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Abstract To identify active diazotrophs in sugarcane,
16S rRNA and nifH transcript analyses were applied.
This should help to better understand the basis of the
biological nitrogen fixation (BNF) activity of a high
nitrogen fixing sugarcane variety. A field experiment
using the sugarcane variety RB 867515 was conducted
in Seropédica, RJ, Brazil, receiving the following
treatments: unfertilised and fertilised controls without
inoculation, unfertilised with inoculation. The five-
strain mixture developed by EMBRAPA-CNPAB was
used as inoculum. Root and leaf sheath samples were
harvested in the third year of cultivation to analyse the
16S rRNA and nifH transcript diversity. In addition to
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nifH expression from Gluconacetobacter spp. and
Burkholderia spp., a wide diversity of nifH sequences
from previously uncharacterised Ideonella/Herbaspir-
illum related phylotypes in sugarcane shoots as well as
Bradyrhizobium sp. and Rhizobium sp. in roots was
found. These results were confirmed using 16S cDNA
analysis. From the inoculated bacteria, only nifH
transcripts from G. diazotrophicus and B. tropica were
detected in leaf sheaths and roots. Known as well as
yet uncultivated diazotrophs were found active in
sugarcane roots and stems using molecular analyses.
Two strains of the inoculum mix were identified at the
late summer harvest.

E. Ormefio-Orrillo - E. Martinez-Romero

Centro de Ciencias Genomicas,

Universidad Nacional Autonoma de Mexico, UNAM,
Cuernavaca, Morelos, Mexico

B. Hai - M. Schloter

Helmholtz Zentrum Miinchen, German Research Center
for Environmental Health, Institute of Soil Ecology,
Department of Terrestrial Ecogenetics,

Ingolstadter Landstr. 1,

85764 Neuherberg, Germany

@ Springer


http://dx.doi.org/10.1007/s11104-011-0812-0

Plant Soil

Keywords Sugarcane (Saccharum sp.) - Biological
nitrogen fixation - Molecular community analysis - nif
transcripts - 16S ribosomal RNA

Introduction

Sugarcane is one of the most important agricultural
crops used as source for biofuels and renewable
energy. It is grown in over 110 countries worldwide;
50% of the total production occurs in Brazil and
India. 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 10 million ha of
sugarcane were planted in Brazil (IBGE 2010) and
approximately half of the cane juice has been
fermented to produce alcohol as a biofuel over the
years (Boddey et al. 2003). Because waste products
such as bagasse are used as an energy source in the
production process, bioethanol production from sug-
arcane has a clear positive energy balance (Boddey et
al. 2008). Nevertheless, the balance between energy
gain and energy input in sugarcane/bioethanol pro-
duction needs to be optimised further and aspects of
sustainability and environmental protection have to be
considered. The use of synthetic nitrogen fertiliser is a
huge burden on environmental sustainability because
it gives rise to denitrification, which results in the
release of the greenhouse gas dinitrogen monoxide. In
Brazil, commercial sugarcane crop production uses
moderate amounts of nitrogen fertilisation (60—
100 kg Nha' year '), whereas in most other
countries, the agricultural practice is to apply
250 kg Nha' year ' to sugarcane plantations
(Fuentes-Ramirez et al. 1999). Despite the fact that
low levels of nitrogen fertilisation were used in
Brazil, the nitrogen content in the soil was not
depleted and consistently high sugarcane yields were
obtained. Thus, the occurrence of biological nitrogen
fixation (BNF) in sugarcane has been hypothesised
already for decades (Doebereiner 1961; Ruschel et al.
1975). Many new diazotrophic bacteria have been
isolated using semisolid nitrogen-free media, according
to Doebereiner (1995). Using '°N enriched tracing and
natural abundance techniques, careful estimates have
shown that, in some sugarcane cultivars, BNF is
occurring, and up to 70% of plant nitrogen could be
derived from BNF (Lima et al. 1987; Urquiaga et al.
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1992; Yoneyama et al. 1997; Boddey et al. 2001;
Oliveira et al. 2002). However, it remains unclear
which bacteria are actively fixing nitrogen in sugar-
cane. In addition, the efficacy of BNF in sugarcane
varies considerable depending on the site of sugarcane
cultivation (Yoneyama et al. 1997; Biggs et al. 2002;
Hoefsloot et al. 2005), which may be caused by the
presence/absence of key N,-fixing bacteria and their
nitrogen-fixing activity in planta. In addition, the
diazotrophic community may be very different when
Saccharum sp. is grown in different soils and under
different climate conditions (Magnani et al. 2010). nif
negative mutants of Gluconacetobacter diazotrophicus
PALS5 have been demonstrated to have a lower
stimulatory effect under N-limiting conditions, and G.
diazotrophicus PALS5 wild type strain inoculation
induced "N fixation in the sugarcane plants (Sevilla
et al. 2001). In addition to plant genetic and microbi-
ological factors, the availability of water, phosphate,
and molybdenum have been found to have a major
influence on BNF in sugarcane (Doebereiner 1997
Boddey et al. 2003). A detailed understanding of the
diazotrophic bacteria and the mechanisms they use to
transfer nitrogen from the bacterium to the plant in
high BNF sugarcane varieties remains a major area of
ongoing research.

Many diazotrophic bacteria have been isolated from
the sugarcane rhizosphere since Doebereiner et al.
(1972) introduced nitrogen-free semisolid enrichment
media. Azospirillum spp. (including A. amazonense),
Enterobacter spp., Erwinia spp., Beijerinckia spp.,
Azotobacter spp., and Derxia spp. have been isolated
and identified from the sugarcane rhizosphere (Boddey
et al. 2003). In addition, many unique diazotrophic
species, which live endophytically within sugarcane
roots, stems and leaves, such as Gluconacetobacter
spp., Herbaspirillum spp. or Burkholderia spp., are
currently known (James and Olivares 1998; Reis et al.
2004). For example, the mixed inoculum developed by
EMBRAPA-CNPAB (Seropédica, RJ, Brazil) consists
of the following strains: 4. amazonense strain BR
11115 (CBAmC), originally isolated from the stems of
the sugarcane variety CB45-3, G. diazotrophicus strain
BR 11281 (PALS, type strain), isolated from the roots
of the commercial sugarcane variety SP77-5181
(Cavalcante and Doebereiner 1988), Herbaspirillum
seropedicae strain BR 11335 (HRC 54) and H.
rubrisubalbicans strain BR 11504 (HCC 103), isolated
from the roots of the sugarcane variety SP70-1143 and
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stems of the variety SP70-1284, respectively, and
Burkholderia tropica strain BR 11366 (Ppe8), isolated
from the buds of the sugarcane variety SP71-1406
(Oliveira et al. 2009).

The initial attempts to characterise the nitrogen-
fixing bacteria in crop plants using a cultivation-
independent nifH gene diversity assessment provided
a different insight into the diversity of diazotrophs in
sugarcane compared to the enrichment/cultivation
approach. Ando et al. (2005) found a high prevalence
of nifH genes related to Bradyrhizobium sp., Klebsi-
ella sp. and Serratia sp. in field-grown sugarcane in
Japan. Reiter et al. (2002) found that more than 50%
of the nifH genes recovered from sweet potatoes were
related to Rhizobium spp. The nifH gene diversity has
also been extensively studied in Leptochloa fusca
(Kallar grass) (Hurek et al. 2002), sweet potato
(Terakado-Tonooka et al. 2008) and maize (Roesch
et al. 2008), which have also indicated that there is a
large diversity of uncultured endophytic diazotrophs
in diverse plants.

