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CHAPTER 1.24

Dinitrogen-Fixing Prokaryotes

ESPERANZA MARTINEZ-ROMERO

Introduction

Dinitrogen fixation, the biocatalytic conversion
of gaseous nitrogen (N,) to ammonium, is an
exclusive property of prokaryotes. The enzymes
responsible for this reaction are nitrogenases.
Proof that bacteria associated with leguminous
plants can fix atmospheric N, (making it avail-
able to the plants for growth) was first reported
in 1888 (reviewed in Quispel, 1988). Nitrogen
fixation is the most important way N, from air
enters biological systems and therefore it is a key
step in the nitrogen cycle. From a practical point
of view, the importance of the process rests with
its ability to reduce the chemical fertilization of
crops, even under conditions of environmental
stress (Bordeleau and Prgost, 1994; Zahran,
1999). Indeed, agronomically important crops
such as soybean, alfalfa, pea, clover and bean
obtain substantial amounts of their nitrogen
from bacterial N, fixation. One of the long-term
goals of N, fixation research is to select or engi-
neer major cereal crops such as rice, maize and
sugarcane so they can satisfy the bulk of their
nitrogen requirements, either indirectly by asso-
ciation with N,-fixing bacteria, or directly by
insertion of N,-fixing genes into the plant.

Many diazotrophs (di = two, azote = nitrogen;
trophs = eaters: dinitrogen fixers) are found to be
associated with the roots of plants where they
exchange fixed nitrogen for the products of pho-
tosynthesis. Plants associated with N, fixers can
grow in very poor soils and swamps (Koponen
et al., 2003) and be used successfully for soil
remediation.

Nowadays industrial fixation of atmospheric
N, exceeds the amount estimated to be produced
by biological nitrogen fixation each year (Karl et
al., 2002) and increased nitrogen (N) deposition
seems to be responsible for loss of biodiversity
and plant species extinction (Stevens et al.,
2004). Biological N, fixation is still the main
source of nitrogen in soil, marine environments
such as oligotrophic oceanic waters (where dis-
solved fixed-nitrogen content is extremely low;
Zehr et al., 1998; Staal et al., 2003), subtropical

and tropical open ocean habitats (Karl et al.,
2002), and hydrothermal vent ecosystems
(Mehta et al., 2003). N, fixation in coastal marine
environments may diminish because of habitat
destruction and eutrophication (Karl et al,
2002). Dinitrogen fixation may be a major nitro-
gen source for supporting primary and secondary
production of biomass in Antarctic freshwater
and soil habitats (Olson et al., 1998) and has
been reported to occur in moss carpets of boreal
forests (DeLuca et al.,2002) and in woody debris
(Hicks et al., 2003). Dinitrogen fixation by bac-
teria inside insect gut helps to compensate ter-
mites for their nitrogen-poor diet (Kudo et al,,
1998; Nardi et al., 2002).

N,-fixing prokaryotes inhabit a wide range of
exterior environments (including soils, seas, and
the oceans) and interior environments (including
insects, cow rumena, human intestines, and feces;
Bergersen and Hipsley, 1970), and even printing
machines and paper-making chemicals (Vai-
sanen et al., 1998). Nevertheless, the presence
of a N,-fixing bacterium is not evidence for the
occurrence of N, fixation. On the basis of N
balance analyses, N, fixation seemed to account
for excess N in humans with a low N diet, and
N-fixing bacteria were obtained from their guts
(Bergersen and Hipsley, 1970; Oomen and
Corden, 1970).

Dinitrogen fixers are encountered in Bacteria
and in some groups of Archaea. The number
of nitrogen-fixing phyla or lineages within the
domain Bacteria increased from 5 to 6 when
nitrogen-fixing bacteria were discovered within
the Spirochaetes (Lilburn et al.,, 2001). The
inventory of the phyla containing nitrogen-fixing
bacteria is probably still far from complete but
enlarging, as with the report of a strain of Verru-
comicrobium that is reported to have nitrogen
fixation genes (Rodrigues et al., 2004). Lists of
N,-fixing prokaryotes have been published
(Young, 1992; Phillips and Marthez-Romero,
2000), and new nitrogen-fixing species are con-
tinuously being described (Chen et al., 2001;
Moulin et al., 2001; Distel et al., 2002; Von der
Weid et al., 2002; Bianciotto et al., 2003; Rosen-
blueth et al., 2004). Nevertheless knowledge of
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N, fixers is limited, and some not yet identified
N, fixers could be found among the novel
bacterial divisions that are mostly unculturable
(Rappénd Giovannoni, 2003). The distribution
of N, fixers among the prokaryotes is patchy
(Young, 1992). They constitute restricted groups
within larger bacterial clusters. The existence of
non-fixers that are closely related to fixers has
been explained by the loss of N, fixation genes
or by the lateral transfer of these genes among
bacterial lineages (Normand and Bousquet,
1989; Vermeiren et al., 1999). Nitrogen fixation
is an energy costly process, which may explain
why nitrogen fixation was lost in many bacterial
lineages when not needed. The possession of N,-
fixing genes does not confer a selective advan-
tage to bacteria in nitrogen-rich environments, as
is the case where fixed nitrogen is added to agri-
cultural fields. Application of ammonium sulfate
reduced the number of Azotobacter in the plant
rhizosphere, and when compared with plants fer-
tilized with both nitrogen and phosphorus, maize
treated with phosphate alone had increased
nitrogenase activity (Dbereiner, 1974).

Similarly, very few or no Gluconacetobacter
diazotrophicus microorganisms were isolated
from sugarcane plants from heavily fertilized
areas (Fuentes-Ramfez et al., 1993; Muthuku-
marasamy et al., 1999), and, perhaps as a result
of chemical nitrogen fertilization, the bacterial
population had very limited genetic diversity
(Caballero-Mellado and Marthez-Romero,
1994; Caballero-Mellado et al., 1995). Subse-
quently, sugarcane colonization by A. diaz-
otrophicus was found to be inhibited in plants
supplied with chemical nitrogen fertilizer
(Fuentes-Ramfez et al., 1999). Another effect of
adding fixed nitrogen (diminished genetic diver-
sity of Rhizobium from Phaseolus vulgaris bean
nodules) was observed when the plants were
treated with the recommended level of chemical
nitrogen (Caballero-Mellado and Marthez-
Romero, 1999).

