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94.1 INTRODUCTION

The development and extension of biological based econ-
omy, the so-called “sustainable bioeconomy,” is a major
focus of scientific research and technological development
in many countries, including Germany and Brazil. The
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German government recently launched a 6 billion Euro
developmental program to develop a biological based econ-
omy. In Brazil, an important focus on development and
support is on bioenergy crops such as sugarcane, which have
ideal climatic conditions for high biomass development with
high sugar content. The global goal for energy crops is to
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reduce the dependence on fossil energy sources – which are
limited, which increase the price, and which, most impor-
tantly, cause major climatic problems for Planet Earth. The
challenge is to grow energy crops, such as sugarcane, with
the lowest inputs of fossil energy that is required to drive
the industrial Haber–Bosch process of reducing atmospheric
dinitrogen to ammonia, the basis for plant nitrogen fertilizer.
In Brazil in particular, sugarcane plays a fundamental role
in the production of bioethanol, which is used as a substitute
for fossil fuels in combustion engines. In 2010, almost
10million ha of sugarcane was planted in Brazil (IBGE,
2010) and approximately half of the cane juice has been fer-
mented to produce alcohol as a biofuel. In contrast to many
other energy crop systems, the overall energy balance in
Brazilian sugarcane/bioethanol production is clearly positive
(Boddey et al., 2008). For most other bioenergy processes,
the overall energy balance is around one or even below.
Since the energy to be spent for the synthesis of industrial
nitrogen fertilizer is a major input, the reduction of fertilizer
application would make the energy production even more
attractive and efficient in terms of global climate change
impact.

The biological nitrogen fixation (BNF) potential of
sugarcane with its associated bacteria had come into focus
already some decades ago (Döbereiner, 1961; Ruschel et al.,
1975). Using 15N-isotope enrichment tracing and natural
abundance techniques, it was demonstrated that some sugar-
cane cultivars could derive up to 70% of plant nitrogen from
BNF (Lima et al., 1987; Urquiaga et al., 1992; Boddey et al.,
2001; see Chapter 108). A major breakthrough in the char-
acterization of the diazotrophic bacteria, especially in plant
associations, was the use of nitrogen-free semisolid media,
such as NfB, JNfB, or LGI (Döbereiner, 1995), to efficiently
enrich microaerobic nitrogen-fixing bacteria. This resulted
in the characterization of many new diazotrophic species,
such as Gluconacetobacter diazotrophicus, Herbaspirillum
seropedicae, Burkholderia tropica, Azospirillum amazo-
nense, and others (Cavalcante and Döbereiner, 1988; Reis
et al., 2004; Perin et al., 2006; Baldani and Baldani, 2005;
see Chapter 88). However, it could not yet be determined
which of these bacteria contributed to the plant nitrogen
fixation. It became clear that a diversity of diazotrophic
bacteria are distributed in the whole plant, colonizing
roots, stem, and leaves endophytically (James et al., 1994).
Inoculation experiments with single or mixtures of dia-
zotrophic bacteria were performed, which finally led to
the development of the five-strain inoculum introduced
by Embrapa Agrobiologia, Seropédica (Oliveira et al.,
2003; Oliveira et al., 2006; Oliveira et al., 2009). These
inoculations are presently being performed at different
places in Brazil. Significant plant growth promotion effects
have been found in production-scale field trials, but the
level of BNF could not be increased significantly (Schultz
et al., 2012). It also became apparent that the diversity of

diazotrophic bacterial community of sugarcane plants is
quite variable in different regions and cultivars (Asis et al.,
2000; Asis et al., 2002; Magnani et al., 2010; Beneduzi
et al., 2013; Suman et al., 2001). While a diversity of Glu-
conacetobacter diazotrophicus was found in many studies
on different continents using LGI-semisolid media as an
enrichment approach, in some other trials it was almost
completely missing. In general, within the bacterial diversity
retrieved from sugarcane by regular cultivation techniques
without enrichment for diazotrophs, the diazotroph com-
munity was only found as a minor fraction (Magnani et al.,
2010).

