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Abstract

Endophytic diazotrophic bacteria could be isolated from the energy plants Pennisetum purpureum, Miscanthus
sinensis, Miscanthus sacchariflorus and Spartina pectinata using semisolid nitrogen free media. Higher levels
of diazotrophic bacteria were found if no nitrogen fertilizer was applied. The bacteria were characterized on the
basis of typical morphology, physiological tests, and the use of phylogenetic oligonucleotide probes. They belong
partially to the species Azospirillum lipoferum and Herbaspirillum seropedicae while others supposedly represent
a new species of Herbaspirillum. Using PCR-fingerprinting techniques a limited genetic diversity of these isolates
was found which may indicate an adaptation to the specific conditions of the interior of these plants.

Abbreviations: BNF – Biological Nitrogen Fixation; PCR – Polymerase Chain Reaction

Introduction

Many diazotrophic bacteria were isolated over the
years from rhizosphere soil or the rhizoplane of a big
variety of non leguminous plants (Döbereiner, 1992).
However, the presence of a diazotrophic bacterium
in any habitate does not necessarily mean that the
bacteria are efficiently fixing nitrogen in association
with plants and that the plants can finally obtain sig-
nificant contributions from biologically fixed nitro-
gen. On the root surface, N2-fixing bacteria are dis-
tant from the main source of assimilates of the plants
and are in heavy competition with other microorgan-
isms for root exudates as nutritional source. Bacteria
which manage to enter and to colonize the inside of
roots or even are able to spread to aerial parts of the
plants are not suffering from these disadvantages. It
is increasingly recognized that the internal coloniza-
tion of plants by various endophytic bacteria is not
necessarily pathogenic, but in contrast may be bene-
ficial to the plant (Kloepper and Beauchamp, 1992).
There are different ways of positive bacteria/plant

� FAX No: +498931873376. E-mail: hartmann@gsf.de

interactions. Endophytic plant-growth-promoting bac-
teria, which interact with pathogens or stimulate sys-
temic resistance of the plants were reported (McInroy
and Kloepper, 1994). In addition, a variety of dia-
zotrophic bacteria have been found and quantified in
different plants (Döbereiner et al., 1995) which may
contribute substantially to the nitrogen nutrition of the
plant. In several sugarcane cultivars, more than 60%
of the nitrogen uptake (about 150 kg N ha�1 year�1)
were obtained from biological nitrogen fixation (BNF),
as was demonstrated with 15N isotope and N balance
studies (Urquiaga et al., 1992).

A number of different species of diazotrophic bac-
teria were demonstrated to inhabit the interior of sug-
arcane. A newly discovered diazotrophic bacterium,
named Acetobacter diazotrophicus, occurs in large
numbers (up to 106 per gram fresh weight) in the
roots and stems of sugarcane (Gillis et al., 1989).
Electron microscopic studies of A. diazotrophicus after
infection of sugarcane tissues clearly provided detailed
information about the localization of A. diazotrophi-
cus cells within sugarcane tissues of microprogagated
plantlets (James et al., 1994). Herbaspirillum sero-
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pedicae, a member of the �-Proteobacteria, was dis-
covered in high numbers in leaves, stems and roots
of sugarcane (Olivares et al., 1996). This bacterium
seems to survive poorly in bulk soil (Baldani et al.,
1992). Also Herbaspirillum rubrisubalbicans, former-
ly named Pseudomonas rubrisubalbicans, a close rel-
ative to H. seropedicae (Baldani et al., 1996) colonizes
sugarcane endophytically and causes mottled stripe
disease in some sugarcane varieties. H. rubrisubal-
bicans, too, is able to fix nitrogen (Döbereiner et al.,
1995). Another new group of diazotrophic bacteria,
provisionally named Burkholderia brasilensis, the for-
merly termed isolate E-bacteria, was frequently found
in sugarcane tissue (Baldani, 1996; Hartmann et al.,
1995). In addition, Herbaspirillum seropedicae and
Burkholderia sp. were detected in maize plants (Oli-
vares et al., 1993; Pereira, 1995; Kirchhof, unpub-
lished).