The complete genome sequence of the
Archaeon Methylobacterium thermoautotrophi-
cum was reported in 1997 revealing the presence
of nif genes (Smith et al., 1997), but N, fixation
could not be demonstrated in this strain (Leigh
et al., 2000). The sequences of the genomes of
the legume-nodulating bacteria belonging to
the genera of Mesorhizobium (Kaneko et al.,
2000), Sinorhizobium (Galibert et al., 2001) and
Bradyrhizobium (Kaneko et al., 2002) revealed
contrasting chromosome sizes and highly diverg-
ing genomes. A common ancestor of Mesorhizo-
bium and Sinorhizobium was deduced to exist
nearly 400 million years ago (Morton, 2002).
One of the most novel areas in nitrogen fixation
research is genomics, and for sure many N,-fixing
bacteria will be used for the determination of
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their whole genome sequence in the near future.
Post-genomic studies are already on course as
well.

Diazotroph Isolation and
Conditions for N, Fixation

N,-fixing bacteria are normally isolated in N-free
media. Whether a microorganism is a N, fixer is
not easy to determine. In the past, claims for
many fixers were shown to be erroneous, mainly
because fixers were recognized by their ability to
grow in nitrogen-free media. However, traces of
fixed nitrogen in the media sometimes accounted
for the bacterial growth. At other times, olig-
otrophic bacteria and fungi, which can grow on
nitrogen-free media, have been incorrectly
reported to be N,-fixing organisms. These micro-
organisms appear to meet their nitrogen require-
ments by scavenging atmospheric ammonia
(Postgate, 1988). Photosynthetic bacteria have
been known for more than 100 years, but the
capacity of some of these bacteria to fix N, was
not recognized until much later. Microorganisms
may fix N, under special conditions that may not
be readily provided in the laboratory. For exam-
ple, nitrogenases are inactivated in the presence
of oxygen, and different levels of oxygen seem
to be optimal for different N,-fixing organisms.
Also, some bacteria (e.g., some Clostridium) fix
N, only in the absence of oxygen. In other cases,
fixation may require specific nutritional con-
ditions or a differentiation process or both. A
remarkable case is the differentiation process of
Rhizobium to form N,-fixing bacteroids (Berg-
ersen, 1974; Glazebrook et al., 1993) inside plant
root or stem nodules. Bradyrhizobium species
can fix N, both in plant nodules and in vitro,
when provided with succinic acid and a small
amount of fixed nitrogen (Phillips, 1974). To fix
N,, bacteria belonging to the genus Azoarcus
(obtained from Kallar grass and more recently
also from rice plants) require proline, undergo
differentiation, and form a structure called a
“diazosome” (Karg and Reinhold-Hurek, 1996).
Stimulated by plants, cyanobacteria differentiate
into N,-fixing heterocysts that protect nitroge-
nase from oxygen (Wolk, 1996). Light was found
to induce circadian rhythms of N, fixation in the
cyanobacterium Synechococcus (Chen et al.,
1993). Wheat germ agglutinins were found to
stimulate N, fixation by Azospirillum, and a
putative receptor of this agglutinin was found in
the Azospirillum capsule. The stimulus gener-
ated from the agglutinin-receptor interaction led
to elevated transcription of both structural and
regulatory nitrogen-fixation genes (Karpati et
al., 1999).
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Methods for Detecting
Nitrogen Fixation

The methods used to measure biological N, fix-
ation include the quantification of the total nitro-
gen difference from Kjeldahl analysis, acetylene
reduction, and N incorporation or dilution. The
acetylene reduction assay has been used for over
30 years to measure nitrogenase activity and as
an indicator of N, fixation (Hardy et al., 1968).
These methods have been used both in the lab-
oratory and the field, and improvements of the
methods especially for field evaluations have
been proposed, including double labeling using
S as a control reference (Awonaike et al., 1993).
The “N-based techniques have been thoroughly
reviewed (Bergersen, 1980; Hardarson and
Danso, 1993).

Nitrogenases may reduce other substrates in
addition to N, and this has been the basis for the
acetylene reduction assay, which measures N, fix-
ation activity indirectly. However, the nitroge-
nase described by Ribbe et al. (1997) does not
have the ability to reduce acetylene. In Paeniba-
cillus, N, fixation has been demonstrated in some
cases by the increase in nitrogen measured by the
microKjeldahl method but not by acetylene
reduction (Achouak et al., 1999).

To circumvent the problems of estimating N,
fixation under laboratory conditions, a strategy
to detect nitrogenase genes has been successfully
followed. This strategy was made possible by
identification of conserved signatures (useful as
primers for the synthesis of the nitrogenase
reductase gene by means of polymerase chain
reaction [PCR] amplification) in the structural
nif gene sequences, namely nifH, found in many
microorganisms (Dean and Jacobson, 1992;
Ueda et al., 1995). In other cases, homologous
or heterologous probes have been used in
hybridization experiments to detect N, fixers.
With some nifH primers containing conserved
sequences, alternative nitrogenases may also be
amplified but not the nitrogenase (superoxide)
that is structurally unrelated to the classical
nitrogenase (Ribbe et al., 1997). Thus a search
for N,-fixing organisms using a procedure based
only on the classical nifH gene would be incom-
plete. Nevertheless, with nitrogenase DNA prim-
ers and PCR synthesis, novel N,-fixing genes may
be found. Eight nifH gene types corresponding
mainly to those of diazotrophic Proteobacteria
were detected in rice root from endophytic or
rhizoplane-borne bacteria (Ueda et al., 1995).
Remarkably, none of the sequences amplified
corresponded to previously described nifH
sequences. The nucleotide sequence of one of the
types was found to resemble those of the Azoar-
cus nif genes. Some bacteria in the gut of termites
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also have nifH sequences similar to those
obtained from rice roots (Ohkuma et al., 1999).
nif genes were found in human and bovine
treponemas (Lilburn et al., 2001) but not in
the completely sequenced genomes of the
spirochetes Treponema pallidum or Borrelia
burgdorferi.

Few N,-fixing organisms from the oceanic
environment have been cultivated and it is esti-
mated that less than 10% of marine diazotrophs
are cultivable. Nevertheless, on the basis of the
amplification of nitrogenase nifH genes, new
N,-fixing organisms have been detected in olig-
otrophic oceans. Nitrogenase genes characteris-
tic of cyanobacteria and of Alpha- and
Betaproteobacteria were obtained, whereas nifH
sequences from samples associated with plank-
tonic crustaceans were found to be clustered
with the corresponding sequences from either
sulfate reducers or clostridia (Zehr et al., 1998).
Since knowledge of the nitrogenase gene diver-
sity has improved (over 1500 sequences were
available at the time this manuscript was being
written), different sets of primers have been
designed (Bigmann et al.,, 2004) to better
amplify nifH genes directly from DNA extracted
from various samples including environmental
samples. More diverse diazotrophic populations
have been revealed with this approach than with
classical microbiological techniques that require
culturing of the bacteria (Zehr et al., 1998;
Biigmann et al., 2004).