An alternative to the cultivation approach is the applica-
tion of cultivation-independent molecular approaches, using
16S rDNA and nifH- or nifD-DNA probes, (see Chapters 3,
8, 20, 77) which have the advantage of covering also organ-
isms that are slow growing or generally difficult to grow
in pure culture. Several other plants have been investigated
in detail with this approach, such as potato, maize, or rice
(Roesch et al., 2006; Sessitsch et al., 2002, 2012), which has
led to new insights in the diversity of diazotrophs in these
systems and the overall bacterial community. Concerning
sugarcane, Ando et al. (2005) retrieved for the first time
nifH-sequences from sugarcane. More recently, Thaweenut
et al. (2011), Burbano et al. (2011), and Fischer et al. (2012)
studied nifH-transcripts in different sugarcane cultivars
under different growth conditions. They found, besides
nifH-sequences of other diazotrophs, also nif-transcripts of
Bradyrhizobium and Rhizobium spp. In this chapter, the char-
acterization of the diversity of active bacteria (16S cDNA)
and active diazotrophs (nifH cDNA) in the sugarcane cultivar
RB867515 is described, and the cultivation ofBradyrhizbium
spp. from this plant using the legume trap plant Vigna
unguiculate (cowpea) and direct cultivation on plates is
presented.

94.2 MATERIALS AND METHODS

94.2.1 Greenhouse and Field
Experiments
Greenhouse and field experiments were conducted at the
Embrapa Agrobiologia CNPAB institute and experimental
field station (22∘45′S, 43∘40′W and 26m above sea level)
in Seropédica, Rio de Janeiro, Brazil. The soil (Itaguai
series) is classified as a Planosol (FAO) or Typic Fragiaquult
(USDA, Soil Taxonomy). The soil characteristics in the
0–20 cm layer were pH (in H2O) 5.4, 1.1 cmolc Ca

2+/dm3;
0.2 cmolc Mg

2+/dm3; 0.1 cmolc AL
3+/dm3; 26.1mg P/dm3;

27.0mgK/dm3; 0.48% organic carbon, 0.83% organic
matter, and 0.043% N. In the greenhouse experiment the
cultivar RB867515 was tested in a Sand-Teosint Mix with
six plants per pot; after 4weeks the plants were harvested.
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In the field experiments, the plants (cultivar RB867515)
were grown for 2 years; the sugarcane plants were analyzed
in late summer (March) of the first and second year. While
there was no N-fertilization in the greenhouse experiment,
there were plots in the field experiments that received urea
(120 kg/ha). When the sugarcane plants were inoculated
with the five-strain Embrapa-inoculum, the plots received no
N-fertilization; more details are presented in Fischer et al.
(2012).

94.2.2 DNA/RNA Extraction
and PCR Approaches Characterizing
the Bacterial Diversity in planta
RNA and DNA extractions of plant material were per-
formed using the phenol–chloroform extraction method
combined with the column-based AllPrep DNA/RNA Mini
Kit (Qiagen, Germany) to purify and isolate RNA and
DNA from 400mg plant material as described by Toewe
et al. (2011). Contaminating DNA in the RNA extractions
was detected using a 16S rRNA coding gene targeted PCR
(polymerase chain reaction) using the primers 341F and
907R (Muyzer et al., 1996). Contaminating DNA was
removed using RQ1 RNA-free DNase (Promega, USA).
An important step in this reverse transcription polymerase
chain reaction (RT-PCR) protocol was that the cDNA was
synthesized with the Omniscript RT Kit (Qiagen, Germany)
using random primers (Promega, USA) to achieve a mostly
unbiased reverse transcription. All PCR reactions were
performed using the TopTaq Kit (Qiagen, Germany) in a
PEQStar 96 Universal thermocycler (Peqlab, Germany).
16S rRNA cDNA was amplified using the primers 341F
and 907R (length about 550 bp) (Muyzer et al., 1996).
The annealing temperature for the PCR reaction was
56.5 ∘C and had 30 cycles. nifH mRNA was amplified
using nested PCR with the primers PolF and PolR for the
initial amplification (Poly et al., 2001) and nifHFor and
nifHRev (length about 314–317 bp) for the second ampli-
fication step as described in Roesch et al. (2006). In the
second PCR, the annealing temperature was 55 ∘C, and 33
cycles were used. Amplicons were verified using agarose
gel electrophoresis. Genomic DNA from pure cultures of
Herbaspirillum seropedicae HCC103, H. rubrisubalbicans
HRC54, Azospirillum amazonense CBAmC, Burkholde-
ria tropica Ppe8, and Gluconacetobacter diazotrophicus
PAL5 (diazotrophs in the inoculation mix) was used as
positive nifH-amplification controls using this nested PCR
approach.