Currently, it is not well understood, how bacteria-
mediated plant growth promotion takes place in
sugarcane. The bacteria used in inoculations to date
have the ability to fix molecular nitrogen under
laboratory conditions, but it has not been definitely
proven, how BNF and plant growth promotion occurs
in planta. These bacteria are also able to promote
plant growth by producing and secreting phytohor-
mones, reducing ethylene content, increasing the
availability of rare nutrients or inhibiting phytopath-
ogens. Thus, many plant-associated diazotrophic
bacteria may have the general ability to promote plant
growth. Analysing the transcription of the nifH gene,
which encodes for nitrogenase reductase, in different
plant tissues will certainly provide new insights into
the active nitrogen-fixing bacteria that are associated
with sugarcane. Furthermore, high-resolution cloning
and sequencing techniques are needed to trace
diazotrophs that are inoculated into plant tissues
because they may be very similar to indigenous
endophytic strains that already reside within the plant,
and with which they have to compete. In addition, the
important question of whether or not the inoculated
strains contribute to the BNF of the plant can only be
answered by using transcriptional fusions with a
visible or fluorescent reporter proteins in model
experiments or by analysing nifH transcripts in field
grown plants.

Methods

Field experiment, sugarcane inoculation and reference
bacteria

The field trial was located at the EMBRAPA Agro-
biologia research farm (22° 45'S, 43° 40'W and 26 m
above sea level), Seropédica, Rio de Janeiro, Brazil. The
soil (Itaguai series) at this site is classified as an Planosol
(FAO) or Typic Fragiaquult (USDA, Soil Taxonomy).
Soil characteristics tested in accordance with
EMBRAPA (in the year 1997) of the 0-20 cm layer:
pH in H,O 5.4; 1.1 cmol, Ca*" dm >; 0.2 cmol, Mg*"
dm>; 0.1 cmol, AP" dm™>; 26.1 mg P dm 7,
27.0 mg K dm 3, 0.48% organic carbon, 0.83%
organic matter, and 0.043% N. The experiment was
conducted in 26.4 m*-randomised plots, which were
separated by a distance of 1.1 m between plots. Two
nitrogen treatments were applied: unfertilised and
nitrogen fertilised with 120 kg N (urea) ha '. The
unfertilised plots were either left uninoculated (control)
or inoculated with a polymeric liquid inoculant (IPC
0.8) or, alternatively, with a polymeric gel inoculant
(IPC 2.2). Carboxymethyl cellulose and starch poly-
mers, mixed at a ratio of 3:2, were used as the
inoculation vehicle at 0.8 and 2.2 gI' as described by
da Silva et al. (2009). The mixed inoculum of
diazotrophs was developed by EMBRAPA-CNPAB
(Seropédica, RJ, Brazil) and contained Gluconaceto-
bacter diazotrophicus, Azospirillum amazonense, Burk-
holderia tropica, Herbaspirillum seropedicae and H.
rubisubalbicans (Oliveira et al. 2006). The sugarcane
variety RB867515 was planted in a long-term trial in
2007. The field plots were inoculated at planting and
inoculation was repeated every year after harvesting. In
March 2009 (end of summer season, 6 months after last
inoculation), selected plants from each treatment were
dug out and samples of roots and leaf sheaths were cut,
washed twice with tap water and were immediately
frozen in liquid nitrogen in the field. Combined samples
from the same treatments were analysed.

Several Bradyrhizobium strains from the Center for
Genomic Sciences, Universidad Nacional Auténoma
de México culture collection were used for compara-
tive phylogenetic analysis. They were isolated in the
laboratory from soils of the Los Tuxtlas rainforest in
Veracruz, Mexico, using the legumes Macroptilium
atropupureum (siratro) or Vigna unguiculata (cowpea)
as trap plants (Ormefio-Orrillo et al. 2009).
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DNA/RNA extraction and PCR approaches

RNA and DNA extractions were performed using a
classical phenol-chloroform extraction method com-
bined with the column-based AllPrep DNA/RNA
Mini Kit (Qiagen, Germany) to purify and isolate
RNA and DNA from 400 mg 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 with the
primers 341F and 907R (Muyzer et al. 1996).

Fig. 1 Rarefaction analyses

Contaminating DNA was removed using RQ1 RNA-
free DNase (Promega, USA). cDNA was synthesised
with an Omniscript RT Kit (Qiagen, Germany) using
random primers (Promega, USA).

All PCR reactions were performed using a TopTaq
Kit (Qiagen, Germany) in a PEQStar 96 Universal
thermocycler (Peglab, 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
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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
amplification step as described in Roesch et al. (2006),
in which the annealing temperature was 55°C, and there
were 33 cycles, respectively. Amplicons were verified
using agarose gel electrophoresis. Genomic DNA from
pure cultures of H. seropedicae HCC103, H. rubrisu-
balbicans HRC54, A. amazonense CBAmMC, B. tropica
Ppe8, and G. diazotrophicus PALS (diazotrophs in the
inoculation mix) were used as a positive nifH-amplifi-
cation control using this nested PCR approach.

16S rDNA and nifH gene-fragments from cultured
bradyrhizobia were amplified with primers fD1 and
rD1, and nifHF and nifHI, respectively, as described
(Laguerre et al. 2001; Weisburg et al. 1991).

Cloning and sequencing

Amplicons were purified using a NucleoSpin® Extract
II kit (Macherey-Nagel, Germany) and cloned using a
Topo TA Cloning® Kit (Invitrogen, USA) with
pCR®2.1-TOPO® vector according to the manufac-
turer’s instructions. All inserts were verified by PCR
upon their correct size using multiple cloning site
flanking M13F and R promotor sequences. Plasmids
were isolated using a NucleoSpin®Plasmid Kit
(Macherey-Nagel, Diiren, Germany). The quantity and
purity of the plasmid extracts were spectrophotometri-
cally measured at 260 nm (NanoDrop Technologies,
USA) (Miller 2001).

Sequencing reactions were performed using a
BigDye Terminator (BDT) v3.1 Sequencing Kit with
the primers M13F, M13R and 341F on an ABI 3730
sequencer (Applied Biosystems, Germany).

Sequences were verified using Finch TV 4.1
(Geospiza, USA) and assembled using Lasergene®
software (DNASTAR, USA). Chimera check of 16S
rRNA coding gene sequences was performed using the
chimera test programs Bellerophon (http://foo.maths.uq.
edu.au/~huber/bellerophon.pl, Huber et al. 2004),
Pintail and Mallard (www.bioinformaticstoolkit.org,
Ashelford et al. 2005) and Chimera Check from RDP
(www.rdp.cme.msu.edu, Cole et al. 2009). Potential
chimeric sequences were excluded from subsequent
analyses. 16S rRNA sequences were aligned with the
help of the SILVA comprehensive ribosomal RNA
databases (www.arb-silva.de, Pruesse et al. 2007).
Phylogenetic analyses were performed using the ARB
software package (www.arb-home.de, Ludwig et al.
2004). For this purpose, we used the updated SILVA
small-subunit rRNA gene database (SSU 102) as a
basis for the sequence analysis. For the phylogenetic
analyses of the nifH transcripts, we used the updated
nifH database from Zehr et al. (http://www.es.ucsc.
edu/~wwwzehr/research/database/). Sequences were
imported into the databases, and the alignments were
checked and manually corrected. Phylogenetic and
molecular evolutionary analyses were conducted
using MEGA version 4 (Tamura et al. 2007).
Phylogenetic trees were constructed by applying
neighbour-joining (Saitou and Nei 1987) and max-

Table 1 Phylogenetic affiliation (phylum and class level) of the 16S-rTRNA c¢cDNA sequences (% of total clones analysed per sample

type)

Root liquid Root gel ~ Root control  Root Leaf sheath Leaf sheath Leaf sheath Leaf sheath

inoculated  inoculated not Nitrogen Nitrogen liquid inoculated gel incoulated control not  Nitrogen

fertilised fertilised Nitrogen fertilised
fertilised

Alpha-Proteobacteria 32 50 42 29 100 98 81 97
Beta-Proteobacteria 3 3 1.5 0 2 19 0
Gamma-Proteobacteria 2 0 1.5 0 0 0 0
Delta-Proteobacteria 5 5 11 11 0 0 0 0
Actinobacteria 20 14 17 7 0 0 0 0
Firmicutes 1 0 0 0 0 0 0 0
Bacteroidetes 0 0 0 0 0 0 3
Acidobacteria 1 0 0 0 0 0
Verrucomicrobia 0 1 0 0 0 0 0
Planctomycetes 36 23 25 50 0 0 0 0
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imum parsimony (Fitch 1966) methods. Rarefaction
curves were generated using the software Dotur
(Schloss and Handelsman 2005).