Azospirillum spp. were repeatedly isolated from the
inside of roots and shoots of many plants (Döbereiner
et al., 1995). Using strain-specific monoclonal anti-
bodies against Azospirillum brasilense strains Sp7 and
Sp245 respectively, it was clearly demonstrated that the
isolate Sp245 could efficiently enter and colonize roots
and the vascular system after inoculation of soil-grown
wheat plants (Schloter et al., 1994). This confirms
a series of earlier studies, which claim the coloniza-
tion of the root interior by certain Azospirillum strains
and some other diazotrophs (Patriquin and Döbereiner,
1978). Specificities of wheat-Azospirillum brasilense
interactions and a different degree of attachment and
infections and their effects on plant growth and nitrate
reduction with certain strains were reported by Jain and
Patriquin (1984) and Ferreira et al. (1987). Recently,
evidence was provided that specific components of the
exopolysaccharide composition of A. brasilense Sp7
determine the degree of entry into roots (Katupipiya et
al., 1995).

Azoarcus spp. were originally demonstrated as
endophytic diazotrophs in Kallar grass (Reinhold-
Hurek et al., 1993a). Azoarcus strain BH72 is able
to invade rice roots and to colonize the cortex cells
of roots as well as the stem bases and the shoot
(Hurek et al., 1994). The systemic spreading of Azoar-
cus in the plant is facilitated by cellulolytic activities
(Reinhold-Hurek et al., 1993b). The involvement of
other diazotrophic bacteria, like Herbaspirillum sp.
and Burkholderia spp. in rice colonization was recent-
ly summarized by Boddey et al. (1995).

The classification and identification of bacteri-
al isolates recently became strongly supported from

the application of molecular biological techniques.
Much progress has been made in specific identifica-
tion of bacteria with rRNA-targeted oligonucleotide
probes. Such probes can be directed to highly vari-
able sequence stretches of either the 23S-rDNA or the
16S-rDNA. A variety of phylogenetic oligonucleotide
probes was developed for Azospirillum spp. (Kirchhof
and Hartmann, 1992), Herbaspirillum spp. (Baldani et
al., 1996), Azoarcus (Hurek et al., 1993), Acetobacter
diazotrophicus and Burkholderia sp., as was summa-
rized recently by Kirchhof et al. (1996). Probes identi-
fying higher taxa, e.g. subgroups of the Proteobacteria
(Manz et al., 1992), can be of great help to preliminary
classify new isolates for which no specific probes are
available yet. Some of these oligonucleotide probes
were used for in situ staining of single bacterial cells
after fluorescence labelling using a confocal laser scan-
ning microscope (Aßmus et al., 1995; Aßmus et al.,
1996). The application of monoclonal or monospecific
antibodies can further focus the identification down to
strain level (Schloter et al., 1995).

The identification of bacteria at the strain level
is of major importance, since for an efficient, N2-
fixing bacterial-plant association a certain specifici-
ty needs to be involved both from the bacterial and
the plant side. Several PCR-fingerprinting techniques
have been developed to identify bacteria at the strain
level. These methods are applied with cultured bacteri-
al cells avoiding DNA-extraction and combining con-
venient analysis with universal applicability and the
potential of automation (Versalovich et al., 1994). In
our study of diazotrophic isolates, recently developed
oligonucleotide primers derived from eukaryotic con-
sensus LINE-sequences (LINEs = Long INterspersed
Elements) were applied for PCR-fingerprinting (Smi-
da et al., 1996). The electrophoretically separated band
patterns were highly reproducible and strain-specific.