A different method of N,-fixation detection
involves the growth of indicator non-N,-fixing
organisms in a co-culture with putative N,-fixing
bacteria. Such an approach has the additional
advantage of identifying bacteria that not only
fix N, but also can release fixed nitrogen into the
environment and thereby have potential use in
agriculture. Gluconacetobacter diazotrophicus
(Yamada et al., 1997), a N,-fixing isolate from
sugarcane, was cultured with the yeast Lipo-
myces kononenkoae on nitrogen-free medium,
and yeast growth was shown to be proportional
to the amount of N, fixed (Cojho et al., 1993).

Distribution of Dinitrogen-Fixing
Ability among Prokaryotes

Archaea and Bacteria nitrogenases are phyloge-
netically related (Leigh, 2000), and supposedly
the last common ancestor was a N,-fixing organ-
ism (Fani et al., 1999). Alternatively, nitrogen
fixation could have evolved in methanogenic
archaea and subsequently transferred into the
bacterial domain (Raymond et al., 2004). Nowa-
days, only 6 out of 53 currently identifiable major
lineages or phyla within the domain Bacteria
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have nitrogen-fixing members, namely: Proteo-
bacteria, cyanobacteria, Chlorobi (green non-
sulfur), spirochetes and the Gram-positives
(Firmicutes and Actinobacteria; Fig. 1).
Dinitrogen-fixing organisms have an advan-
tage over non-fixers in N,-deficient but not in N,-
sufficient environments where the N, fixers are
readily outcompeted by the bulk of microorgan-
isms. The nif genes may be expected to disappear
from bacteria that become permanent inhabit-
ants of environments with available fixed N,; this
may explain why some non-N, fixers emerged
and are closely related to N, fixers in phyloge-
netic trees of bacteria. Even within species of N,
fixers, some strains do not fix N, perhaps because
of the loss of this unique capacity, as is evident
in Azotobacter, Beijerinckia (Ruinen, 1974) and
Frankia (Normand et al., 1996). In Rhizobium,
nif genes and genes for nodule formation may be
easily lost concomitantly with the symbiotic plas-
mid (Segovia et al., 1991). Similarly, nonsymbi-
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otic Mesorhizobium strains are found in nature
that lack a symbiotic island (Sullivan et al., 1996).
N,-fixing species seem to be dominant in Rho-
dospirillaceae (Madigan et al., 1984), and within
the methanogens (in Archaea), nitrogen fixation
is widespread (Leigh, 2000). While all Klebsiella
variicola isolates were N,-fixing bacteria (Rosen-
blueth et al., 2004), only 10% of its closest rela-
tives (K. pneumoniae from clinical specimens)
had this capacity (Marthez et al., 2004).

The N,-fixing capability is unevenly distrib-
uted throughout prokaryotic taxa, and N,-fixing
bacteria are in restricted clusters among species
of non-N,-fixing bacteria. Only a subset of cyano-
bacterial species are able to fix N,. Gluconaceto-
bacter diazotrophicus and a couple of other
N,-fixing species are the only diazotrophs in a
larger group comprising Acetobacter, Gluconac-
etobacter and Gluconobacter (Fuentes-Ramfez
et al, 2001). Similarlyy, among aerobic
endospore-forming Firmicutes (Gram-positive

1. Verrucomicrobia
I ~ 2. vadin BE97
1 3. Chlamydiae
4.0P3
5. Planctomycetes

6.WS3

7.BRC1

8.NKB19
9.Firmicutes
10.0P9

11.WS2
12.Cyanobacteria
13.Fusobacteria

14.0P10

15.8C4
16.Actinobacteria
17.NC10
18.Bacteroidetes
- 19.Chlorobi
20.Marine Group A
| 1 21.Caldithrix
——— 22.Gemmatimonadetes
23.Fibrobacteres
24.Proteobacteria
25.Deferribacteres
26.Chrysiogenes arsenatis
27.SBR1093
28.Acidobacteria
29.0P8
30.0S-K
31.Nitrospira
32.Termite Group 1
33.TM6
34.Synergistes
35.0P5
36.Spirochaetes
37.ABY1
38.BD1-5 Group
39.0P11
40.WS6
41.TM7
{ 42.Guaymas 1
— T 43.WS5
44.8C3
45.Chloroflexi

46.Deinococcus-Thermus
47.Thermodesulfobacteria
48.0P1
49.Thermotogae
50.Coprothermobacter

~ 51.Dictyoglomus

- 52.Aquificae
53.Desulfurobacterium

Fig. 1. Relatedness of nifH genes
from different organisms according
to DNA sequence (after Hurek et al.,
1997a; Ueda et al., 1995; Young et al.,
1992; Zehr et al., 1995). In parenthe-
ses, the Proteobacteria subclass.
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bacteria), N, fixers are encountered mainly in a
discrete group (defined by cluster analysis from
16S rRNA gene sequences) corresponding to
Paenibacillus (Achouak et al., 1999). Among the
actinomycetes, N,-fixing Frankia, represented by
a diversity of phenotypes from different habitats,
are grouped by their 16S rRNA gene sequences
(Normand et al., 1996). In Archaea, N,-fixing
organisms are found in the methanogen group
and in the halophile group within the Euryarcha-
eota but not in the sulfur-dependent Crenarcha-
eota (Young, 1992).

Pseudomonas spp. were considered unable to
fix N,, but recently new isolates have been rec-
ognized as N, fixers. Some isolates, closely
related to fluorescent pseudomonads, possess in
addition to the FeMo nitrogenase an alternative
molybdenum-independent nitrogenase (Love-
less et al., 1999; Saah and Bishop, 1999). Dinitro-
gen-fixing Pseudomonas stutzeri, (previously
designated Alcaligenes faecalis) (Vermeiren et
al., 1999), is widely used as a rice inoculant in
China (Qui et al., 1981). Following rice inocula-
tion, P. stutzeri aggressively colonize the roots,
and the nifH gene is expressed in these root-
associated bacteria (Vermeiren et al., 1998).
Other reports list different N,-fixing Pseudomo-
nas species that have been isolated from sor-
ghum in Germany (Krotzky and Werner, 1987),
from Capparis in Spain (Andrade et al., 1997),
and from Deschampsia caespitosa in Finland
(Haahtela et al., 1983). The sporadic occurrence
of nif genes in Pseudomonas may be explained
by the acquisition of these genes by lateral
transfer (Vermeiren et al., 1999). Pseudomonas
stutzeri strains are known to be naturally compe-
tent for DNA uptake (Lorenz and Wackernagel,
1990). Other nifH gene sequences obtained from
rice-associated bacteria were in the same cluster
as the P stutzeri nifH gene (Ueda et al., 1995;
Vermeiren et al., 1999).

