fertilizer modifies the composition of such communi-
ties. Indeed, plant metabolism induces changes in the associ-
ated microbiota and is believed to exert a selective effect on
microbes (Hartmann et al. 2009; Ikeda et al. 2010). This read-
ily leads to the assumption that different agricultural practices
affect plant development and metabolism differently and lead
to changes in the associated bacterial communities, including
endophytes (Seghers et al. 2004). Based on the comparison of
our results from the 16S rRNA gene libraries under LN- and
RN-fertilization conditions, we suggest that the use of low N-
fertilization input (e.g., 30 kg N ha−1) induces maize plants to
make available a higher quantity of carbon substrates to the
endosphere in a way that sustains the endophytic community.

This N-fertilizer effect (and most likely other nutrients) takes
place within the framework of a cost–benefit mechanism,
resulting in a richer and metabolically more active endophytic
bacterial community in LN plants in comparison with those
grown under regular N-fertilization conditions in which the
presence of endophytes with plant growth-promoting abilities
are less likely to benefit the host plant (Partida-Martínez and
Heil 2011). As such, bacteria with the ability to contribute to
the nutritional requirements of maize under field conditions
are enriched in the soil and are preferred by plants under
nutritional constraints. However, plants growing under full
nutritional and optimal conditions reduce the amount of car-
bon substrates available in the endosphere, resulting in poor
colonization and activity of the endophytic community.

The results of our study in terms of species richness, the
diversity index, and the composition of the dominant active
endophytic bacterial communities of RN and LN plants are in
agreement with the cost–benefit hypothesis. The non-
sphingomonad OTUs identified in the RN-fertilization condi-
tion libraries were primarily associated with ubiquitous soil
bacteria, such as Enterobacter, Burkholderia, and Bacillus,
but they also include two OTUs related to Methylobacterium
and a Brevundimonas-related OTU. Within the non-
Sphingomonadaceae OTUs identified in the LN-fertilization
condition libraries, sequences that are closely related to
Gluconobacter, Acidiphilum, Acinetobacter, Rhizobium,
Sinorhizobium , and Azospiri l lum , in addi t ion to
Methylobacterium and Bacillus, were detected. Such genera
include well-established growth-promoting bacteria with the
potential to provide biologically fixed nitrogen to the host
plant, such as Rhizobium, Sinorhizobium, and Azospirillum.

The practice of inoculating non-leguminous crops with
PGPBs is increasing in Brazil for a number of commercially
grown crop species, such as maize. Nevertheless, the inocula-
tion of seeds with PGPB is mostly posed as an additional
agricultural recommendation because no reduction in the use
of mineral fertilizer has been effectively adopted, and the ef-
fectiveness of the biological N-fixation contribution in non-
legumes is still controversial. The variability in plant re-
sponses to PGPB inoculation is the primary factor that ad-
dresses this recommendation. Our agronomic evaluation of
maize inoculated with A. brasilenseAb-V5 indicates that high
productivity can be obtained with lower N-fertilizer inputs;
moreover, no additive effect was observed in terms of produc-
tivity in inoculated plants receiving the regular N-fertilization
treatment. The cost–benefit relation in plant–microbe interac-
tions is an emerging field of study (Partida-Martínez and Heil
2011). Any gene expressed by a plant comes at a metabolic
cost and, therefore, the aim of expressing this gene is to pro-
vide a benefit; also, it is to be expected that gene expression is
under the control of endogenous and exogenous signals
(Saleem et al. 2010). We argue that the application of N-
fertilizers leads maize plants to decrease the activity of
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endophytic bacteria and that this effect can also be seen for the
rhizosphere bacterial communities. In this cost–benefit frame-
work, no additive effect can be achieved when diazotrophic
PGPB inoculation is used together with regular N-fertiliza-
tion. On the other hand, we found that plants inoculated with
diazotrophic PGPB and grown under low amounts of N-
fertilizer were able to efficiently improve their productivity.
These findings must be considered when methodologies and
strategies are being developed to inoculate plants with
diazotrophic PGPB technology.