In the case of potential energy crop plants such
as Miscanthus sinensis, Miscanthus sacchariflorus,
Spartina pectinata, and Pennisetum purpureum, the
energy balance is of high interest. Different agricul-
tural practices, e.g. application of chemical nitrogen
fertilizer, raise the costs to produce the crop plants and
reduce the energy balance of growth which must be
clearly positive to make energy crop plants econom-
ically and energetically viable. Therefore, it is most
desirable to investigate, to which extent diazotroph-
ic bacteria are living endophytically associated with
energy crop plants. In this communication, first results
of the isolation and taxonomic characterization of dia-
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zotrophic bacteria from gramineous energy crops with
physiological and molecular tools are presented.

Materials and methods

Methods of isolation

Isolations were performed in nitrogen-free semisolid
media with different carbon sources and pH values
as described in Döbereiner (1995). Semisolid nitro-
gen free media offer the possibility for diazotrophic
bacteria to find the right niche within an oxygen gradi-
ent exhibiting optimal conditions for nitrogen fixation.
There they form a growth pellicle. Different media
favour the enrichment of various bacterial species.

Spartina pectinata and Miscanthus sinensis cv.
“Giganteus”, “Goliath”, and Miscanthus sacchari-
florus, were grown with 0 or 150 kg ha�1 dosages
of nitrogen fertilizer at LBP Freising, Germany.
Pennisetum purpureum cv. “Cameroon”, “Caipim
Cana D’Africa”, “Gramafante”, “Guaçu”, “Merker”,
“Merker x 239”, “Mineiro”, “Mott”, “Piracicaba”,
“Roxo”, “s/pelo”, and “Taiwan” were cultivated at
EMBRAPA/CNPGL, Minas Gerais, Brazil. Specimen
of washed roots, stems, and leaves were macerated,
and 0.1 mL of serial dilutions in 4% (commercial)
sugar solution up to 10�6 were inoculated into vials
containing NFb, JNFb or LGI semisolid media. The
composition of NFb-medium per liter is: malic acid
(5.0 g); K2HPO4 (0.5 g); MgSO4�7H2O (0.2 g); NaCl
(0.1 g); CaCl2 (0.02 g); bromthymol blue 0.5% in
KOH 0.2 N (2 mL); vitamin solution (1 mL); micronu-
trient solution (2 mL); 1.64% FeEDTA solution (4
mL); KOH (4.5 g). The vitamin solution contained
in 100 mL: biotin (10 mg), pyridoxol-HCl (20 mg) and
the micronutrient solution consisted of (quantities per
liter): CuSO4 (0.4 g); ZnSO4�7H2O (0.12 g); H2BO3

(1.4 g); Na2MoO4�2H2O (1.0 g) MnSO4�H2O (1.5 g).
The pH was adjusted to 6.8 and 1.9 g L�1 of agar
was added. The medium called JNFb consisted of the
same components as NFb-medium except following
different ingredients and amounts per liter: K2HPO4

(0.6 g); KH2PO4 (1.8 g) and the pH was adjusted to
5.8. A third medium, called LGI, was composed of
(quantities per liter): sucrose (5.0 g); K2HPO4 (0.2 g);
KH2PO4 (0.6 g); mgSO4�7H2O (0.2 g); CaCl2 (0.02 g);
Na2MoO4�2H2O (0.002 g); FeCl3 (0.01 g); bromthy-
mol blue 0.5% in KOH 0.2 N (5 mL). The pH was
adjusted to 6.0 and 1.9 g L�1 of agar was added. After
four to six days of incubation at 30 �C the population

size was estimated by the MPN technique and pellicle
forming bacteria were subjected to further purification
steps by streaking on agar plates with additional 20 mg
L�1 of yeast extract and again colonies transferred to
cultivation in semisolid N-free media.

Phenotypic tests

Morphological characteristics were investigated
microscopically. Physiological properties were
screened with the API20 NE galleries (bioMerieux SA,
Lyon, France) according to the manufacturers instruc-
tions. The pellicle forming capability (microaerophilic,
in occasion dinitrogen fixation dependent growth) with
different carbon sources was screened with selected
strains. For this purpose, malate in semisolid JNFb
medium was replaced by N-acetylglucosamine, ara-
binose, benzoate, fructose, glucose, inositol, lactate,
manitol, L-rhamnose, and tartrate respectively. Growth
with m-erythritol as carbon source and addition of
NH4Cl served as physiological differentiation mark-
er between H. seropedicae (-) and H. rubrisubalbicans
(+) (Baldani et al., 1996). Three replicates of the media
were inoculated with 10 �L of an overnight culture in
rich medium and incubated at 30�C over a period of
3-4 days.