The phylogenetic relationship of N,-fixing
organisms inferred from the comparative analy-
sis of nif and 16S rRNA gene sequences led Hen-
necke et al. (1985) to propose that the nifH genes
may have evolved in the same way as the organ-
isms that harbor them; a similar conclusion was
obtained by Young (1992) from the analysis of a
larger number of diazotrophs. Ueda et al. (1995)
and Zehr et al. (1995), using different recon-
struction methods, reported nifH gene phyloge-
nies in general agreement with the phylogenetic
relationships derived from 16S rRNA gene
sequences, with some exceptions. A more recent
comparison of nifH and 16S rRNA phylogenies
has been performed with a very short fragment
of the nifH gene. An early possible duplication
of nifH and paralogous comparisons make inter-
pretations difficult (see Fig. 3 in Zehr et al,,
2003). Four major clusters of nifH are recognized
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and functional nitrogenases are found in three of
them (Zehr et al., 2003). The phylogenies of nifH
genes are continuously revised and updated with
novel sequences (including environmental ones)
and more robust reconstruction methods. nifH
genes from Gammaproteobacteria are found in
different groups, as well as those from Betapro-
teobacteria (Biigmann et al., 2004). Anomalies
in the phylogenetic position of Betaproteobacte-
ria have been reported as well (Hurek et al.,
1997; Minerdi et al., 2001).

Ecology of Dinitrogen-Fixing
Prokaryotes

The communities of dinitrogen-fixing bacteria
in natural environments may be studied with
approaches such as the amplification by PCR of
the nitrogenase reductase gene (nifH) with nifH
primers using environmental DNA, with subse-
quent analyses by cloning and sequencing, by
terminal restriction fragment length polymor-
phism (T-RFLP; Ohkuma et al., 1999; Tan et al.,
2003), or by denaturing gradient gel electro-
phoresis (DGGE; Muyzer et al., 1993). Hybrid-
ization to macro- and microarrays may reveal the
presence and frequency of different N,-fixing
prokaryotes (Jenkins et al., 2004; Steward et al.,
2004).

The ecology of the symbiotic N,-fixing soil bac-
teria that are collectively designated rhizobia,
has been comprehensively reviewed by Bottom-
ley (1992), and ecogeographic and diversity
reviews of these bacteria have been reported
(Marthez-Romero and Caballero-Mellado,
1996; Sessitsch et al., 2002). Additional aspects
of Rhizobium ecology in soil also have been
reviewed (Sadowsky and Graham, 1998).
Frankia symbiosis including some ecological
aspects has been reviewed by Baker and Mullin
(1992) and by Berry (1994). New molecular
approaches have recently enhanced our percep-
tion of microorganisms in their natural habitats.
By using PCR primers targeted to nitrogenase
genes, the description and natural histories of
communities of N,-fixing microorganisms may
be established more accurately than with tradi-
tional microbiological techniques. The fluctua-
tions of marine diazotroph populations have
been analyzed with these approaches. The bulk
of N, fixation appears to shift from cyanobacte-
rial diazotrophs in summer to bacterial diazotro-
phs in fall and winter (Zehr et al., 1995). The
heterocystous cyanobacteria are not as efficient
fixing nitrogen as the nonheterocystous cyano-
bacteria at the high temperatures of the tropical
oceans (Staal, 2003). The diversity of marine N,
fixers in benthic marine mats was determined
from the sequences of nifH genes. The nifH
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sequences obtained were most closely related
to those of anaerobes, with a few related to
Gammaproteobacteria including Klebsiella and
Azotobacter species (Zehr et al., 1995).

The role of N, fixation was examined in micro-
bial aggregates embedded in arid, nutrient-
limited and permanent ice covers of a lake area
in the Antarctic, and also in mats in soils adjacent
to the ice border. Molecular characterization by
PCR amplification of nifH fragments and nitro-
genase activity measured by acetylene reduction
showed a diverse and active diazotrophic com-
munity in all the sites of this environment. Nitro-
genase activity was extremely low, compared to
temperate and tropical systems. Diazotrophs
may be involved in beneficial consortial relation-
ships that may have advantages in this environ-
ment (Olson et al., 1998). Nitrogen fixation,
observed in moderately decayed wood debris,
was shown to be stimulated by warm tempera-
tures (Hicks et al., 2003).

The diversity of the N,-fixing microorganisms
within the symbiotic community in the gut of
various termites was studied without culturing
the symbiotic microorganisms. Both small sub-
unit (ss) rRNA (Kudo et al., 1998) and nifH
genes (Ohkuma et al., 1999) were amplified in
DNA extracted from the mixed microbial popu-
lation of the termite gut. The analysis of the nif
clones from diverse termites revealed different
sequences in most of the individual termite spe-
cies. Whereas the nif groups were similar within
each termite family, they differed between ter-
mite families. Microorganisms from termites
with high levels of N,-fixation activity could be
assigned to either the anaerobic nif group
(clostridia and sulfur reducers) or to the alterna-
tive nif methanogen group. Highly divergent
nif gene sequences (perhaps not even related
to nitrogen fixation) were found in termites
that showed low levels of acetylene reduction
(Ohkuma et al., 1999). Expression of the N,
fixation gene nifH was evaluated directly by
amplifying nifH cDNA from mRNA by reverse
transcription (RT)-PCR (Noda et al., 1999).
Only the alternative nitrogenase (from anf gene)
was preferentially transcribed in the gut of the
termite Neotermes koshunensis. The levels of
expression of the anf gene were related to the
N, fixation activity recorded for the termites.
The addition of Mo (molybdenum) to the ter-
mite diet did not repress the expression of the
anf genes; however, Mo repression of other anf
genes has been described (Noda et al., 1999).
Estimates are that the contribution of insect-
borne nitrogen-fixing bacteria in insects may be
up to 30 kg of N/hectare (ha)/year (Nardi et al.,
2002).