Acknowledgments The authors thank the Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and the
Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq) for granting Emilyn EmyMatsumura and Vinicius Andrade Sec-
co MSc and IC fellowships, respectively. This work was partially fi-
nanced by the Instituto Nacional de Ciência e Tecnologia da Fixação
Biológica do Nitrogênio (INCT-FBN) and the Ministério da Ciência e
Tecnologia (MCT), the CNPq and the Fundo Setorial do Agronegócio
(CT-AGRO) process no. 557746/2009-4.

Conflict of interest None.

References

Araújo W, Marcon J, Maccheroni W Jr, van Elsas JD, van Vuurde JWL,
Azevedo JL (2002) Diversity of endophytic bacterial populations
and their interaction with Xylella fastidiosa in citrus plants. Appl
Environ Microbiol 68:4906–4914

Arruda L, Beneduzi A, Martins A, Lisboa B, Lopes C, Bertolo F,
Passaglia LMP, Vargas LK (2013) Screening of rhizobacteria isolat-
ed from maize (Zea mays L.) in Rio Grande do Sul State (South
Brazil) and analysis of their potential to improve plant growth. Appl
Soil Ecol 63:15–22

Ashelford KE, Chuzhanova NA, Fry JC, Jones AJ,WeightmanAJ (2005)
At least 1 in 20 16S rRNA sequence records currently held in public
repositories is estimated to contain substantial anomalies. Appl
Environ Microbiol 71:7724–7736

Baudoin E, Nazaret S, Mougel C, Ranjard L, Moënne-Loccoz Y (2009)
Impact of inoculation with the phytostimulatory PGPR Azospirillum
lipoferum CRT1 on the genetic structure of the rhizobial community
of field-grown maize. Soil Biol Biochem 41:409–413

Baudoin E, Lerner A, Mirza MS, El Zemrany H, Prigent-Combaret C,
Jurkevich E, Spaepen S, Vanderleyden J, Nazaret S, Okon Y,
Moënne-Loccoz Y (2010) Effects of Azospirillum brasilense with
genetically-modified auxin biosynthesis gene ipdC upon the diver-
sity of the indigenous microbiota of the wheat rhizosphere. Res
Microbiol 161:219–226

Berendsen RL, Pieterse CMJ, Bakker PAHM (2012) The rhizosphere
microbiome and plant health. Trends Plant Sci 17:478–486

Bouffaud ML, Poirier MA, Muller D, Loccoz YM (2014) Root
microbiome relates to plant host evolution in maize and other
Poaceae. Environ Microbiol 16(9):2804–2814

Carvalhais LC, Dennis PG, Fedoseyenko D, Hajirezaei MR, Borriss R,
von Wirén N (2010) Root exudation of sugars, amino acids, and
organic acids by maize as affected by nitrogen, phosphorus, potas-
sium, and iron deficiency. J Plant Nutr Soil Sci 000:1–9. doi:10.
1002/jpln.201000085

Castro-Sowinski S, Herschkovitz Y, Okon Y, Jurkevitch E (2007) Effects
of inoculation with plant growth-promoting rhizobacteria on resi-
dent rhizosphere microorganisms. FEMS Microbiol Lett 276:1–11

CheliusMK, Triplett EW (2001) The diversity of Archaea and Bacteria in
association with the roots of Zea mays L. Microb Ecol 41:252–263

Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-Syed-
Mohideen AS, McGarrell DM, Marsh T, Garrity GM, Tiedje JM
(2009) The ribosomal database project: improved alignments and
new tools for RNA analysis. Nucleic Acids Res 37:141–145

Correa OS, Romero AM, Montecchia MS, Soria MA (2006) Tomato
genotype and Azospirillum inoculation modulate the changes in
bacterial communities associated with roots and leaves. J Appl
Microbiol 102:781–786

De-Bashan LE, Hernandez JP, Nelson KN, Bashan Y, Maier RM (2010)
Growth of quailbush in acidic, metalliferous desert mine tailings:
effect of Azospirillum brasilense Sp6 on biomass production and
rhizosphere community structure. Microb Ecol 60:915–927