Phylogenetic identification

For phylogenetic identification the extracted, immobi-
lized bulk nucleic acids of the isolates were subjected
to hybridization experiments with 32P-labeled oligonu-
cleotide probes specific for the �- and �-subgroups of
Proteobacteria (Manz et al., 1992) as well as species-
specific probes for diazotrophic bacteria (Kirchhof et
al., 1996) following the methodology described in
Kirchhof and Hartmann (1992). Nucleic acids of iso-
lates, which did not hybridize with one of the species-
specific probes, were subjected to further 23S rDNA
sequence analysis of stretches within domain III known
to be highly variable in base composition (Ludwig et
al., 1994). Direct sequencing of amplified 23S rDNA
fragments was performed. The resulting sequences
were aligned and analysed with homologous sequences
from other bacteria using the EMBL/DKFZ data base
entries or the ARB sequence analysis package (Strunk
and Ludwig, 1997). Referring to the obtained sequence
data, a new oligonucleotide probe was designed and
applied in dot-blot hybridization experiments.
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PCR fingerprinting

The genomic diversity of the isolates was examined by
PCR fingerprinting using recently developed primers
derived from repetitive mammalian sequences (LINEs)
(Smida et al., 1996). One of the primers was slightly
modified (GRK: 50-GAG TTT GGC AAA GAC CC)
and used in an arbitrary PCR, producing reproducible,
probably strain-specific patterns. 1 mL of an overnight
culture of the diazotrophic isolates was harvested by
centrifugation, resuspended in 1 mL of H2O, boiled
for 10 minutes and centrifuged again (10 min, 13.000
rpm). 2 and 10 �L of the supernatant were used in
the PCR reaction as template. Each 50 �L PCR reac-
tion contained 2 �m of the oligonucleotide primer,
1.25 mm of each of four dNTPs (dATP, dCTP, dGTP,
dTTP) and 1.5 mm mgCl2. After an initial denatura-
tion step of 95�C, 10 min, 2 units of Taq-polymerase
were added and the following temperature profile was
carried out 5 times: 95�C/1 min, 37�C/1 min, 72�C/1.5
min, followed by another 25 cycles with an increased
annealing temperature of 52�C and a final extension
step of 10 min at 72�C. Amplified products were sepa-
rated by electrophoresis on 5% non-denaturating poly-
acrylamide gels at constant temperature of 20�C and
visualized by silver staining.

Results

Occurrence of diazotrophic bacteria

The isolation experiments of diazotrophic bacteria
from Pennisetum purpureum cultivars were carried
out in Brazil during April/May. Population sizes up
to 105-106 per gram fresh weight were found. Differ-
ent Pennisetum purpureum cultivars exhibited 105-106

dinitrogen fixing bacteria per gram fresh weight in the
roots and 104- 105 cells in aerial parts (Silva et al.,
1995). The first isolation attempts of diazotrophic bac-
teria from Miscanthus sinensis, Miscanthus sacchari-
florus and Spartina pectinata grown in Germany yield-
ed rather low bacteria numbers. For all plant tissues,
the number was about 102-103 per gram fresh weight.
The numbers of diazotrophic bacteria from the plants
grown with nitrogen fertilizer dosages were always
below 102 per gram fresh weight or not detectable
(Table 1).

An entire number of 34 bacterial isolates from dif-
ferent Pennisetum purpureum genotypes, 17 isolates
from Spartina pectinata and 19 isolates from Miscan-

thus sinensis and Miscanthus sacchariflorus, also dif-
ferent genotypes, was studied further. Table 2 summa-
rizes the origin and morphology of the isolates.