Endosymbionts from marine bivalve species,
located in the shipworm gills, are cellulolytic and
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N,-fixing. They provide cellulolytic enzymes to
the host. They are a unique clade in the Gam-
maproteobacteria related to Pseudomonas and
were designated as a new genus and species
Teredinibacter turnerae, which fixes nitrogen in
microaerobic in vitro conditions (Distel et al.,
2002).

The arbuscular mycorrhizal fungus (Gigaspora
margarita) has been shown to harbor a viable
and homogeneous population of endosymbiotic
bacteria that has been designated as “Candidatus
Glomeribacter gigasporarum” (Bianciotto et al.,
1996) related to Betaproteobacteria such as Ral-
stonia (Bianciotto et al., 2003). In the genomic
library of total DNA from the fungal spores,
clones carrying the bacterial genes nifD and
nifK were identified. Both of these genes were
arranged in a similar manner to the correspond-
ing genes in archaea or bacteria and were similar
to nitrogenases from different diazotrophs
(Minerdi et al.,, 2001; Minerdi et al., 2002).
mRNAs for the nif genes were detected, but
whether these endosymbionts fix nitrogen is
unknown.

Dinitrogen-fixing cyanobacteria form symbio-
ses with diverse hosts such as fungi, bryophytes,
cycads, mosses, ferns, and an angiosperm, Gun-
nera (Bergman et al., 1992). The genome of the
cyanobacteria Nostoc (which is a symbiont of
cycads, Gunnera and others) may be the largest
among those from Prokaryotes, with nearly
10 Mb (Meeks et al., 2001).

New symbionts capable of forming nodules in
the leguminous plant Lotus corniculatus were
obtained in agricultural fields after the lateral
transfer of genetic material to native nonsymbi-
otic soil mesorhizobia (Sullivan et al., 1995; Sul-
livan et al., 1996). Nonsymbiotic soil rhizobia,
which outnumber symbiotic bacteria in some
cases (Segovia et al., 1991; Laguerre et al., 1993),
have been considered to be potential recipients
of symbiotic plasmids. Molecular analyses
(including the sequence of DNA fragments of
16S rRNA genes, the fingerprints of digested
genomic DNA, and the hybridization patterns to
cloned fragments) clearly demonstrated that a
large segment of genetic material was acquired
by soil Mesorhizobium bacteria (Sullivan et al.,
1995) and that the original Mesorhizobium loti
strain applied to the soil as an inoculant was the
donor of these symbiotic genes. The mobilizable
500-kb DNA fragment has been designated a
symbiosis island and it encodes genes for symbi-
otic N, fixation (fix genes) as well as those for
the synthesis of vitamins (Sullivan et al., 2002).
The symbiotic island was integrated into the
phenylalanine-tRNA gene (Sullivan and Ron-
son, 1998). Interestingly, pathogenicity islands in
other bacteria range up to 190 kb in size and
most are either found adjacent to or integrated
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within tRNA genes or flanked by insertion
sequences (Cheetham and Katz, 1995; Kovach et
al., 1996). In M. loti, the symbiotic genes are
chromosomally located as in most Mesorhizo-
bium and Bradyrhizobium sp. A similar symbi-
otic chromosomal region was identified in M. loti
(Kaneko et al., 1999) that was later classified as
M. huakuii (Turner et al., 2002). Only a few
Mesorhizobium species such as M. amorphae
possess symbiotic plasmids (Wang et al., 1999b),
which are a common characteristic of Rhizobium
and Sinorhizobium species (Marthez et al,
1990). The great chromosomal diversity, mainly
based on 16S rRNA sequence (Wang and
Marthez-Romero, 2000) and on glutamine syn-
thetase (GSII) genes (Wernegreen and Riley,
1999) encountered in M. loti, may be ascribed
to the natural occurrence of genetic transfer of
symbiotic genes in Mesorhizobium (Sullivan et
al., 1996).

The range of nodulating bacteria has enlarged.
Nodulating  Methylobacterium have been
reported from Crotalaria nodules (Sy et al.,
2001). Surprisingly, some Betaproteobacteria in
the genera Burkholderia (Moulin et al., 2001)
and Ralstonia (Chen et al., 2001) are capable of
nodulating legumes. These bacteria have been
classified as Burkholderia phymatum, B. tuberum
(Vandamme et al., 2002), B. caribensis (Chen et
al., 2003) and Wautersia taiwanensis (previously
designated Ralstonia taiwanensis) (Chen et al.,
2001; Vaneechoutte et al., 2004). Like Rhizo-
bium and Sinorhizobium spp., these Betaproteo-
bacteria possess symbiotic plasmids that carry
nodulation genes (Chen et al., 2003). The simi-
larity of these nod genes to those of the
Alphaproteobacteria suggested that lateral
transfer of nod genes occurred, most probably
from Alpha- to Betaproteobacteria (Moulin et
al., 2001; Chen et al., 2003). Similarly the lateral
transfer of nod genes has been implied as a pos-
sible explanation for the nodulation capacity in
Devosia, and a new species has been identified
that carries nodD and nifH genes similar to those
of R. tropici (Rivas et al., 2002).

Dinitrogen-Fixing Prokaryotes
in Agriculture

The first industrial production of Rhizobium
inoculants began at the end of the nineteenth
century. In the absence of nitrogen fertilization,
spectacular increases in plant and seed yield may
be obtained by inoculation of legumes where
the specific rhizobia for the legumes are absent
or scarce (Singleton and Tavares, 1986). Factors
affecting nodule occupancy by rhizobia inocu-
lants were reviewed by Vlassak and Vanderley-
den (1997). Inoculation of soybean is a common
practice in Brazil (Hungria et al., 2000) or in the
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United States where production of soybean inoc-
ulants is a top priority for inoculant-producing
companies (Paau, 1989), and inoculation of cash
crops with nitrogen-fixing inoculants is consid-
ered a realistic alternative to the ever increasing
use of fertilizers. High quality inoculants (whose
characteristics were discussed by Maier and
Triplett, 1996) as well as the improvement of
management systems, are useful not only for
agriculture but also for reforestation of devas-
tated areas. Leguminous trees with their corre-
sponding rhizobia have been recommended for
many and diverse uses including reforestation,
soil restoration, lumber production, cattle for-
age, and for human food. The so-called “acti-
norhizal plants” that associate with Frankia are
also of great value for reforestation; actinorhizal
plants belong to eight families (Baker and
Mullin, 1992; Berry, 1994).