Results
Community analysis of sugarcane associated bacteria

A diversity analysis of active diazotrophic bacterial
communities in roots and shoots of sugarcane

Fig. 2 16S rRNA cDNA
Gluconacetobacter. Evolu-
tionary relationships of 16S
rRNA sequences achieved
in this study to sequences of
type strains (accession
numbers in Table S3). The
evolutionary history was in-
ferred using the Neighbor-
Joining method (Saitou and
Nei 1987). The percentage
of replicate trees in which
the associated taxa clustered
together in the bootstrap test
(1,000 replicates) are shown
next to the branches
(Felsenstein 1981). The tree
is drawn to scale, with
branch lengths in the same
units as those of the evolu-
tionary distances used to
infer the phylogenetic tree.
The evolutionary distances
were computed using the

plants (variety RB867515) growing at the
EMBRAPA-CNPAB field station in Seropedica,
RJ in March 2009 was conducted by constructing
and analysing 16S rRNA c¢DNA and nifH cDNA
clone libraries. In this study, we investigated the
diversity of diazotrophs in uninoculated and inocu-
lated plants and in unfertilised vs. N-fertilised plots.
The main focus was on liquid-inoculated plants
grown on unfertilised plots; 21 to 279 16S rRNA
cDNA sequences and 1548 nifH cDNA sequences
per tissue and treatment were obtained (Table S1).

Gluconacetobacter johannae

— RB86 shoot control N clone F13SA14
RB86 shoot lig ino clone F7S53

RB86 shoot liq ino clone F7S16

RB86 shoot gel ino clone F8S80

RB86 shoot lig ino clone F7SA31

RB86 shoot liq ino clone F7SA28
Gluconacetobacter diazotrophicus PAL5
61 || RB86 shoot gel ino clone FBSA87
Gluconacetobacter azotocaptans

RB86 shoot liq ino clone F7SA38

—— Gluconacetobacter liquefaciens

RB86 shoot control without N clone F4SA3

35 RB86 shoot control without N clone F4SA4
7

63

61 |

44

Gluconacetobacter sacchari
6
RB86 shoot gel ino clone F8SA84

100 |—— Gluconacetobacter saccharivorans

Maximum Composite
Likelihood method (Tamura
et al. 2004) and are in the
units of the number of base
substitutions per site. Codon
positions included were
1st+2nd+3rd+Noncoding.
All positions containing
gaps and missing data were
eliminated from the

dataset (Complete deletion
option). Phylogenetic
analyses were conducted

in MEGA4 (Tamura

et al. 2007)

RB86 shoot gel ino clone F8SA90
56 { Gluconacetobacter kombuchae

411! Gluconacetobacter hansenii

60 |*6_L Gluconacetobacter rhaeticus

— Gluconacetobacter entanii

Py Gluconacetobacter intermedius
-I Gluconacetobacter oboediens

62 Gluconacetobacter europaeus

Gluconacetobacter swingsii

65 .
Gluconacetobacter nataicola

2al— Gluconacetobacter xylinus

@ Springer

— © ;o



Plant Soil

Although the rarefaction analyses of 16S rRNA
sequences from root samples showed no saturation
(Fig. la), the shoot samples showed a considerable
degree of diversity saturation (Fig. 1b). Rarefaction
analyses of nifH cDNA clone libraries showed
saturation in each tissue and treatment with 1 to
8 OTUs per treatment (data not shown).

Fig. 3 16S rRNA cDNA
Rhizobium. Evolutionary
relationships of 16S rRNA
sequences achieved in this
study to sequences of type
strains (accession numbers
in Table S3). The evolu-
tionary history was inferred
using the Neighbor-Joining
method (Saitou and Nei
1987). The percentage of
replicate trees in which the
associated taxa clustered
together in the bootstrap test
(1000 replicates) are shown
next to the branches
(Felsenstein 1981). The tree
is drawn to scale, with
branch lengths in the same
units as those of the evolu-
tionary distances used to
infer the phylogenetic tree.
The evolutionary distances
were computed using the
Maximum Composite
Likelihood method (Tamura
et al. 2004) and are in the
units of the number of base
substitutions per site. Codon
positions included were 1st
+2nd+3rd+Noncoding. All
positions containing gaps
and missing data were
eliminated from the dataset
(Complete deletion option).

Diversity of 16S rRNA cDNA clone libraries

Clones harbouring sequences of Alpha-Proteobacteria
were the most abundant in all root and shoot samples,
which reached 80-100% in the shoots (Table 1). They
mostly belong to the families Acetobacteraceae,
Bradyrhizobiaceae, Rhizobiaceae and Rhodobactera-

Rhizobium lusitanum

— RB86 root gel ino clone VA03
RB86 root control N clone B10
RB86 root gel ino clone VB02
Rhizobium mongolense
Rhizobium hainanense

RB86 root lig ino clone UB41
Rhizobium multihospitium
Rhizobium fabae

RB86 root lig ino clone F7RD23
Rhizobium phaseoli

50/ RB86 root gel ino clone VA24
Rhizobium rhizogenes

— RB86 root control N clone B28
Rhizobium indigoferae
Rhizobium leguminosarum
RB86 root liq ino clone UA11
RB86 root lig ino clone F7REO1

[| Rhizobium rubi

67

Rhizobium pisi
RB86 root control N clone A10
66 || RB86 root control N clone B41

Phylogenetic analyses were Rhizobium etli
conducted in MEGA4 o .
(Tamura et al. 2007) 99 Rhizobium tropici

~ RB86 root liq ino clone UB0O3

—— Rhizobium giardinii

RB86 root control N clone B25
N O .troup
e

0.05
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cea. In leaf sheath tissues from all the treatments, we
found mostly sequences that are closely related to the
genus Gluconacetobacter (Fig. 2). Sequences from the
family Acetobacteraceae were found exclusively in the
leaf sheaths of plants from all the treatments, whereas
Rhizobiaceae sequences were only found in the roots.
While 16S rRNA sequences related to Rhizobium spp.
(Fig. 3) were detected in the roots from all the
treatments, sequences related to Bradyrhizobium spp.
were detected only in the roots from unfertilised plants
(Fig. 4). Sequences related to Beta-Proteobacteria

Fig. 4 16S rRNA cDNA
Bradyrhizobium with
sequences from Mexican
Tuxtlas forest soil isolates.
Evolutionary relationships of
16S rRNA sequences
achieved in this study to
sequences of type strains
(accession numbers in

Table S3). The evolutionary
history was inferred using the
Neighbor-Joining method
(Saitou and Nei 1987). The
percentage of replicate trees
in which the associated taxa
clustered together in the
bootstrap test (1,000 repli-
cates) are shown next to the
branches (Felsenstein 1981).
The tree is drawn to scale,
with branch lengths in the
same units as those of the
evolutionary distances used
to infer the phylogenetic tree.
The evolutionary distances
were computed using the
Maximum Composite
Likelihood method (Tamura
et al. 2004) and are in the
units of the number of base
substitutions per site. Codon
positions included were
1st+2nd+3rd+Noncoding.