Amplicons of the 16S- and nifH-cDNA were puri-
fied using NucleoSpin® Extract II Kit (Macherey-Nagel,
Germany) and cloned using Topo TA Cloning® Kit (Invit-
rogen, USA) according to the manufacturer′s instructions.
Sequencing was performed using BigDye® Terminator
(BDT) v3.1 Sequencing Kit (Invitrogen, USA) on an ABI

3730 sequencer (Applied Biosystems, Germany). See details
of sequence analysis in Fischer et al. (2012). Evolutionary
relationships in the phylogenetic tree were conducted using
ARB software (Ludwig et al., 2004) with a neighbor-joining
algorithm (Saitou and Nei, 1987).

94.2.3 Preparations for the
Isolation of Endophytic Bacteria
from Sugarcane
Unlignified white shoot roots from 5-month-old sugarcane
plants (cv. RB867515) growing at the Embrapa Agrobi-
ologia experimental field station were collected in June
2012. The roots were thoroughly washed with tap water
and surface-disinfected by sequential immersion in 70%
ethanol for 30 s, and in undiluted commercial bleach (2.5%
hypochlorite) under gentle agitation for 8min. Then the
roots were washed six times with sterile water and the
disinfection procedure was evaluated by plating 100 μl of
the last washing water on plates containing yeast mannitol
agar (YMA) (Vincent, 1970). In addition, the disinfected
roots were placed on YMA plates for 10 s before continuing
the isolation procedure. These plates were incubated for at
least 10 days to permit bacterial growth.

The disinfected roots (1.8 g) were macerated in a sterile
mortar and suspended in 17ml saline solution (NaCl 0.85%).
Seeds of V. unguiculata (cowpea) were surface-disinfected
by immersion in ethanol (70%) and then in undiluted com-
mercial bleach for 5min. After washing six times with sterile
water, the seeds were germinated on water agar (0.8%) for
3 days at 28 ∘C in the dark.

94.2.4 Isolation of Rhizobia from
Sugarcane Tissues Using In Vitro
Grown V. unguiculata Plants
Surface-disinfected V. unguiculata seedlings were trans-
ferred to 150ml tubes with slopes of agarized Norris
solution and 15 tubes were inoculated with 1ml of sugar-
cane root suspension each. Negative controls (three plants)
received 1ml sterile saline solution and positive controls
were inoculated with 1ml of a suspension of strain BR3299
(OD600 = 0.1) (Radl et al., 2014). The plants were grown
in a growth chamber at 25 ∘C with 12 h photoperiod under
artificial light. Sterile water was added when necessary.
Thirty days after inoculation, the occurrence of nodulation
was evaluated. Nodules were collected and superficially dis-
infected by immersion in ethanol (70%) for 2min, followed
by treatment with undiluted commercial bleach for 3min.
After washing six times with sterile water, nodules were
crushed on YMA plates, which were incubated at 28 ∘C for
7 days. Purity of bacterial isolates was checked by repeated
streaking on fresh plates. Trap-plant isolates received names
based on the number of the trap plant they were isolated
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from, followed by a sequential number, as follows: P (# V.
unguiculata plant - # isolate). Representative isolates were
individually inoculated on V. unguiculata plants to check the
nodulation capability, using the same methodology.