Phenotypic tests

Applying the API 20 galleries, coherent patterns of
the use of carbon sources were achieved with the
Herbaspirillum-like isolates from Miscanthus sinen-
sis, Miscanthus sacchariflorus and Pennisetum pur-
pureum and the type strain H. seropedicae Z67. All
strains were able to assimilate N-actylglucosamine,
arabinose, caprate, citrate, glucose, gluconate, malate,
mannose, mannitol, and phenylacetate, whereas they
were unable to use maltose and adipate. All screened
isolates as well as the type strain were able to reduce
nitrate and possess a cytochrome oxidase. Part of the
Herbaspirillum-like isolates showed arginine dihydro-
lase, urease and �-glucosidase activity. The test for
pellicle forming capacity on different carbon sources
resulted in a unique utility pattern (Table 3): all tested
isolates were able to form a pellicle with arabinose, N-
acetylglucosamine, fructose, glucose, malate, manitol,
and tartrate (except strain 84B) and lacked this proper-
ty if inositol or L-rhamnose was used as carbon source.
In this test, differences compared with the type strains
of H. seropedicae and H. rubrisubalbicans could be
observed. In contrast to the fibre plant isolates and H.
rubrisubalbicans type strain (M4), strain Z67 exhib-
ited pellicular growth with inositol and L-rhamnose.
Strain M4 lacked this property if N-acetylglucosamine
was offered as carbon source (see Table 3). Growth
with m-erythritol and N addition was found only with
H. rubrisubalbicans.

Sequence analysis

For the purpose of probe design 23S rDNA sequence
analysis of stretches within domain III known to be
highly variable in base composition (Ludwig et al.,
1994) were performed with several Herbaspirillum-
like isolates from Pennisetum and Miscanthus. The
resulting sequences were aligned with homologous
sequence parts of other bacteria. In Figure 1 the aligned
partial 23S rRNA sequences of the already known
Herbaspirillum spp. and the Herbaspirillum-like iso-
lates from energy crops are shown. A suitable site for
an oligonucleotide probe is marked in bold and under-
lined letters. Isolates from one plant species did not
show any sequence differences.The sequence stretches
of Herbaspirillum-like isolates from Pennisetum and
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Table 1. MPN-counts per g fresh weight washed plant material of diazotrophic bacteria from Miscanthus
sinensis, Miscanthus sacchariflorus, Spartina pectinata, and Pennisetum purpureum

Pennisetum purpureum Miscanthus sinensis, M. sacchariflorus,

Spartina pectinata

no N-fertilizer application 105-106 102-103

150 kg ha�1 N-fertilizer application not determined < 102

Table 2. Origin and morphology of the isolates

Isolate Plant Tissue Cell morphology

GSF 1, 2, 4, 5, 6, 7, 8, 11,

12, 13, 14, 15, 16, 17 Spartina pectinata washed roots Azospirillum lipoferum-like

GSF 9, 10 S. pectinata washed roots Azospirillum-like

GSF 3 S. pectinata washed roots Herbaspirillum-like

GSF 36 S. pectinata washed stems Herbaspirillum-like

GSF 29 Miscanthus sinensis cv. Giganteus washed stems Azospirillum lipoferum-like