All positions containing gaps
and missing data were

sequences were found in each root sample and in two
leaf sheath samples (Table 1); the 16S rRNA sequences
were related to Burkholderiaceae (Fig. 5) and Oxalo-
bacteraceae (Fig. 6). 16S rRNA sequences related to
Gamma- and Delta-Proteobacteria, Actinobacteria,
Acidobacteria, Verrucomicrobia and Planctomycetes
were found in low numbers and only in the root
samples, whereas Planctomycetes and Actinobacteria
showed high relative abundances in the root samples,
where they probably resided on soil particles still
associated with the roots (Table 1).

62 | Bradyrhizobium canariense

-I 173m Bradyrhizobium genospecies TUXTLAS-32
141m Bradyrhizobium genospecies TUXTLAS-10
107m Bradyrhizobium genospecies TUXTLAS-21
10m Bradyrhizobium genospecies TUXTLAS-17
1031v Bradyrhizobium genospecies TUXTLAS-9
Bradyrhizobium betae
RB86 root liq ino clone UB25
- RB86 root lig ino clone F7RG14
42v Bradyrhizobium genospecies TUXTLAS-8
1018v Bradyrhizobium genospecies TUXTLAS-7
RB86 root lig ino clone UB29
311 37m Bradyrhizobium genospecies TUXTLAS-19
140m Bradyrhizobium genospecies TUXTLAS-30
116m Bradyrhizobium genospecies TUXTLAS-2
Bradyrhizobium elkanii

RB86 root gel ino clone VA25

~|FB86 root control without N clone AO1

RB86 root liq ino clone F7RC18
1246v Bradyrhizobium genospecies TUXTLAS-5
RB86 root liq ino clone F7RC03
Bradyrhizobium liaoningense
RB86 root liq ino clone F7RC22
(| Bradyrhizobium japonicum
99m Bradyrhizobium genospecies TUXTLAS-29
- RB86 root lig ino clone F7RC12

34

47

97

eliminated from the dataset
(Complete deletion option).
Phylogenetic analyses were
conducted in MEGA4
(Tamura et al. 2007)

1809m Bradyrhizobium genospecies TUXTLAS-13
~{ Bradyrhizobium yuanmingense
5

1681v Bradyrhizobium genospecies TUXTLAS-1
RB86 root control without N clone A13
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Diversity of nifH cDNA clone libraries

Frequently, nifH cDNA sequences affiliated to Alpha-
Proteobacteria were found in the roots (Bradyrhizobium
spp.) and leaf sheaths (Gluconacetobacter diazotrophi-

Fig. 5 16S rRNA cDNA
Burkholderia. Evolutionary
relationships of 16S rRNA
sequences achieved in this
study to sequences of type
strains (accession numbers in
Table S3). The evolutionary
history was inferred using
the Neighbor-Joining meth-
od (Saitou and Nei 1987).
The percentage of replicate
trees in which the associated
taxa clustered together in the
bootstrap test (1,000 repli-
cates) are shown next to the
branches (Felsenstein 1981).
The tree is drawn to scale,
with branch lengths in the
same units as those of the
evolutionary distances used
to infer the phylogenetic tree.
The evolutionary distances
were computed using the
Maximum Composite
Likelihood method (Tamura
et al. 2004) and are in the
units of the number of base
substitutions per site. Codon
positions included were 1st
+2nd+3rd+Noncoding. All
positions containing gaps
and missing data were
eliminated from the dataset
(Complete deletion option).
Phylogenetic analyses were
conducted in MEGA4

cus). nifH cDNA sequences related to Rhizobium spp.
were found exclusively in the leaves from unfertilised
sugarcane (Table 2). In addition, Azospirillum brasilense
related sequences were found in the roots (Table 2).
Phylogenetic analyses of the nifH sequences related to
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Burkholderia stabilis
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Burkholderia pseudomallei
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RB86 root liq ino clone F7RD36

6 Burkholderia terrae
Burkholderia caribensis
RB86 root control without N clone B02
41| Burkholderia tuberum
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Burkholderia kururiensis

w4 — Burkholderia unamae

100 2 3 | Burkholderia sacchari

(Tamura et al. 2007)
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Herbaspirillum frisingense
Herbaspirillum putei
g7 | Herbaspirillum huttiense

Herbaspirillum rubrisubalbicans

100

Herbaspirillum chlorophenolicum
RB86 liq ino clone F7RE24

100

90

0.05

Fig. 6 16S rRNA cDNA Oxalobacteraceae. Evolutionary rela-
tionships of 16S rRNA sequences achieved in this study to
sequences of type strains (accession numbers in Table S3). The
evolutionary history was inferred using the Neighbor-Joining
method (Saitou and Nei 1987). The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test
(1,000 replicates) are shown next to the branches (Felsenstein
1981). The tree is drawn to scale, with branch lengths in the same

Rhizobium spp. showed a high similarity to nifH
sequences from Rhizobium tropici and Rhizobium
multihospitum (Fig. 7).

Phylogenetic analyses of the nifH-sequences relat-
ed to Bradyrhizobium spp. showed a close relation-
ship to different validly described (geno)species from
Bradyrhizobium (Fig. 8). Minor differences between
the sequences of known strains themselves and
between the sequences in this study do not allow for

Herbaspirillum seropedicae

RB86 gel ino clone VA19

Ideonella dechloratans

Ideonella azotifigens

:— Outgroup

units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed
using the Maximum Composite Likelihood method (Tamura et al.
2004) and are in the units of the number of base substitutions per
site. Codon positions included were 1st+2nd+3rd+Noncoding. All
positions containing gaps and missing data were eliminated from
the dataset (Complete deletion option). Phylogenetic analyses
were conducted in MEGA4 (Tamura et al. 2007)

a phylogenetic classification based on nifH sequences.
Phylogenetic analyses of the 16S rRNA sequences
closely related to Bradyrhizobium spp. showed
different phylotypes in the genus Bradyrhizobium
(Fig. 4). These sequences could be detected exclu-
sively in the root samples from unfertilised sugarcane.
The highest similarities were found to the species B.
elkanii. A comparison with the sequences obtained
from bacterial isolates of Mexican (Tuxtlas) forest soil

Table 2 Phylogenetic affiliation (genus and species level) of the nifH-cDNA sequences (% of total clones analysed per sample type)

Root liquid Root gel ~ Root control Root control Leaf sheath Leaf sheath Leaf sheath Leaf sheath
inoculated  inoculated not Nitrogen Nitrogen liquid inoculated gel inoculated control not Nitrogen
fertilised fertilised Nitrogen fertilised fertilised
Azospirillum brasilense 0 8 8 0 0 0 0
Gluconacetobacter 0 0 0 39 0 0 0
diazotrophicus

Bradyrhizobium spp. 69 75 20 67 0 2.5 0 0
Rhizobium spp. 0 0 0 18 2.5 10 0
Methylocapsa spp. 0 0 36 0 0 0
Burkholderia tropica 28 24 0 6 0
Ideonella/Herbaspirillum 3 17 12 27 43 95 84 100

like sequences
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Rhizobium multihospitium