94.2.5 Isolation of Rhizobia from
Sugarcane Tissues by Direct Plate
Cultivation
Aliquots of 100 μl of 10−1 and 10−2-fold diluted root extracts
were dispersed on plates with modified YMA, containing
as the carbon source mannitol (1 g/l) or a combination of
the Bradyrhizobium spp. preferential carbon sources ara-
binose (0.5 g/l) and sodium gluconate (0.5 g/l) (Tong and
Sadowsky, 1994). Incubation was performed at 28 ∘C for up
to 21 days and slow-growing isolates were selected. Isolates
were named as M or AG (mannitol or arabinose/sodium
gluconate, respectively) followed by sequential numbers.

94.2.6 Genotypic Grouping of the
Isolates by ERIC-PCR
ERIC-PCR was carried out with cell suspensions of the
isolates under study as template in 20 μl volumes containing
GoTaq® DNA Polymerase (Promega) and primers ERIC
1 (5′ATGTAAGCTCCTGGGGATTCAC 3′) and ERIC
2 (5′AAGTAAGTGACTGGGGTGAGCG 3′), basically
as described previously (Woods et al., 1993). After PCR
cycling, aliquots of 10 μl were loaded on 2% agarose TAE
gels and electrophoresed for 4 h at 80V. The molecular
weight marker 1 kb plus ladder (Invitrogen) was used as
reference. To determine genetic relatedness of isolates, a
dendrogram was constructed based on the gel images that
were analyzed using BioNumerics software version 6.6
(Applied Maths, Belgium), as described by Rademaker et al.
(2000) with the DICE index, by the unweighted pair-group
method of arithmetric averages (UPGMA). Optimization
and tolerance levels were adjusted to 1.75.

94.2.7 PCR, Sequencing of 16S
rRNA and nifH Genes,
and Phylogenetic Analysis
PCR reactions were conducted using cell suspensions in
sterile ultrapure water as template with GoTaq® DNA Poly-
merase (Promega, USA). 16S rRNA genes were amplified
using the primers 27F and 1492R (Lane, 1991). The nifH
gene was amplified with primers nifHF and nifHI (Laguerre
et al., 2001). Reactions of isolates that did not produce
amplicons using primers nifHF and nifHR were submitted
to PCR with primers PolF and PolR (Poly et al., 2001).
The PCR products were partially sequenced using primer
1492R for 16S rRNA and primer nifHI for the nifH gene
using an ABI 3730xl DNA analyzer (Applied Biosystems,

Germany). The 16S rRNA sequences (accession numbers
KF113075-KF113106) and the nifH sequences (accession
numbers KF113052-KF113074) have been deposited in the
NCBI GenBank.

All sequences were submitted to blast analyses (Altschul
et al., 1997), and for phylogenetic analyses, the sequences
from reference strains and sequences obtained in the present
study were aligned and analyzed using the ARB software
(Ludwig et al., 2004).