GSF 18, 31 M. sinensis cv. Giganteus washed stems Azospirillum-like

GSF 20 M. sinensis cv. Giganteus washed stems Herbaspirillum-like

GSF 26 M. sacchariflorus washed roots Azospirillum lipoferum-like

GSF 21 M. sacchariflorus washed roots Azospirillum-like

GSF 28 M. sacchariflorus washed roots Herbaspirillum-like

GSF 22, 24, 27, 35 M. sacchariflorus washed stems Herbaspirillum-like

GSF 19, 32, 33 M. sacchariflorus washed leaves Azospirillum lipoferum-like

GSF 23, 25, 30, 34 M. sacchariflorus washed leaves Herbaspirillum-like

80 B Pennisetum purpureum cv. Cameroon root Herbaspirillum-like

70 B, 74B, 96B P. purpureum cv. Cana Africa root Herbaspirillum-like

37 P. purpureum cv.Gramafante aerial part (stem mostly) Herbaspirillum-like

61 B P. purpureum cv. Guaçu aerial part (stem mostly) Herbaspirillum-like

114 B P. purpureum cv. Guaçu root Herbaspirillum-like

72 B P. purpureum cv. Merker aerial part (stem mostly) Herbaspirillum-like

16 B P. purpureum cv. Merker root Herbaspirillum-like

65 H, 73B, 90B, 101H, 121B P. purpureum cv. Merker x 239 root Herbaspirillum-like

11 B P. purpureum cv. Mineiro aerial part (stem mostly) Herbaspirillum-like

75 B, 118B P. purpureum cv. Minero root Herbaspirillum-like

112 B, 115B P. purpureum cv. Mott aerial part (stem mostly) Herbaspirillum-like

106 B P. purpureum cv. Mott root Herbaspirillum-like

60 B, 69B, 122B P. purpureum cv. Piracicaba aerial part (stem mostly) Herbaspirillum- like

78 B, 91B P. purpureum cv. Piracicaba root Herbaspirillum-like

36 B, 41B P. purpureum cv. Roxo aerial part (stem mostly) Herbaspirillum-like

81 B P. purpureum cv. Roxo root Herbaspirillum-like

48 H P. purpureum cv. s/pelo aerial part (stem mostly) Herbaspirillum-like

95 B P. purpureum cv. s/pelo root Herbaspirillum-like

84 B, 103H, 113B P. purpureum cv. Taiwan aerial part (stem mostly) Herbaspirillum- like

67 B, 117B P. purpureum cv. Taiwan root Herbaspirillum-like

Miscanthus differ only at one single base position (see
Figure; 1 base no. 124)

Dot blot hybridization

Miscanthus sinensis, Miscanthus sacchariflorus and
Spartina pectinata: 24 isolates showed positive
hybridization signals with an oligonucleotide probe
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Table 3. Pellicle formation in semi-solid media by various Herbaspirillum strains
with different carbon sources with and without nitrogen source added

Carbon source M4a Z67b GSF3 GSF30 75B 84B

malate +++c +++c +++c +++c +++c +++c

glucose +++ +++ ++ ++ ++ ++

N-acetyglucosamine - +++c +++c +++c +++c +++c

arabinose +++ +++ +++ +++ +++ +++

mannitol +++ +++ +++ +++ +++ +++

fructose + + + + + +

fructose + N +++ +++ +++ +++ +++ +++

inositol - ++ - - - -

tartrate + + ++c ++c + -

L-rhamnose - +++ - - - -

m-erythritol + N +++ - - - - -

a Type strain of Herbaspirillum rubrisubalbicans
b Type strain of Herbaspirillum seropedicae
+++ = thick pellicle coming to the medium surface
++ = pellicle formation some mm under the medium surface; alkalization of the

medium
+ = very fine pellicle
- = no growth; + N = addition of NH4Cl (1g/l)

specific for the genus Azospirillum (not shown). 21 of
these strains could be assigned to the species Azospiril-
lum lipoferum (see Figure 2A), the other strains did not
deliver a signal with any Azospirillum species-specific
probe (not shown). The remaining 12 isolates belong to
the �-subgroup of Proteobacteria as was shown using
the probe specific for the �-subgroup of Proteobacteria
(not shown). With the newly developed 23S rRNA-
targeting oligonucleotide probe (named beta 20: 50-
GAT ACA AGA ACC GGG AC-30) all of them showed
positive signals (see Figure 2B), while the bulk nucle-
ic acids did not hybridize with one of the already
developed probes specific for H. seropedicae or H.
rubrisubalbicans (Baldani et al., 1996). The idiosyn-
crasy of the beta 20 probe sequence was checked
with the data base of accessible rDNA sequences
(GenBank/DKFZ, Heidelberg, F.R.G.). Overmore, the
specificity of the designed oligonucleotide was tested
further in hybridization experiments with membrane
bound bulk nucleic acid of 112 different ecologically
relevant bacteria and found to be able to differenti-
ate the new Herbaspirillum-like strains from members
of the genus Herbaspirillum and other diazotrophic
and nondiazotrophic plant-associated bacteria (data not
shown).