Rhizobium tropici

RB86 shoot lig ino clone B22

RB86 shoot gel ino clone 45

RB86 shoot control without N clone 23
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— Sinorhizobium fredii

50 44 _|Mesorhizobium huakuii

74 ' Mesorhizobium amorphae

85 Rhizobium hainanense

63 Rhizobium etli

59! Rhizobium gallicum

—— Rhizobium rosettiformans
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Fig. 7 nifH cDNA Rhizobium. Evolutionary relationships of
nifH cDNA sequences achieved in this study to sequences of
known diazotrophs (accession numbers in Tables S2 and S3).
The evolutionary history was inferred using the Neighbor-
Joining method (Saitou and Nei 1987). The percentage of
replicate trees in which the associated taxa clustered together in
the bootstrap test (1,000 replicates) are shown next to the
branches (Felsenstein 1981). The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum Composite
Likelihood method (Tamura et al. 2004) and are in the units
of the number of base substitutions per site. Codon positions
included were 1st+2nd+3rd+Noncoding. All positions contain-
ing gaps and missing data were eliminated from the dataset
(complete deletion option). Phylogenetic analyses were con-
ducted in MEGA4 (Tamura et al. 2007)

samples via trap plants showed high similarities to
some of our sequences (Fig. 8). Two phylotypes of
Bradyrhizobium were distinguishable, including nifH
sequences found in sugarcane roots of all the treat-
ments that showed a high similarity to the A.
amazonense nifH sequence, which surprisingly re-
semble the Bradyrhizobium phylotype (Fig. 8), as well
as to Bradyrhizobium sp. isolates from tropical soils
that used Macroptilium atropurpureum or Vigna
unguiculata as trap plants.

Sequences affiliated to Beta-Proteobacteria, primar-
ily Herbaspirillum-Ideonella related sequences, were
more abundant in leaf sheaths than in roots (Table 2).
Figure 9 shows a close relationship between cloned
nifH cDNA sequences and Ideonella azotifigens/
dechloratans. This group of sequences could be found

in the roots and leaf sheaths of all the samples tested.
nifH cDNA sequences closely related to Burkholderia
tropica could be detected in the roots and shoots of
mostly unfertilised plants (Fig. 10). This finding
closely reflected the distribution of related diazotrophic
bacteria based on the 16S rRNA cDNA analyses.

Colonization of sugarcane by the inoculated bacteria

A clear PGPR-effect was detected in several field
experiments due to the mixed EMBRAPA inoculation
(Reis et al. 2008; da Silva et al. 2009). Despite the fact
that the rarefaction analysis of 16S rRNA cDNA clone
libraries from root and shoot samples are not saturated,
we obtained information about the establishment of at
least part of the inoculated bacteria. Several sequences
of the inoculated bacterial strain G. diazotrophicus
PAL 5 (Fig. 2) were detected in the leaf sheath tissues
from inoculated plants. However, the less frequent
detection of the same sequences in uninoculated plants
suggests that resident strains of G. diazotrophicus are
also present in uninoculated plants. 16S rRNA cDNA -
sequences related to several Burkholderia spp. were
found, which were—however—not identical to the
inoculant strain Ppe8 (Fig. 5). In the 16S rRNA
cDNAclone libraries, none of the other bacterial
inoculants were found. This finding may be interpreted
to mean that the inoculants are only a very minor part
of the bacterial community at the time of sampling.

The analyses of nifH cDNA clone libraries showed
high abundances of nifH cDNA from G. diazotrophi-
cus in the leaf sheaths from liquid inoculated plants.
Eight nifH cDNA sequences obtained from leaf
sheaths of liquid inoculated samples showed high
similarities >99% to the nifH sequence achieved of G.
diazotrophicus PAL 5, ten other nifH cDNA sequen-
ces from the same sample showed >85% similarity to
the nifH gene sequence of G. diazotrophicus PAL 5.
In addition, five nifH cDNA sequences identical to
Burkholderia tropica Ppe8 were detected in the root
and shoots of inoculated and uninoculated plants
(Fig. 10). This suggests that the B. tropica Ppe8 nifH
sequence type is part of the resident N,-fixing
bacteria. Alternatively, it may have been distributed
into the field from the inoculated plots. nifH sequen-
ces identical to 4. amazonense CBAMC (Fig. 8), as
well as to Herbaspirillum seropedicae HRC54and H.
rubrisubalbicans HCC103 (Fig. 9) were not detected
at the time of sampling.
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99 [ 1017v Bradyrhizobium genospecies TUXTLAS-20

55

95

100

0.05

Fig. 8 nifH cDNA Bradyrhizobium with sequences from
Mexican Tuxtlas forest soil isolates. Evolutionary relationships
of nifH ¢cDNA sequences achieved in this study to sequences of
known diazotrophs (accession numbers in Tables S2 and S3). The
evolutionary history was inferred using the Neighbor-Joining
method (Saitou and Nei 1987). The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap
test (1,000 replicates) are shown next to the branches (Felsenstein
1981). The tree is drawn to scale, with branch lengths in the same

Discussion

Diversity of diazotrophic bacteria associated
with sugarcane

Sugarcane is one of the most important crops used in
bioethanol production in several countries. Because
the energy balance for biofuels needs to be as high as
possible, there is a need to reduce high-energy-
demanding nitrogen fertiliser, which is usually de-
pendent on fossil fuel sources. Therefore, it is of the
utmost importance to increase BNF in the high
nitrogen-fixing sugarcane cultivars (Boddey et al.
2003). Endophytic diazotrophic bacteria in sugarcane
roots, stems and leaves are commonly accepted as the
biological agents of BNF in sugarcane, and thus, a
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107m Bradyrhizobium genospecies TUXTLAS-21
109m Bradyrhizobium genospecies TUXTLAS-17
1234v Bradyrhizobium genospecies TUXTLAS-22
1595v Bradyrhizobium genospecies TUXTLAS-7
1681v Bradyrhizobium genospecies TUXTLAS-1
RB86 shoot gel ino clone 30

116m Bradyrhizobium genospecies TUXTLAS-2
—— 99m Bradyrhizobium genospecies TUXTLAS-29

3342 Bradyrhizobium elkanii
M 100 110m Bradyrhizobium genospecies TUXTLAS-17

499L.‘3radyrhizobium Japonicum

Bradyrhizobium canariense
Azospirillum amazonense CBAMC
RB86 root gel ino clone nifH 27
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RB86 root lig ino clone 17
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units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed
using the Maximum Composite Likelihood method (Tamura et al.
2004) and are in the units of the number of base substitutions per
site. Codon positions included were 1st+2nd+3rd+Noncoding.
All positions containing gaps and missing data were eliminated
from the dataset (complete deletion option). Phylogenetic
analyses were conducted in MEGA4 (Tamura et al. 2007)

mixed inoculum has been developed by EMBRAPA-
CNPAB (Seropédica, RJ, Brazil) that is in the first
phase of field testing. However, the diazotrophic
bacteria truly fixing nitrogen in planta are not known
yet. Although many diazotrophs have been described,
it is quite possible, that the bacteria responsible for
high nitrogen fixation activity are not cultivated yet.
Hurek et al. (2002) has shown that the endophytic
diazotroph Azoarcus sp. BH72 enters a non-culturable
phase upon inoculation into plants. Therefore, culture
independent experimental approaches are important in
discovering uncultured diazotrophs. However, adult
field-grown sugarcane plants are difficult to work
with and create many experimental challenges. All the
DNA/RNA extraction and cleaning methods had to be
redesigned and carefully optimised.
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Fig. 9 nifH cDNA Ideo-
nella/Herbaspirillum. Evolu-
tionary relationships of nifH
cDNA sequences achieved in
this study to sequences of
known diazotrophs (acces-
sion numbers in Tables S2
and S3). The evolutionary
history was inferred using the
Neighbor-Joining method
(Saitou and Nei 1987). The
percentage of replicate trees
in which the associated taxa
clustered together in the
bootstrap test (1,000 repli-
cates) are shown next to the
branches (Felsenstein 1981).
The tree is drawn to scale,
with branch lengths in the
same units as those of the
evolutionary distances used
to infer the phylogenetic tree.
The evolutionary distances
were computed using the
Maximum Composite Likeli-
hood method (Tamura et al.
2004) and are in the units of
the number of base substitu-
tions per site. Codon
positions included were