94.2.8 Acetylene Reduction Assay
(ARA)
For ARA, JMV medium (Reis et al., 2004) with some
modifications was used, containing (in g/l) 5.0 manni-
tol, 0.6 K2HPO4, 1.8 KH2PO4, 0.2 MgSO4, 0.1 NaCl,
0.02 CaCl2⋅2H2O, 0.002 Na2MoO4⋅2H2O, 0.00235
MnSO4⋅H2O, 0.0028 H3BO3, 0.00008 CuSO4⋅5H2O,
0.00024 ZnSO4⋅7H2O, 0.0001Biotin, 0.0002 pyridoxol-HCl,
0.0656 Fe-EDTA, 1.6 agar, pH 6.5. Three dosages of nitro-
gen source were tested: 0, 0.04, and 0.4 g/l yeast extract.
Serum vials (20ml) were filled with 10ml semisolid media,
inoculated with 20 μl cell suspensions in sterile water and
closed with cotton plugs. After 5 days incubation at 30 ∘C,
vials were sealed with rubber stoppers and 10% of the air
space was replaced with acetylene gas. After 3 h incubation
at 30 ∘C, 0.5ml aliquots of the gas phase were analyzed
by gas chromatography with flame ionization, using Perkin
Elmer F11 equipment with a 50 cm Poropak N column at
70 ∘C. Nitrogenase activity was determined, after compari-
son to a standard curve, as the quantity (nmol) of ethylene
produced per vial during the 3 h incubation period.

94.3 RESULTS

94.3.1 Cultivation-Independent
Assessment of Diazotrophs
in Sugarcane Cultivar RB867515
The characterization of the bacterial community colonizing
sugarcane roots and leaf sheaths was first investigated using
general primers for 16S rRNA-gene to obtain an overview
about the entire communities in the greenhouse experiment.
Four weeks after inoculation of the sugarcane plants (cultivar
RB867515) with the 5-strain inoculum of Embrapa Agro-
biologia, RNA was extracted from roots and leaf sheaths.
The composition of bacteria in the samples is presented in
Figure 94.1.

The predominance of alpha-proteobacteria is up to
70% especially in the inoculated roots, followed by beta-
and delta-proteobacteria. Among the alpha-proteobacteria,
sequences of Acetobacteriaceae, Rhodospirillaceae, and
Bradyrhizobiaceae were identified. In the leaf sheaths also
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Figure 94.1 Bacterial composition
(based on 16S rRNA cDNA) in root and
leaf sheath samples after 4weeks under
greenhouse conditions.

alpha-proteobacteria dominated; after inoculation with the
bacterial mixture, Herbaspirillum sp. Gluconacetobacter
and Bradyrhizobium were found. Thus, there were indi-
cations that the inoculum may have been established, but
obviously there were other bacteria, such as bradyrhizobia,
regularly present, which may have come from the plant
material.

In the field experiment (Fig. 94.2) performed at the field
station of Embrapa-Agrobiologia in Seropédica, the effect of
N-fertilization and inoculation with the 5-strain bacterial mix
was investigated (Fig. 94.3).

At the harvest in March 2008, the difference between
16S rRNA DNA, representing the bacterial community,
and cDNA, representing the active bacterial commu-
nity, is only visible in some subpopulations. Within the
alpha-proteobacteria, no sequences could be found that were
related to Gluconacetobacter diazotrophicus or Azospirllum
amazonense, which were part of the inoculum. Also, neither
Herbaspirillum seropedica nor Burkholderia tropica-related
16S rRNA DNA-sequences could be identified, while
other Burkholderia-, Herbaspirillum- and Ralstonia-related
sequences were found (data not shown). Apparently, the
strains from the inoculum were not part of the dominating
community at the time of sampling (March, late summer).

Figure 94.2 Field trial at Embrapa Agrobiologia, Seropedica, 2008.

However, there were a number of clone sequences identi-
fied related to Bradyrhizobium spp. (Fig. 94.4) and other
Rhizobiales (not shown).