Döbereiner J (1992) Recent changes in concepts of plant-bacteria inter-
actions: endophytic N2 fixing bacteria. Cienc Cult 44:310–313

Ewing B, Green P (1998) Base-calling of automated sequencer traces
using Phred II. Error probabilities. Genome Res 8:186–194

FAO (Food and Agriculture Organization) (2012) World agriculture to-
wards 2030/2050: the 2012 revision. ESAworking paper no. 12–03.
Available at: http://www.fao.org/docrep/016/ap106e/ap106e.pdf.
Accessed 26 Feb 2014

Friesen ML, Porter SS, Stark SC, von Wettberg EJ, Sachs JL, Martinez-
Romero E (2011)Microbially mediated plant functional traits. Annu
Rev Ecol Evol Syst 42:23–46

Gaiero JR, McCall CA, Thompson KA, Day NJ, Best AS, Dunfield KE
(2013) Inside the root microbiome: bacterial root endophytes and
plant growth promotion. Am J Bot 100:1738–1750

Glick BR (2012) Plant growth-promoting bacteria: mechanisms and ap-
plications. Scientifica 2012, article ID 963401. doi:10.6064/2012/
963401

Gurtler V, Stanisich VA (1996) New approaches to typing and identifica-
tion of bacteria using the 16S-23S rDNA spacer region.
Microbiology 142:3–16

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symp Ser 41:95–98

Hartmann A, Schimid M, van Tuinen D, Berg G (2009) Plant-driven
selection of microbes. Plant Soil 321:235–257

Herschkovitz Y, Lerner A, Davidov Y, Rothballer M, Hartmann A, Okon
Y, Jurkevitch E (2005) Inoculation with the plant growth-promoting
rhizobacterium Azospirillum brasilense causes little disturbance in
the rhizosphere and rhizoplane of maize (Zea mays). Microb Ecol
50:277–288

Hrynkiewicz K, Baum C, Niedojadlo J, Dahm H (2009) Promotion of
mycorrhiza formation and growth of willows by the bacterial strain
Sphingomonas sp. 23 L on fly ash. Biol Fert Soils 45:385–394

Huber T, Faulkner G, Hugenholtz P (2004) Bellerophon: a program to
detect chimeric sequences in multiple sequences alignments.
Bioinformatics 20:2317–2319

Hungria M, Campo RJ, Souza EM, Pedrosa FO (2010) Inoculation with
selected strains of Azospirillum brasilense and A. lipoferum im-
proves yield of maize and wheat in Brazil. Plant Soil 331:413–425

Ikeda S, Okubo T, Kaneko T, Inaba S, Maekawa T, Eda S, Sato S, Tabata
S, Mitsui H, Minamisawa K (2010) Community shifts of soybean
stem-associated bacteria responding to different nodulation pheno-
types and N levels. ISME J 4:315–326

Ikeda AC, Bassani LL, Adamoski D, Stringari D, Cordeiro VK, Glienke
C, Steffens MBR, Hungria M, Galli-Terasawa LV (2012)
Morphological and genetic characterization of endophytic bacteria
isolated from roots of different maize genotypes. Microb Ecol 65:
154–160

Ann Microbiol (2015) 65:2187–2200 2199

http://dx.doi.org/10.1002/jpln.201000085
http://dx.doi.org/10.1002/jpln.201000085
http://www.fao.org/docrep/016/ap106e/ap106e.pdf
http://dx.doi.org/10.6064/2012/963401
http://dx.doi.org/10.6064/2012/963401


Indiragandhi P, Anandham R, Kim KA, Yim WJ, Madhaiyan M, Sa TM
(2008) Induction of defense responses in tomato against
Pseudomonas syringae pv. tomato by regulating the stress ethylene
level with Methylobacterium oryzae CBMB20 containing 1-
aminocyclopropane-1-carboxylate deaminase. World J Microbiol
Biotechnol 24:1037–1045