RB86 shoot control without N clone 49
- RB86 shoot lig ino clone 30

RB86 shoot control without N clone 09
RB86 root control without N clone 05
RB86 shoot control N clone 10

RB86 shoot control without N clone 13
RB86 shoot control N clone 02
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92 r RB86 shoot lig ino clone 28
RB:

[¢)]
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RB86 shoot gel ino clone 43

36 RB86 root control N clone 04

RB86 shoot control without N clone 08
6o — Ideonella dechloratans
Ideonella azotifigens

26
55 Herbaspirillum rubisubalbicans HCC103
98 Herbaspirillum seropedicae

34
75' Herbaspirillum seropedicae HRC54

99| |' RB86 root liq ino clone 10

Ist+2nd+3rd+Noncoding. All
positions containing gaps and
missing data were eliminated
from the dataset (complete

RB86 root gel ino clone nifH14
RB86 shoot gel ino clone 32

deletion option). Phylogenetic
analyses were conducted in
MEGA4 (Tamura et al. 2007)

The 16S rRNA c¢DNA and nifH ¢cDNA transcript
analysis was performed after immediately freezing the
root and shoot samples in liquid nitrogen in the field
which took maximally 5 min. DNA/RNA extractions
were performed from the frozen material in a rapid
and efficient extraction procedure, while avoiding all
possible conditions where RNAases may be active.
Total RNA was first transcribed to cDNA using
random primers (Abu Kwaik and Pederson 1996)
and the Qiagen Omniscript-RT-kit that had been
shown to be non-selective in this reverse transcription
step. Specific PCR-systems were then used to amplify
16S rRNA and nifH cDNAs. Certainly, the applica-
tion of different approaches, including varying PCR
primer systems, creates differences in the final 16S
rRNA cDNA and nifH cDNA diversity. In particular,

0.2

— o.tgroup

our approach carefully considered that the nifH cDNA
from the five diazotrophs in the inoculation mix could
be detected. Interestingly, the nifH cDNA sequence
from A4. amazonense CBAmMC clustered within the
Bradyrhizobium sp. nifH genes. This result provides
another example that the phylogenetic interpretation
of the nifH gene cannot be used as phylogenetic
marker of the bacterium (like e. g. by 16S rRNA
phylogenetic marker gene) because of the possibility
of horizontal gene transfer.

Burbano et al. (2011) recently investigated the
diversity of nifH transcripts in field-grown sugarcane
and other plants from three continents. In addition to a
very predominant nifH transcript phylotype related to
Rhizobium rosettiformans, which was found in roots,
other nifH phylotypes were predominant in shoot
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55 RB86 root lig ino clone 01
55| Burkholderia tropica PPe8

05 RB86 root control without N clone 09
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Fig. 10 nifH cDNA Burkholderia. Evolutionary relationships
of nifH cDNA sequences achieved in this study to sequences of
known diazotrophs (accession numbers in Tables S2 and S3).
The evolutionary history was inferred using the Neighbor-
Joining method (Saitou and Nei 1987). The percentage of
replicate trees in which the associated taxa clustered together in
the bootstrap test (1,000 replicates) are shown next to the
branches (Felsenstein 1981). The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary

samples and distantly related to Bradyrhizobium
elkanii or Sulfurospirillum multivorans. However,
these authors did not detect any of the well-known
diazotrophs that have been detected using N-free
enrichment approaches, such as Gluconacetobacter,
Herbaspirillum or Burkholderia. This could be due to
different experimental protocols used for RNA/DNA
extraction and cDNA amplification. A similar finding
was also recently reported by Thaweenut et al. (2011),
who found a predominance of nifH sequences related
to Bradyrhizobium sp., Azorhizobium caulidonans,
photosynthetic rhizobia and Rhizobium daejeonese. In
the roots of the Brazilian cultivar RB867515 grown in
the Seropédica field station, we found a diversity of
Rhizobium nifH sequences related to R. tropici (Fig. 7).
In addition, we have discovered a rich diversity of nif
sequences that have some similarity to B. japonicum
nifH sequences, which are present in isolates from
tropical soil that have been enriched using two legume
trap plants (Fig. 8). We also found previously unknown
Ideonella/Herbaspirillum nifH cDNA sequences.
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distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum Composite
Likelihood method (Tamura et al. 2004) and are in the units
of the number of base substitutions per site. Codon positions
included were 1st+2nd+3rd+Noncoding. All positions contain-
ing gaps and missing data were eliminated from the dataset
(complete deletion option). Phylogenetic analyses were con-
ducted in MEGA4 (Tamura et al. 2007)

Roesch et al. (2008) also found Ideonella-like sequen-
ces in nifH clone libraries from maize plants. Of the
previously cultured diazotrophs, only nifH transcripts
closely related to G. diazotrophicus PALS were found
in the leaf sheaths, and only nifH transcripts related to
B. tropica Ppe8 were found in the roots. These nifH-
based findings were corroborated by our 16S rRNA
cDNA results (Figs. 2 and 5). In addition, we retrieved
nifH sequences from Rhizobium spp. and Bradyrhi-
zobium spp. in shoots and roots (Figs. 7 and 8).
Therefore, we provide further evidence that, in addition
to other previously cultured and uncultured diazo-
trophs, Bradyrhizobium and Rhizobium spp. may be
contributing to nitrogen fixation in sugarcane. While
for Rhizobium spp., this is a novel finding, some
Bradyrhizobia are known to fix nitrogen in a free-
living state or within non-legumes (Kuykendall 2005).
These bacteria may have adapted to the endophytic
environment of sugar cane in a hitherto unknown way,
to fix nitrogen also in a non-leguminous plant.
Attempts to localise endophytic bacteria in sugarcane
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tissues using fluorescence in situ hybridisation were
not successful (data not shown) because of the high
level of bacterium-sized auto-fluorescent background
particles in the images.

Colonization of inoculated bacteria

Although the rarefaction of 16S rRNA c¢DNA clone
libraries from root samples is not saturated, we could
obtain information about the establishment of the bacteria
that originated from the inoculation mix and those
already residing within the plants. Several sequences
identical to the inoculated bacterial strain G. diazotro-
phicus PAL 5 were detected in the leaf sheath tissues
from inoculated plants. The detection of identical or
very similar sequences in the uninoculated plants
suggests that resident G. diazotrophicus are present
there as well. In the 16S rRNA cDNA clone libraries
retrieved from the field experiment in March 2009 (late
summer samples), none of the other bacterial inoculants
were found. They may have colonised the plants only
transiently, which is well known for many bacterial
inoculants, such as Pseudomonas sp. (Buddrus-
Schiemann et al. 2010), but are unable to maintain
a constantly high level of colonisation because they are
outcompeted. Another possibility could be the lower
survival ability of these bacteria in soil (Olivares et al.
1996; Oliveira et al. 2004) which may have affected
the initial stages of root colonization.