16S cDNA and the nifH-transcripts in sugarcane
roots and leaf sheaths of the same fields were investi-
gated in March 2009. Reinoculation with the 5-strain
inoculum was performed after the first cut in 2008. A
high diversity of 16S cDNA and nifH-transcripts could
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Figure 94.3 Bacterial composition (16S
rRNA sequence diversity from RNA and DNA)
from root samples of the field trial 2008.

be retrieved from these sugarcane plants (Fischer et al.,
2012). Gluconacetobacter diazotrophicus nifH-cDNA, as
well as 16S cDNA-sequences identical to the inoculated
strain were found in ample amount in leaf sheaths of
inoculated sugarcane plants (Fischer et al., 2012). How-
ever, 16S cDNA and nifH-cDNA of the other inoculant
strains could not be found. A detailed sequence analysis
of the nifH-sequences of each of the inoculation strain
revealed that Azospirillum amazonense CBAmC as well as
A. amazonense DSM2787 harbor a Bradyrhizobium-like
nifH-sequence. However, this sequence could also not be
found within the nifH cDNA-sequences retrieved from the
sugarcane plants. However, 16S cDNA- and nifH cDNA
sequences of a new type of bacterial species within the
Ideonella–Azohydromonas–Herbasprillum cluster was
found very frequently mostly in leaf sheaths (not shown).
Besides other not yet cultured bacteria from the Burkholde-
riaceae, many 16S cDNA and nifH cDNA-sequences from
Bradyrhizobium were found in roots (Fig. 94.5). Rhizobium
spp. sequences were retrieved mostly from leaf sheaths
(Fischer et al., 2012).

94.3.2 Isolation
and Characterization
of Bradyrhizobium sp. from
Sugarcane Cultivar RB867515
by Direct Plate Cultivation and by
Using V. unguiculata Trap Plants
On the basis of the results obtained with culture-independent
approaches, we conducted experiments aiming to isolate
bacteria from the genus Bradyrhizobium from sugarcane
tissues, by inoculating extracts of surface-disinfected sugar-
cane roots directly on plates or on V. unguiculata (cowpea)
trap plants. After the disinfection procedure of sugarcane
roots, no bacteria grew when water of the final washing
step was spread on YMA plates or when disinfected and
washed root fragments were placed on YMA plates. This
suggested that the procedure was effective in removing the
root surface-associated microbial community.

Thirty days after individually inoculating 15 in vitro
grown V. unguiculata plants with 1ml of the extract obtained
by macerating the disinfected roots, 13 of these plants pre-
sented nodules from which bacteria could be isolated.
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Figure 94.4 Phylogenetic tree (neigbor-joining) of 16S rRNA gene of Bradyrhizobium spp. Sequences were obtained from the field trial 2008
(purple), from plate isolation approach (green), and trap plant approach (blue).

Three un-inoculated control plants did not present nodules,
whereas the positive control nodulated abundantly. From the
nodules formed on the 13 plants inoculated with sugarcane
root extract, a total of 112 bacterial isolates was obtained
(Rouws et al., 2014). These isolates received names as fol-
lows: P followed by [number ofV. unguiculata plant]-[isolate
number]. The large majority (109 isolates) grew slowly and
alkalinized the culture medium, characteristics typical of the
genus Bradyrhizobium (Kuykendall, 2005). Three isolates
(P5-2, P5-21 and P5-25) were fast-growing and showed a
neutral/acidic reaction on YMA. These data indicated that V.
unguiculata nodule-inducing bacteria occur as endophytes
in roots of sugarcane cv. RB 867515.

ERIC-PCR fingerprinting was applied to identify
genotypic redundancy among the 112 isolates. When all

isolates/strains were grouped with a low level of corre-
lation (28% similarity) this analysis revealed 28 distinct
ERIC profiles. Some identical fingerprint profiles were
shared by up to 36 isolates, showing that some genotypes
were redundant in the collection. Isolates sharing identical
ERIC-PCR profiles were obtained from nodules of the same
plant, but also from nodules of independent V. unguiculata
plants inoculated with the same aliquot of sugarcane root
extract. Some ERIC-PCR profiles (13) represented fewer
isolates and several profiles represented unique isolates in
the collection. The relative abundance of certain ERIC-PCR
profiles may reflect the abundance of the respective bacterial
genotype in the sugarcane roots, differences in colonization
efficiency of the V. unguiculata trap plants by different
bacterial genotypes, or differences in bacterial growth rate.
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Figure 94.5 Phylogenetic tree (neigbor-joining) of nifH of Bradyrhizobium spp. Sequences were obtained from the greenhouse trial 2009 (pink),
from the field trial 2009 (orange, see Fischer et al. (2012)), from plate isolation approach (green), and trap plant approach (blue).
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Based on the ERIC-PCR profiles, 23 representative isolates
were selected for more detailed analyses.