Pennisetum purpureum: The immobilized nucle-
ic acid of all analyzed isolates hybridized with the
probe specific for the �-subgroup of the Proteobacteria
(not shown). Four isolates showed positive hybridiza-

tion signals with the oligonucleotide probe specific for
Herbaspirillum seropedicae (Figure 2C). All others
hybridized with the newly developed probe “beta 20”
obtained from Miscanthus isolates mentioned above
(Figure 2D).

PCR fingerprinting

The isolates were further investigated by PCR finger-
printing using oligonucleotides directed to sequences
which are derived from LINEs (Long Interspersed Ele-
ments) and are supposedly conserved in all cells. Fig-
ure 3 shows the pattern of the PCR products separated
by polyacrylamide gel electrophoresis of a representa-
tive selection of the isolates. It can be observed that all
isolates exhibit similar banding pattern with only few
bands varying in their molecular weight, even if they
are derived from different plant genotypes. This can be
found for Pennisetum purpureum isolates (lanes 1-3:
H. seropedicae isolates; lanes: 4-19: Herbaspirillum-
like isolates) as well as for isolates of Miscanthus
sinensis and Miscanthus sacchariflorus (lanes 21-28:
Herbaspirillum-like isolates). Equivalent observations
could be gained with the Azospirillum lipoferum iso-
lates of Miscanthus and Spartina (data not shown).
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Figure 1. Multiple alignment of 23S rDNA partial sequences of Herbaspirillum spp. and Herbaspirillum-like isolates from energy plants.

Discussion

The scope of this communication is to demonstrate the
discovery of diazotrophic bacteria from Miscanthus
sinensis, Miscanthus sacchariflorus, Spartina pectina-
ta and Pennisetum purpureum. From all these poten-
tial energy crop plants diazotrophic bacteria could be
isolated, especially if the plants had been grown with-
out chemical nitrogen fertilizer. Therefore, these C4-
plants harbour bacterial populations which have the
potential to support the nitrogen nutrition of the plants
as already described for other gramineous crops (e.g.
sugarcane; Döbereiner et al., 1995). However, the pop-
ulation size in Miscanthus sinensis, Miscanthus sac-
chariflorus and Spartina pectinata was much too low
for substantial nutritive contributions. This may par-
tially be explained by the fact, that the experiments

with Miscanthus sinensis, Miscanthus sacchariflorus
and Spartina pectinata were carried out in late sum-
mer and autumn (August/October) when the vegeta-
tive activity of the plant was low in Germany. During
the shooting stage size and structure of the bacterial
community may be different. Furthermore, it remains
to be examined, whether the associations between
these plants and diazotrophic bacteria are limited when
nitrogen fertilizer is supplemented in excess (Fuentes-
Ramirez et al., 1993), as it has been shown in the case
of sugarcane (120 kg ha�1).

The nitrogen fixing bacterial isolates from Pennise-
tum, Spartina and Miscanthus could be assigned to the
genera Herbaspirillum and Azospirillum. Most of the
immobilized nucleic acid of Azospirillum produced a
positive signal with the oligonucleotide probe specific
for Azospirillum lipoferum.
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Figure 2. Dot blot hybridization of bulk nucleic acids of diazotrophic bacteria isolated from energy crops. A: Hybridization signals of Miscanthus
sinensis, Miscanthus sacchariflorus and Spartina pectinata isolates with the oligonucleotide probe AL specific for Azospirillum lipoferum. B:
Hybridization result of the identical (2A) membrane with the oligonucleotide probe “beta 20”. C: hybridization signals of Pennisetum purpureum
isolates with the oligonucleotide probe HS specific for Herbaspirillum seropedicae. D: Hybridization result of a similar membrane with the
oligonucleotide probe “beta 20”.