The analyses of the nifH cDNA clone libraries
showed high abundances of nifH cDNA from G.
diazotrophicus in the leaf sheaths (not shown) from
liquid inoculated plants and Burkholderia tropica
nifH phylotype (Fig. 10) in the roots from inoculated
plants as well as in the root and shoot tissues from
uninoculated and unfertilised plants. Burkholderia
tropica nifH sequences from uninoculated plants
suggest that these phylotypes are also present in
resident bacteria. Since nifH-transcripts of A. ama-
zonense, H. seropedicae and H. rubrisubalbicans
sequences were not detected, they apparently do not
contribute to nitrogen fixation of the tested sugarcane
cultivar at the time of harvest.

Outlook
Our results for the yet uncultured diazotrophs, which

belong to the Bradyrhizobium spp., Rhizobium spp.
and Ideonella/Herbaspirillum cluster, from the sugar-

cane cultivar RB867515 and the partial establishment
of mostly G. diazotrophicus from a mixed inoculum
were based on clone library studies. However, the
diversity of bacteria detected using a cloning ap-
proach is very limited and high-throughput amplicon
pyro-sequencing, either focusing on 16S rRNA
cDNA or nifH cDNA, would certainly allow for a
more thorough analysis. This would also enable time
course studies of the plant-associated bacterial com-
munity in different plant parts during the whole plant
development cycle. The diversity of endophytic
diazotrophs in sugarcane may be quite versatile
depending on the cultivar, soil and climate type. The
combined transcript approaches provide a very valu-
able insight into the active diazotrophic populations in
plants. Based on our findings of uncultured diazo-
trophs in sugarcane, new attempts to enrich and
isolate these bacteria in a “molecular guided”
enrichment design are now feasible. For example,
the use of leguminous trap plants may yield
hitherto uncultured Bradyrhizobium and Rhizobium
isolates from sugarcane.

Acknowledgements Financial support from Deutsche For-
schungsgemeinschaft (Grant Ha 1708/9), EMBRAPA and the
Helmholtz Zentrum Miinchen is greatly acknowledged. Financial
support came also from INCT/CNPq (proc. n® 573828/2008-3)
and CT-AGRO (proc. n° 480178/2005-4) projects for the
fellowship.

References

Abu Kwaik Y, Pederson LL (1996) The use of differential
display-PCR to isolate and characterize a Legionella
pneumophila locus induced during the intracellular infec-
tion of macrophages. Mol Microbiol 21:543-556

Ando S, Goto M, Meunchang S, Thongra-ar P, Fujiwara T,
Hayashi H, Yoneyama T (2005) Detection of nifH
sequences in Sugarcane (Saccharum officinarum L.) and
pineapple (Ananas comosus [L.] Merr.). Soil Sci Plant
Nutr 51:303-308

Ashelford KE, Chuzhanova NA, Fry JC, Jones AJ, Weightman AJ
(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

Biggs IM, Stewart GR, Wilson JR, Critchley C (2002) >N
natural abundance studies in Australian commercial
sugarcane. Plant Soil 238:21-30

Boddey RM, Polidoro JC, Resende AS, Alves BJ, Urquiaga S
(2001) Use of the '*N natural abundance technique for the
quantification of the contribution of N, fixation to
sugarcane and other grasses. Aust J Plant Physiol
28:889-895

@ Springer



Plant Soil

Boddey RM, Urquiaga S, Alves BJ, Reis VM (2003) Endophytic
nitrogen fixation in sugarcane: present knowledge and future
applications. Plant Soil 252:139-149

Boddey RM, Soares LHB, Alves BJR, Urquiaga S (2008) Bio-
ethanol production in Brazil. In: Pimentel D (ed) Biofuels,
solar and wind as renewable energy systems. Springer,
USA, p 504

Buddrus-Schiemann K, Schmid S, Schreiner K, Welzl G,
Hartmann A (2010) Root colonization by Pseudomonas sp.
DSMZ 13134 and impact on the indigenous rhizosphere
bacterial community of barley. Microb Ecol 60:381-393

Burbano CS, Liu Y, Roesner KL, Reis VM, Caballero-Mellado
J, Reinhold-Hurek B, Hurek T (2011) Predominant nifH
transcript phylotypes related to Rhizobium rosettiformans
in field-grown sugarcane plants and in Norway spruce.
Environ Microbiol Reports 3:383-389

Cavalcante VA, Doebereiner J (1988) A new acid-tolerant
nitrogen-fixing bacterium associated with sugarcane. Plant
Soil 108:23-31

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 rRNA
analysis. Nucl Acids Res 37(suppl 1):D141-D145

da Silva MF, de Oliveira PJ, Xavier GR, Rumjanek NG, Reis
VM (2009) Inoculants containing polymers and endophytic
bacteria for the sugarcane crop. Pesquisa Agropecuaria
Brasileira 44:1437-1443

Doebereiner J (1961) Nitrogen-fixing bacteria of the genus
Beijerinckia Derx in the rhizosphere of sugarcane. Plant
Soil 15:211-216

Doebereiner J (1995) Isolation and identification of aerobic
nitrogen fixing bacteria. In: Alef K, Nannipieri P (eds)
Methods in applied soil microbiology and biochemistry.
Academic, London, pp 134-141

Doebereiner J (1997) Biological nitrogen fixation in the tropics:
social and economic contributions. Soil Biol Biochem
29:771-774

Doebereiner J, Day JM, Dart PJ (1972) Nitrogenase activity in
the rhizosphere of sugarcane. J Gen Microbiol 71:103-116

Felsenstein J (1981) Evolutionary trees from DNA sequences: a
maximum likelihood approach. J Mol Evol 17:368-376

Fitch WM (1966) An improved method of testing for
evolutionary homology. J Mol Biol 16:9-16

Fuentes-Ramirez LE, Caballero-Mellado J, Septlveda J,
Martinez-Romero E (1999) Colonization of sugarcane
by Gluconacetobacter diazotrophicus is inhibited by
high N-fertilisation. FEMS Microbiol Ecol 29:117-128

Hoefsloot G, Termorshuizen AJ, Watt DA, Cramer MD (2005)
The contribution of diazotrophic bacteria to the nitrogen
budget of a commercially grown South African sugarcane
cultivar. Plant Soil 277:85-96

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

Hurek T, Handley L, Reinhold-Hurek B, Piché¢ Y (2002)
Azoarcus grass endophytes contribute fixed nitrogen to the
plant in an unculturable state. Mol Plant Microbe Interact
15:233-242

IBGE (2010) http://www.ibge.gov.br/home/estatistica/indicadores/
agropecuaria/lspa/lspa 201012 _1.shtm (25/01/2011)

@ Springer

James EK, Olivares FL (1998) Infection and colonization of
sugar cane and other graminaceous plants by endophytic
diazotrophs. CRC Crit Rev Plant Sci 17:77-119

Kuykendall DL (2005) Genus 1. Bradyrhizobium Jordan 1982.
In: Brenner DJ, Krieg NR, Staley JT (eds) Bergey’s
Manual of Systematic Bacteriology, 2nd edition, Volume
2, the Proteobacteria. Springer, New York, pp 438-443

Laguerre G, Nour SM, Macheret V, Sanjuan J, Drouin P,
Amarger N (2001) Classification of rhizobia based on
nodC and nifH gene analysis reveals a close phylogenetic
relationship among Phaseolus vulgaris symbionts. Microbiol
147:981-993

Lima E, Boddey RM, Doebereiner J (1987) Quantification of
biological nitrogen fixation associated with sugarcane
using '°N aided balance. Soil Ecol Biochem 19:165-170