In addition to these trap plant isolates, the direct plate
cultivation strategy permitted the selection of eight slow-
growing and one fast-growing nifH-containing isolates
(determined by PCR analysis). Sequence analyses of the
16S rRNA gene of these 32 isolates confirmed that 28 belong
to the genus Bradyrhizobium, 1 isolate (AG46) was most
closely related to the genus Methylobacterium, 1 isolate to
the genus Herbaspirillum (AG47), and the 2 fast-growing
isolates (M30 and P5-2) grouped together with species from
the genus Rhizobium (Fig. 94.4).

When individually inoculated on in vitro grown
V. unguiculata plants, all but one (the fast-growing iso-
late P5-2) trap plant isolates were able to nodulate. However,
among the direct plate isolates only M3 and AG14 were
able to induce nodules, whereas the other Bradyrhizobium
spp. isolates (M12, M21, AG41 and AG48) were not. This
observation demonstrated that the culture strategy had a
significant influence on the isolation of specific groups of
bacteria. It also showed that sugarcane plants harbor besides
nodulating Bradyrhizobium spp. also Bradyrhzobia that
are unable to nodulate a promiscuous legume such as V.
unguiculata.

For 21 of these selected isolates, the partial nifH gene
was sequenced and the sequences were aligned with nifH
genes from reference strains and with the nifH cDNA
sequences described in the present study (Fig. 94.5). These
analyses showed that de nifH gene of most isolates, includ-
ing the nodule-inducing direct plate isolates M3 and AG14,
clustered together in a branch with the B. elkanii strain
USDA 76T. It was interesting to note that the nifH gene
of the other two Bradyrhizobium spp. direct plate isolates
M12 and AG48 were quite dissimilar from this cluster
and were more similar to some nifH cDNAs obtained in
this study. This emphasized that the culture strategy may
greatly influence the diversity of bacteria recovered from an
environmental sample.

Twelve representative isolates were tested for in vitro
nitrogenase activity by ARA. The majority (M3, AG14,
P5-2, P8-11, P10-5, P11-1 and P15-7) did not present any
detectable activity (data not shown). However, four isolates
presented significant nitrogenase activity in a semisolid
medium containing 0.4 g/l yeast extract, as determined by
the quantity of ethylene produced: M12 (7 nmol), AG48
(51.7 nmol), P9-20 (17.7 nmol), and P9-21 (3.5 nmol).
Therefore, some sugarcane endophytic Bradyrhizobium
spp. could fix nitrogen without being associated to a nod-
ule environment, a prerequisite for sugarcane-associated
BNF.

94.4 DISCUSSION

The important contribution of microbes to overall plant per-
formance was revived in recent years when the term “plant
microbiome” became popular (Turner et al., 2013). Metage-
nomic approaches enabled the analysis of plant associated
microbes, including the endophytic microbial community,
with high throughput genome sequencing approaches.