A high impact goal of nitrogen fixation
research has been to extend nitrogen fixation to
non-legumes and this has promoted the search
for nitrogen fixing bacteria that are associated
with agriculturally valuable crops. From a basic
research perspective this has increased our
knowledge of their diversity. The impact on agri-
culture and potential as a substitute for the high
levels of fertilizer used in intensive agriculture is
debatable, and a critical review of the actual con-
tributions of N, fixation to the amount of fixed
N present in cereals and other grasses finds that
N,-fixing bacteria in agriculture provide only a
limited amount of fixed N. Careful long-term N
balance studies would be required to accurately
estimate these contributions (Giller and Merckx,
2003). Levels of fixed nitrogen (as low as 5-35 kg
N/ha per year) that contribute over the long
term to sustain fertility in nonagricultural areas
(Stevens et al., 2004) are neglible for present
modern intensive agricultural needs but may be
of use in traditional, low input small farming sys-
tems. Legumes may fix over 200 kg N/ha per year
and this is a significant contribution of nitrogen.
Conservative values for bacterial fixation in non-
legumes are 20-30 kg N/ha per year, but higher,
substantial values have been also estimated (see
below). The rate of fixation of the tree Acacia
dealbata is considered sufficient to replace the
estimated loss due to timber harvesting (May
and Attiwill, 2003).

Sugarcane and rice are the Gramineae most
extensively studied with regard to N, fixation,
but other crops are being studied as well (see
below). Sugarcane has been grown for more than
100 years in some areas of Brazil without nitro-
gen fertilization or with very low nitrogen inputs,
and removal of the total harvest has not led to
decline in yield and soil nitrogen levels. This
observation suggested that N, fixation may have
been the source for a substantial part of the
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nitrogen used by this crop (Dbereiner, 1961).
Alternatively, irrigation water has been impli-
cated as a possible source of N (Giller and
Merckx, 2003).

From 25-55% (Urquiaga et al., 1989; Yon-
eyama et al., 1997) or perhaps as much as 60—
80% (Boddey et al., 1991) of the plant N could
be derived from associative dinitrogen fixation,
but scepticism about the occurrence of high lev-
els of nitrogen fixation has been expressed
(Giller and Merckx, 2003). The problems of
estimating sugarcane N, fixation, discussed by
Boddey et al. (1995), include different patterns
of nitrogen uptake by different sugarcane varie-
ties (Urquiaga et al., 1989), declining "°N enrich-
ment of soil mineral nitrogen, carryovers of
nitrogen from one harvest to the next, and dif-
ferential effects on control plants during the
three-year study (Urquiaga et al., 1992). The
mean estimates of fixed N, for two sugarcane
hybrids grown in concrete tanks ranged from
170-210 kg N, fixed/ha (Urquiaga et al., 1992).
Correction for micronutrient soil deficiencies
and high soil moisture seem to be key conditions
that promote N, fixation in sugarcane plants
(Urquiaga et al., 1992). The evidence of large
differences in N, fixation among different sugar-
cane cultivars is compelling.

Dinitrogen-fixing bacteria isolated from the
rhizosphere, roots, stems and leaves of sugarcane
plants include Beijerinckia, Azospirillum, Azoto-
bacter, Erwinia, Derxia, Enterobacter (reviewed
in Boddey et al., 1995), Gluconacetobacter (Cav-
alcante and Dbereiner, 1988), and Herbaspiril-
lum (Baldani et al., 1986). Gluconacetobacter
diazotrophicus has the capacity to fix N, at low
pH and in the presence of nitrate and oxygen. A
G. diazotrophicus nifD mutant that cannot fix N,
has been tested on plants derived from tissue
cultures. Plant height was significantly increased
by the wildtype strain and not by the mutant
strain inoculants, suggesting a positive effect of
N, fixation by G. diazotrophicus on sugarcane
(Sevilla et al., 1998). Beneficial effects of G. dia-
zotrophicus inoculation in experimental fields
also have been reported (Sevilla et al., 1999), but
global N balances were not analyzed. Selected
strains of Herbaspirillum were reported to stim-
ulate plant development (Baldani et al., 1999).
Gluconacetobacter diazotrophicus (James and
Olivares, 1997), Herbaspirillum seropedicae and
H. rubrisubalbicans (Olivares et al., 1996) have
been clearly shown to colonize sugarcane plants
internally. Colonization by G. diazotrophicus
was inhibited by nitrogen fertilization (Fuentes-
Ramfez et al., 1999). Probably N, fixation
in sugarcane is performed by a bacterial
consortium.

Several studies have been carried out on
nitrogen balance in lowland rice fields in Thai-
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land (Firth et al., 1973; Walcott et al., 1977), in
Japan (Koyama and App, 1979), and at the
experimental fields of the International Rice
Research Institute (IRRI) in the Philippines
(App et al., 1984; Ventura et al., 1986). These
studies report a positive balance with estimates
of around 16-60 kg of nitrogen fixed per ha per
crop (App et al., 1986; Ladha et al., 1993). In a
nitrogen-balance study carried out on 83 wild
and cultivated rice cultivars (6 separate experi-
ments, each with 3 consecutive crops), large
and significant differences between cultivars
were found (App et al., 1986). But other assays
showed only a small or nonsignificant contribu-
tion of fixed N, in rice (Watanabe et al., 1987b;
Boddey et al., 1995).

Many different N,-fixing bacteria have been
isolated from rice roots. These include Azoto-
bacter, Beijerinckia (Dbereiner, 1961), Azospir-
illum (Baldani and Dbereiner, 1980; Ladha
et al., 1982), Pseudomonas (Qui et al., 1981;
Barraquio et al., 1982; Barraquio et al., 1983;
Watanabe et al., 1987a; Vermeiren et al., 1999),
Klebsiella, Enterobacter (Bally et al., 1983;
Ladha et al., 1983), Sphingomonas (described as
Flavobacterium in Bally et al., 1983), Agromonas
(Ohta and Hattori, 1983), Herbaspirillum spp.
(Baldani et al., 1986; Olivares et al., 1996), sulfur-
reducing bacteria (Durbin and Watanabe, 1980;
reviewed in Barraquio et al. [1997] and in Rao et
al. [1998]), Azoarcus (Engelhard et al., 1999) and
methanogens (Rajagopal et al., 1988; Lobo and
Zinder, 1992). The nitrogenase genes of Azoar-
cus are expressed on rice roots (Egener et al.,
1998), and Herbaspirillum seropedicae expresses
nif genes in several gramineous plants including
rice (Roncato-Maccari et al., 2003).