Ludwig W, Strunk O, Westram R, Richter L, Meier H et al
(2004) ARB: a software environment for sequence data.
Nucl Acids Res 32:1363-1371

Magnani GS, Didonet CM, Cruz LM, Picheth CF, Pedrosa FO,
Souza EM (2010) Diversity of endophytic bacteria in
Brazilian sugarcane. Genet Mol Res 9:250-258

Miller DN (2001) Evaluation of gel filtration resins for the
removal of PCR-inhibitory substances from soils and
sediments. J Microbiol Meth 44:49-58

Muyzer G, Hottentraeger S, Teske A, Wawer C (1996)
Denaturing gradient gel electrophoresis of PCR-ampliced
16S rDNA—a new molecular approach to analyze the
genetic diversity of mixed microbial communities. In:
Akkermans ADL, Van Elsas JD, De Brujin F (eds)
Molecular microbial ecology manual. pp. 3.4.4/1-23.
Kluwer Academic, Dordrecht

Olivares FL, Baldani VLD, Reis VM, Baldani JI, Doebereiner J
(1996) Occurrence of endophytic diazotroph Herbaspirillum
spp. in roots, stems and leaves predominantly of gramineae.
Biol Fertil Soils 21:197-200

Oliveira ALM, Urquiaga S, Doebereiner J, Baldani JI (2002)
The effect of inoculating endophytic N,-fixing bacteria
on micropropagated sugarcane plants. Plant Soil 242:
205-215

Oliveira ALM, Canuto EL, Silva EE, Reis VM, Baldani JI (2004)
Survival of endophytic diazotrophic bacteria in soil under
different moisture levels. Braz J Microbiol 35:295-299

Oliveira ALM, Canuto EL, Urquiaga S, Reis VM, Baldani JI
(2006) Yield of micropropagated sugarcane varieties in
different soil types following inoculation with endophytic
diazotrophic bacteria. Plant Soil 284:23-32

Oliveira ALM, Stoffels M, Schmid M, Reis VM, Baldani JI,
Hartmann A (2009) Colonization of sugarcane plantlets by
mixed inoculations with diazotrophic bacteria. Eur J Soil
Biol 45:106-113

Ormefio-Orrillo E, Rogel MA, Lloret L, Lopez A, Martinez J,
Vinuesa P, Martinez-Romero E (2009) Rhizobial diversity in
different land use systems in the rain forest of Los Tuxtlas,
Mexico. In: Barois I, Huising EJ, Okoth P, Trejo D, De Los
Santos M (eds), Below-ground biodiversity in Sierra Santa
Marta, Los Tuxtlas, Veracruz, México. Xalapa, México. p.
65-84

Poly F, Monrozier LJ, Bally R (2001) Improvement in the
RFLP procedure for studying the diversity of nifH genes
in communities of nitrogen fixers in soil. Res Microbiol
152:95-103


http://www.ibge.gov.br/home/estatistica/indicadores/agropecuaria/lspa/lspa_201012_1.shtm
http://www.ibge.gov.br/home/estatistica/indicadores/agropecuaria/lspa/lspa_201012_1.shtm

Plant Soil

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W et al
(2007) SILVA: a comprehensive online resource for
quality checked and aligned ribosomal RNA sequence
data compatible with ARB. Nucl Acids Res 35:7188-7196

Reis VM, Estrada-de los Santos P, Tenorio-Salgado S, Vogel J,
Stoffels M, Guyon S, Mavingui P, Baldani VLD, Schmid M,
Baldani JI, Balandreau J, Hartmann A, Caballero-Mellado J
(2004) Burkholderia tropica sp. nov., a novel nitrogen-
fixing, plant-associated bacterium. Int J Syst Evol Microbiol
54:2155-2162

Reis VM, Urquiaga S, Pereira W, Hipolito G, De Barros JC et
al (2008) Reposta de duas variedades de cana-de-acucar a
inoculacao com bacterias diazotroficas. Anais do 9o
Congresso Nacional da STAB Maceia: Universidade
Federal de Alagoas 1: 681-686

Reiter B, Pfeifer U, Schwab H, Sessitsch A (2002) Response of
endophytic bacterial communities in potato plants to
infection with Erwinia carotovora subsp. atroseptica.
Appl Environ Microbiol 68:2261-2268

Roesch LFW, Olivares FL, Passaglia LMP, Selbach PA et al
(2006) Characterization of diazotrophic bacteria associated
with maize: effect of plant genotype, ontogeny and
nitrogen-supply. World J Microbiol Biotechnol 22:967-974

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

Ruschel AP, Henis Y, Salati E (1975) Nitrogen-15 tracing of N-
fixation with soil-grown sugarcane seedlings. Soil Biol
Biochem 7:181-182

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol
Evol 4:406-425

Schloss PD, Handelsman J (2005) Introducing DOTUR, a
computer program for defining operational taxonomic
units and estimating species richness. Appl Environ
Microbiol 71:1501-1506

Sevilla. M, Burris RH, Gunapala N, Kennedy C (2001)
Comparison of benefit to sugarcane plant growth and
N, incorporation following inoculation of sterile plants
with Acetobacter diazotrophicus wild-type and Nif—
mutants strains. Mol Plant Microbe Interact 14:358-
366

Tamura K, Nei M, Kumar S (2004) Prospects for inferring very
large phylogenies by using the neighbor-joining method.
Proc Natl Acad Sci USA 101:11030-11035

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4:
Molecular Evolutionary Genetics Analysis (MEGA) soft-
ware version 4.0. Mol Biol Evol 24:1596-1599

Terakado-Tonooka J, Ohwaki Y, Yamakawa H, Tanaka F,
Yoneyama T, Fujihara S (2008) Expressed nifH genes of
endophytic bacteria detected in field-grown sweet potatoes
(Ipomoea batatas L.). Microbes Environ 23:89-93

Thaweenut N, Hachisuka Y, Ando S, Yanagisawa S, Yoneyama
T (2011) Two seasons’ study on nifH gene expression and
nitrogen fixation by diazotrophic endophytes in sugarcane
(Saccharum spp. hybrids): expression of nifH genes
similar to those of rhizobia. Plant Soil 338:435-449

Toewe S, Wallisch S, Bannert A, Fischer D, Hai B, Haesler F,
Kleineidam K, Schloter M (2011) Improved protocol for
the simultaneous extraction and column-based separation
of DNA and RNA from different soils. J] Microbiol Meth
84:406-412

Urquiaga S, Cruz KH, Boddey RM (1992) Contribution of
nitrogen fixation to sugarcane: nitrogen-15 and nitrogen-
balance estimates. Soil Sci Soc Am J 56:105-114

Weisburg WG, Barns SM, Pelletier DA, Lane D (1991) 16S
ribosomal DNA amplification for phylogeneic study. J
Bacteriol 173:697-703

Yoneyama T, Muraoka T, Kim TH, Dacanay EV, Nakanishi Y
(1997) The natural >N abundance of sugarcane and
neighbouring plants in Brazil, the Philippines and Miyako
(Japan). Plant Soil 189:239-244

@ Springer



	Molecular...
	Abstract
	Introduction
	Methods
	Field experiment, sugarcane inoculation and reference bacteria
	DNA/RNA extraction and PCR approaches
	Cloning and sequencing

	Results
	Community analysis of sugarcane associated bacteria
	Diversity of 16S rRNA cDNA clone libraries
	Diversity of nifH cDNA clone libraries
	Colonization of sugarcane by the inoculated bacteria

	Discussion
	Diversity of diazotrophic bacteria associated with sugarcane
	Colonization of inoculated bacteria
	Outlook

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