In energy crops, the awareness of the importance of bac-
terial impacts on plant nutrition and health goes back much
longer. Fostered by the successful discoveries by the group of
Johanna Doebereiner of several new diazotrophic bacterial
genera and species several decades ago, energy plants such
as sugarcane were also investigated in detail (Döbereiner,
1961; Döbereiner, 1995; see Chapter 88). In Pennisetum
purpureum, another promising energy plant for the tropics,
thorough estimates of 15N natural abundance measurements
demonstrated similar high rates of BNF in some cultivars
as was found in sugarcane (Urquiaga et al., 2012; Morais
et al., 2012). Using cultivation-based approaches, a diversity
of diazotrophic bacteria were found in several cultivars of
field-grown Pennisetum (Videira et al., 2012). Based on
enrichment and isolation studies on nitrogen-free semisolid
media – such as NfB, JNfB, LGI – Enterobacter cloacae
and other Enterobacter spp. were isolated, which were
shown to harbor nifH-genes. Besides Gluconacetobacter
diazotrophicus, diazotrophic G. sacchari were also char-
acterized for the first time, which apparently had acquired
their nifH-genes from Enterobacter spp. colonizing P. pur-
pureum. When the diversity of diazotrophs was studied
with a cultivation-independent approach by cloning the 16S
rDNA and nifH-gene from roots and stems of P. purpureum,
a much higher diversity of diazotrophic community, became
apparent (Videira et al., 2013). After the experience with
sugarcane and the demonstration of a considerable occur-
rence of Bradyrhizobium and Rhizobium sequences, it was
not a surprise to find nifH-transcripts from these bacterial
genera also in Pennisetum cultivars (Videira et al., 2013).
Therefore, similar research efforts should also be brought
forward in Pennisetum to isolate Bradyrhizobium spp. using
the legume trap plant approach and other more direct plate
isolation techniques, as were applied in sugarcane (Rouws
et al., 2014). It is quite obvious that the successful approach
of enrichment and isolation of diazotrophic bacteria using
nitrogen-free semisolid media leads to the isolation of only a
subfraction of the whole community of diazotrophic bacteria
from non-leguminous plants.

The occurrence of Rhizobium and Bradyrhizobium sp.
in non-leguminous plants had attracted already quite intense
attention, especially in cropping systems, where a monocot
crop (such as rice or wheat) and legumes (clover or soybean)
are used in alternation for hundreds of years, such as in
the Nile valley and delta in Egypt (Yanni et al., 2001; see
Chapter 111). A diversity of Rhizobium leguminosarum
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bv.trifolii isolates could be obtained from rice roots, which
colonize rice plants endophytically and exert a plant-growth
promoting effect. Rhizobium leguminosarumwas also shown
to colonize roots of wheat and other non-leguminous plants
(Schloter et al., 1997). While stimulation of growth of rice
by selected R. leguminosarum bv. trifolii strains could be
demonstrated repeatedly (Yanni et al., 2001; see Chapter
111), evidence for in planta nitrogen fixation could not be
found. Photosynthetic bradyrhizobia have also been isolated
from the African wild rice Oryza breviculata (Chaintreuil
et al., 2000). A recent study reported on the isolation of an
endophytic Bradyrhizobium sp. isolate (strain AT1) from
sweet potato and ARA analyses and 15N-isotope dilution
studies suggested that this strain might increase plant growth
through BNF (Terakado-Tonooka et al., 2013).

As demonstrated in our study, a high diversity of
Bradyrhizobium and Rhizobium bacteria was found active
as nitrogen-fixing bacteria in sugarcane, because a large
number of transcripts of the nifH- and also 16S rRNA genes
were found in roots and stems of field grown sugarcane vari-
ety RB867515. This constitutes evidence for an important
role of these bacteria under natural conditions. There-
fore, attempts are now under way to inoculate axenically
grown sugarcane plantlets with the Bradyrhizobium spp.
isolates originating from the same sugarcane cultivar and
to demonstrate not only efficient endophytic colonization
but also in situ active nitrogen fixation. Detailed laboratory
studies of these bacteria may find specific adaptations to
the metabolic scenario of sugarcane to finally establish an
efficiently nitrogen-fixing symbiotic system. A final proof
of in planta nitrogen fixation would be to demonstrate
fixation of 15N2-gas by sugarcane plants inoculated with
Bradyrhizobium spp. isolates originating from sugarcane.
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