Jourand P, Giraud E, Béna G, Sy A, Willems A, Gillis M, Dreyfus B,
Lajudie P (2004) Methylobacterium nodulans sp. nov., for a group
of aerobic, facultativelymethylotrophic, legume-root-nodule-forming
and nitrogen-fixing bacteria. Int J Syst Evol Microbiol 54:2269–2273

Knauth S, Hurek T, Brar D, Reinhold-Hurek B (2005) Influence of dif-
ferent Oryza cultivars on expression of nifH gene pools in roots of
rice. Environ Microbiol 7:1725–1733

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R,
Thompson JD, Gibson TJ, Higgins DG (2007) Clustal W and
Clustal X version 2.0. Bioinformatics 23:2947–2948

Lerner A, Herschkovitz Y, Baudoin E, Nazaret S, Moënne-Loccoz Y,
Okon Y, Jurkevitch E (2006) Effect of Azospirillum brasilense in-
oculation on rhizobacterial communities analyzed by denaturing
gradient gel electrophoresis and automated ribosomal intergenic
spacer analysis. Soil Biol Biochem 38:1212–1218

Liu Y, Zuo S, Zou Y, Wang J, Song W (2013) Investigation on diversity
and population succession dynamics of endophytic bacteria from
seeds ofmaize (Zeamays L., Nongda108) at different growth stages.
Ann Microbiol 63:71–79

Madhaiyan M, Poonguzhali S, Sa T (2007) Metal tolerating
methylotrophic bacteria reduces nickel and cadmium toxicity and
promotes plant growth of tomato (Lycopersicon esculentum L.).
Chemosphere 69:220–228

Masciarelli O, Urbani L, Reinoso H, Luna V (2013) Alternative mecha-
nism for the evaluation of the Indole-3-acetic acid (IAA) production
by Azospirillum brasilense strains and its effects on the germination
and growth of maize seedlings. J Microbiol 51:590–597

Montañez A, Blanco AR, Barlocco C, Beracochea M, Sicardi M (2012)
Characterization of cultivable putative endophytic plant growth pro-
moting bacteria associated with maize cultivars (Zea mays L.) and
their inoculation effects in vitro. Appl Soil Ecol 58:21–28

Muyzer G, de Waal EC, Uitterlinden AG (1993) Profiling of complex
microbial populations by denaturing gradient gel electrophoresis
analysis of polymerase chain reaction-amplified genes coding for
16S rRNA. Appl Environ Microbiol 59:695–700

Pariona-Llanos R, Ferrara FIS, Gonzales HHS, Barbosa HR (2010)
Influence of organic fertilization on the number of culturable
diazotrophic endophytic bacteria isolated from sugarcane. Eur J
Soil Biol 46:387–393

Partida-Martínez LP, Heil M (2011) The microbe-free plant: fact or arti-
fact? Front Plant Sci 2:100. doi:10.3389/fpls.2011.00100

Pérez-Montaño F, Alías-Villegas C, Bellogín RA, del Cerro P, Espuny
MR, Jiménez-Guerrero I, López-Baena FJ, Ollero FJ, Cubo T
(2013) Plant growth promotion in cereal and leguminous agricultur-
al important plants: from microrganisms capacities to crop produc-
tion. Microbiol Res 169:325–336

Prakamhang J,Minamisawa K, Teamtaisong K, Bookerd N, Teaumroong
N (2009) The communities of endophytic diazotrophic bacteria in
cultivated rice (Oryza sativa L.). Appl Soil Ecol 42:141–149

Reinhold-Hurek B, Hurek T (2011) Living inside plants: bacterial endo-
phytes. Curr Opin Plant Biol 14:435–443

Rodrigues Neto J, Malavolta Júnior VA, Victor O (1986) Meio simples
para isolamento e cultivo de Xantomonas campestris pv. citri tipo B.
Summa Phytopathol 12:16

Roesch LFW, Camargo FAO, Bento FM, Triplett EW (2008) Biodiversity
of diazotrophic bacteria within the soil, root and stem of field-grown
maize. Plant Soil 302:91–104