Cyanobacteria have long been used to fertilize
agricultural land throughout the world, most
notably rice paddies in Asia. Increases in rice
plant growth and increases in nitrogen content in
the presence of cyanobacteria have been docu-
mented by many investigators. Plant promotion
may also be related to growth-promoting sub-
stances produced by the cyanobacteria (Stewart,
1974). Azolla is a small freshwater fern that
grows very rapidly on the surface of lakes and
canals. Extensive employment of Azolla-
Anabaena as a green manure in rice cultivation
has been documented. Anabaena, a representa-
tive filamentous cyanobacterium, establishes
symbioses with a diversity of organisms including
Azolla. Unfortunately, various cyanobacteria
also produce highly poisonous toxins and some
of them are related to the high incidence of
human liver cancer in certain parts of China.
Highly toxic strains have been found in Ana-
baena and in other genera of cyanobacteria, and
identification of such strains requires sophisti-
cated biochemical tests (Carmichael, 1994).
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Alternatively, other bacterial species are being
tested to promote rice growth, such as the N,-
fixing Burkholderia vietnamiensis (Gillis et al.,
1995). In some agriculture sites in Vietnam, this
species has been isolated as the dominant N,-
fixing bacterium in the rice rhizosphere (Tra
Van et al., 1996). Burkholderia vietnamiensis
inoculation has resulted in significant increases
(up to 20%) in both shoot and root weights in
pots and its use in rice inoculation seems highly
promising (Tra Van et al., 1994). However, a
note of caution has been raised with a proposed
moratorium on the agricultural use of B. viet-
namiensis, which has a close genetic relationship
to human pathogens implicated in lethally infect-
ing patients with cystic fibrosis (Holmes et al.,
1998). Detailed molecular analysis may allow for
the distinction of pathogenic and environmental
isolates (Segonds et al., 1999).

For over seven centuries, rice rotation with
clover has significantly benefited rice production
in Egypt. Clover is normally associated with
Rhizobium leguminosarum bv. trifolii that forms
N,-fixing nodules in the root of this plant. Sur-
prisingly, strains of this bacterium also were
encountered inside the rice plant with around
10*-10° rhizobia per gram (fresh weight) of root.
These values are within the range of other bona
fide endophytic bacteria (Yanni et al., 1997).
Promotion of rice shoot and root growth was
dependent on the rice cultivar, inoculant strain,
and other conditions. Inoculation of rice with a
selected strain gives best results in presence of
low doses of nitrogen fertilizer. A number of
investigators have reported growth stimulation
of crops such as wheat and corn inoculated with
a R. leguminosarum bv. trifolii strain, but these
effects may not be related to N, fixation (Holflich
et al., 1995).

In non-legumes (such as Arabidopsis thaliana
[a model plant]), penetration of rhizobial strains
has been found to be independent of nodulation
genes that are normally required for bacterial
entry into the legume root (Gough et al.,
1996; Gough et al., 1997; Webster et al., 1998;
O’Callaghan et al., 1999). This process probably
requires cellulases and pectinases (Sabry et al.,
1997). Azorhizobium caulinodans, in addition
to forming nodules on Sesbania rostrata, has
been found to colonize the xylem of its host
(Or’Callaghan et al., 1999) as well as to colonize
wheat (Sabry et al., 1997). In wheat, A. caulin-
odans promotes increases in dry weight and
nitrogen content as compared to uninoculated
controls; acetylene reduction activity was also
recorded. The interaction between azorhizobia
and wheat root resembles the invasion of xylem
vessels of sugarcane roots by G. diazotrophicus
(James and Olivares, 1997) and Herbaspirillum
spp. (Roncato-Maccari et al.,, 2003) and of
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wheat by Pantoea agglomerans (Ruppel et al.,
1992). The xylem vessels may be the site of N,
fixation because they provide the necessary con-
ditions (carbohydrates and low oxygen tension),
although the nutrient levels in the xylem have
been considered as too low to maintain bacterial
growth and N, fixation (Fuentes-Ramfez et al.,
1999; Welbaum et al., 1992). In acreage culti-
vated using Sesbania rostrata-rice rotation, A.
caulinodans survives in the soils and rhizo-
sphere of wetland rice (Ladha et al., 1992).
Azorhizobium caulinodans can colonize the rice
rhizosphere (specifically around the site of lat-
eral root emergence), penetrate the root at the
site of emergence of lateral roots, and colonize
subepidermally intercellular spaces and dead
host cells of the outer rice root cortex (Reddy et
al., 1997).

The application of green manure has been an
agronomic practice for increasing rice produc-
tion, and legumes also can be used because of
their symbiosis with N,-fixing rhizobia. A large
number of species are used both before and after
rice culture including Macroptilium atropur-
pureum, Sesbania and Aeschynomene spp.
(Ladha et al., 1992). Owing to their high
N,-fixing capacity and their worldwide distribu-
tion, flood-tolerant legumes such as Sesbania
rostrata have been the focus of research. Sesba-
nia herbacea nodulated by R. huautlense is also
a flood-tolerant symbiosis (Wang and Marthez-
Romero, 2000).

Nitrogen fixation in non-legumes is condi-
tioned more by the plant than by the bacteria.
Interestingly, aluminum-tolerant plants are more
capable of maintaining bacterial nitrogen
fixation than plants that are not tolerant
(Christiansen-Weniger et al.,, 1992), maybe
because they excrete dicarboxylics that are ade-
quate to support bacterial N,-fixation.

N,-fixing bacteria associated to maize include:
Azospirillum, Herbaspirillum, Klebsiella (Che-
lius and Triplett, 2001), Burkholderia vietnamien-
sis (TrA Van et al., 1996), R. etli (Gutifrez-
Zamora and Marthez-Romero, 2001), and the
newly described species (Paenibacillus brasilen-
sis; [Von der Weid et al., 2002] and Klebsiella
variicola [Rosenblueth et al., 2004]). Klebsiella
variicola was also found associated with banana
plants (Marthez et al., 2003). Soil type instead
of the maize cultivar determined the structure of
a Paenibacillus community in the rhizosphere
(Araujo de Silva et al., 2003).