Several isolates could be grouped to the genus
Herbaspirillum but differ from the already known
species Herbaspirillum seropedicae or H. rubrisub-
albicans. The auxanographic analyses of these iso-
lates indicated a strong relationship to the known
Herbaspirillum species but the combination of N-
acetylglucosamine assimilation and the lack of inosi-
tol and L-rhamnose assimilation capacity has not been
found with anyone of the known strains of H. serope-
dicae or H. rubrisubalbicans (Baldani et al., 1996) so
far. In addition, the oligonucleotide probes specific for
the two known herbaspirilla (Hartmann et al., 1995)
fail to produce positive hybridization results. Further-
more, the sequence of a highly variable 23S rDNA
stretch within domain III (helix 52b-54b; nummeration

according to Ludwig et al., 1994) showed close similar-
ity to the known Herbaspirillum spp. but exhibited sig-
nificant variations in base composition (see Figure1).
Exploiting these data, an oligonucleotide probe specif-
ic for the newly discovered Herbaspirillum-like organ-
ism could be designed and its successful use to identify
diazotrophic bacterial isolates was demonstrated (see
Figure 2B and 2D). These observations indicate that the
diazotrophic bacterial isolates associated with grami-
neous energy crops could probably represent a new
species within the genus Herbaspirillum. Further stud-
ies, especially DNA:DNA hybridization experiments
and total 16S rDNA sequencing, will be necessary to
confirm this hypothesis.
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Figure 3. Inter-LINE PCR fingerprinting of diazotrophic bacteria isolated from energy crops. Lanes 1-3: Herbaspirillum seropedicae isolates
from Pennisetum purpureum; lanes 4-19: Herbaspirillum-like isolates fromPennisetum purpureum; lane 20: 123 bp molecular weight standard;
lanes 21-28: Herbaspirillum-like isolates from Miscanthus sinensis/M. sacchariflorus.

The diversity within certain species of nitrogen fix-
ing soil bacteria has been already considered includ-
ing Azospirillum (Gündisch et al., 1993, Fani et al.,
1993), Bacillus (Mavingui et al., 1992) and Rhizobi-
um (Piñero et al., 1988) using genomic fingerprinting
approches like RFLP (restriction fragment length poly-
morphism) or PCR with primers directed to arbitrary or
repetitive sequences. The diversity of the recently dis-
covered endophytic bacterial populations is studied to
a lesser extent. With multilocus enzyme electrophore-
sis (MLE), RFLP and plasmid pattern the variabili-
ty of Brazilian and Mexican isolates of Acetobacter
diazotrophicus was investigated and a limited genetic
diversity was found (Caballero-Mellado and Martinez-
Romero, 1994). For the nitrogen fixing bacterial iso-
lates analyzed in the present communication similar
findings could be obtained by Inter-LINE PCR finger-
printing (see Figure 3). The levels of genetic diversity
in species of bacteria may be related to their habitat
(McArthur et al., 1988). It could be a general character-
istic for plant- associated bacteria or plant endophytes
that the genetic structure in these bacterial populations
is limited and highly conserved, probably due to the
selective conditions inside the plant. C4 fibre plants
are usually reproduced via rhizomes and the endo-
phytic bacterial population may be distributed by this
procedure. This could also contribute to the striking
genomic homogeny of diazotrophic plant associated
microorganisms.

In situ localization and activity studies of the endo-
phytic, diazotrophic bacterial populations during a
vegetation period will help to further elucidate the pop-
ulation dynamics and the mechanism of plant-bacteria
interaction. Resulting conclusions may faciliate the
finding of beneficial and ecologically competent bac-
terial strains and the possibility of pretreating axenic
plants with optimal bacterial inocula should be consid-
ered.
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J 1993 Ecology of the endophytic diazotrophs Herbaspirillum
spp.. Fitopat. Bras. 18, 313.

Olivares F L, Baldani V L D, Reis V M, Baldani J I and Döbereiner
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