Rösch C, Bothe H (2005) Improved assessment of denitrifying, N2-fix-
ing, and total-community bacteria by terminal restriction fragment
length polymorphism analysis using multiple restriction enzymes.
Appl Environ Microbiol 71:2026–2035

Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN (2008) Bacterial
endophytes: recent developments and applications. FEMS
Microbiol Lett 278:1–9

Saleem M, Lamkemeyer T, Schützenmeister A, Madlung J, Sakai H,
Piepho HP, Nordheim A, Hochholdinger F (2010) Specification of
cortical parenchyma and stele of maize primary roots by asymmetric
levels of auxin, cytokinin, and cytokinin-regulated proteins. Plant
Physiol 152:4–18

Salvagiotti F, Cassman KG, Specht JE, Walters DT,Weiss A, Dobermann
A (2008) Nitrogen uptake, fixation and response to fertilizer N in
soybeans: a review. Field Crop Res 108:1–13

Sambrook J, Russel DW (2001) Molecular cloning: A laboratory manual,
3rd edn. Cold Spring Harbor Laboratory, New York

Schlüter U,MascherM, Colmsee C, Scholz U, BraütigamA, Fahnenstich
H, Sonnewald U (2012) Maize source leaf adaptation to nitrogen
deficiency affects not only nitrogen and carbon metabolism but also
control of phosphate homeostasis1. Plant Physiol 160:1384–1406

Seghers D, Wittebolle L, Top EM, Verstraete W, Siciliano SD (2004)
Impact of agricultural practices on the Zea mays L. endophytic com-
munity. Appl Environ Microbiol 73:1475–1482

Singh JS, Pandey VC, Singh DP (2011) Efficient soil microorganisms: a
new dimension for sustainable agriculture and environmental devel-
opment. Agric Ecosyst Environ 140:339–353

Singleton DR, Furlong MA, Rathbun SL, Whitman WB (2001)
Quantitative comparisons of 16S rRNA gene sequence libraries
from environmental sequences. Appl Environ Microbiol 67:
4374–4376

Sy A, Giraud E, Jourand P, Garcia N, Willems A, DeLajudie P, Prin Y,
Neyra M, Gillis M, Boivin-Masson C, Dreyfus B (2001)
Methylotrophic Methylobacterium bacteria nodulate and fix nitro-
gen in symbiosis with legumes. J Bacteriol 183:214–220

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6:
Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol
Evol 30:2725–2729

Videira SS, Araújo JLS, Rodrigues LS, Baldani VLD, Baldani JI (2009)
Occurrence and diversity of nitrogen-fixing Sphingomonas bacteria
associated with rice plants grown in Brazil. FEMS Microbiol Lett
293:11–19

Videira SS, Silva MCP, Galisa PS, Dias ACF, Nissinen R, Baldani VLD,
van Elsas JD, Baldani JI, Salles JF (2013) Culture-independent mo-
lecular approaches reveal a mostly unknown high diversity of active
nitrogen-fixing bacteria associated with Pennisetum purpureum – a
bioenergy crop. Plant Soil 373:737–754

WahabAMA, Zahran HH, Abd-Alla MH (1996) Root-hair formation and
nodulation of four grain legumes as affected by the form and the
application time of nitrogen fertilizer. Folia Microbiol 41:303–308

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naïve bayesian classi-
fier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl Environ Microbiol 73:5261–5267

Yu J, Pressoir G, Briggs WH et al (2006) A unified mixed-model method
for association mapping that accounts for multiple levels of related-
ness. Nat Genet 38:203–208

2200 Ann Microbiol (2015) 65:2187–2200

http://dx.doi.org/10.3389/fpls.2011.00100

	Composition...
	Abstract
	Introduction
	Materials and methods
	Experimental conditions
	Nucleic acid extraction and PCR amplification
	16S libraries: cloning and sequencing
	Biodiversity and phylogenetic analysis

	Results
	Discussion
	References