Sweet potato (Ipomoea batatas) may grow in
poor N-soil and associated N-fixation has been
considered to contribute N to these plants. By a
cultivation-independent approach, bacteria sim-
ilar to Klebsiella, Rhizobium and Sinorhizobium
were inferred to be present as sweet potato
endophytes (Reiter et al., 2003).
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Perspectives of Application of

Nitrogen Fixation Research

The transgenic plants that will herald a revolu-
tion in agriculture are those with functional
nitrogenase genes that, when expressed, will sat-
isfy all the plant’s nitrogen needs. The source of
these genes will be prokaryotic. Research efforts
are directed towards the ambitious goal of trans-
forming rice plastids (Potrykus group in Ziich
discussed in Rolfe et al., 1998) and plastids of the
alga Chlamydomonas reinhardtii (Dixon et al.,
1997; Dixon, 1999). Introduction of additional
genes into plants to protect nitrogenase from
oxygen damage will be needed. Such approaches
could only be based on a profound understand-
ing of N, fixation biochemistry, gene regulation
and organization, as well as the structure and
function of nitrogenases. Whether such a goal is
feasible is difficult to predict.

The identification and selection of plant-
associated microorganisms and their genetic
improvement is an alternative strategy for
obtaining agricultural crops that benefit from
prokaryotic N, fixation. N, fixation (N, fixation
without nodules) from associated bacteria is
being considered as a suitable mode to exploit
N, fixation in non-legumes (Triplett, 1996).
Rhizosphere N, fixation by Rahnella aquatilis
has been reported to occur in maize and wheat
(Berge et al., 1991), and in other plants (Heulin
et al.,, 1989). Mycorrhiza associate with most
plants, and interestingly, bacteria-like organisms
with nitrogenase genes have been found to
be natural endosymbionts of the mycorrhiza
(Minerdi et al., 2002). This association may be
exploited to transfer N, fixation to non-legumes.
The genetic improvement of mycorrhiza and
bacterial symbionts may constitute a highly effi-
cient system for the provision of fixed nitrogen
to the plants.

The usefulness of N,-fixing bacteria in biore-
mediation is also being recognized (Suominen et
al., 2000; Prantera et al., 2002). Increased trans-
formation of contaminating polychlorinated
biphenyls was obtained with alfalfa inoculated
with Sinorhizobium meliloti at 44 days after
planting (Mehmannavaz et al., 2002). Dinitrogen
fixation may decrease the need for nitrogen
required by bacterial consortia used to degrade
diesel fuel (Piehler et al., 1999).

Novel N, fixers may be found if the enrich-
ment conditions for their isolation are more
varied so as to include aerobic, anaerobic or
microaerobic conditions, a variety of carbon
sources at varying concentrations (copiotrophic
and oligotrophic conditions; Kuznetsov et al.,
1979), and media formulations that include or
exclude Mo or V. The discovery of a molybde-
num-dinitrogenase and a manganese-superoxide
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oxidoreductase from Streptomyces thermoauto-
throphicus (Ribbe et al., 1997) opens a new ave-
nue in N, fixation research. Undoubtedly, other
microorganisms containing this nitrogenase have
yet to be identified. This nitrogenase may prove
to be more amenable for introduction into plants
because of its lower energy requirements and its
higher tolerance to oxygen.

Elevated CO, levels provided to legumes were
found to stimulate N, fixation indicating that N,
fixation was limited by the availability of photo-
synthate (Zanetti et al., 1996). Environmental
and management constraints to legume growth
(basic agronomy, nutrition, water supply, dis-
eases, and pests) are the major limiting factors of
N, fixation in many parts of the world. Crop pro-
duction on 33% of the world’s arable land is
limited by phosphorus availability (Sachez and
Vehara, 1980). Efforts to maximize the input of
biologically fixed nitrogen into agriculture will
require concurrent approaches, which include
the alleviation of phosphorus and water limita-
tion, the enhancement of photosynthate avail-
ability, as well as sound agricultural management
practices.

Biochemistry and Physiology of
Dinitrogen Fixation

Although the chemical nature of the primary
product of N, fixation was the subject of debate
for many years, the issue was clarified with the
use of N. All diazotrophs were thought to use
the same two-component nitrogenases (consist-
ing of an iron and an molybdenum-iron protein).
Alternative nitrogenases were reported subse-
quently (Hales et al., 1986; Robson et al., 1986)
and found in very different bacteria including
Anabaena variabilis, Azospirillum brasilense,
Clostridium pasteurianum, Heliobacter gestii,
Rhodobacter capsulatus, Rhodospirillum
rubrum, and bacteria corresponding to Gam-
maproteobacteria such as Pseudomonas (Saah
and Bishop, 1999). Azotobacter vinelandii, an
aerobic soil bacterium, was the first diazotroph
shown to have three distinct nitrogenases:
the classical molybdenum (Mo)-containing
nitrogenase (nitrogenase 1), the vanadium (V)-
containing (nitrogenase 2), and the iron-only
nitrogenase (nitrogenase 3; Maynard et al.,
1994). The alternative nitrogenases (nitrogenase
2) use V instead of Mo, and this substitution is
advantageous under conditions where Mo is lim-
iting (Jacobitz and Bishop, 1992). Similarly, the
iron nitrogenase (nitrogenase 3) is expressed
only in Mo- and V-deficient, nitrogen-free media.
The V-containing nitrogenase produces around
three times more hydrogen than the Mo-
nitrogenase (Eady, 1996).
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A Mo-dinitrogenase and a manganese-
superoxide oxidoreductase have been found to
couple N, reduction to the oxidation of superox-
ide. This nitrogenase is more efficient than the
classical enzyme, which requires a fourfold
greater input of ATP. This N,-fixing system, which
is not sensitive to oxygen, has only been
described in Streptomyces thermoautotrophicus
(Ribbe et al., 1997), and the genomic DNA of
this bacterium does not hybridize to DNA probes
for the classical nif genes. Although the overall
reactions catalyzed by S. thermoautotrophicus
are similar to those of previously characterized
nitrogenases (e.g., the production of H,), it is the
subunit structure, polypeptides, and inability to
reduce acetylene that distinguishes the nitroge-
nase of this system from other nitrogenases
(Ribbe et al., 1997). The currently known dini-
trogenase reductases are ca. 63-kDa v, dimeric
iron proteins that contain 4 Fe and 4 S? per
dimer. In contrast, the St2 protein of S. thermoau-
totrophicus has been identified as a member of
the manganese-superoxide oxidoreductases
(SODs) with molecular mass ~48 kDa and no Fe
or S Unlike other SODs, St2 cannot convert O~
» into O, and H,0,. Some diazotrophs are able
to utilize the H, evolved from N, fixation via
uptake hydrogenases (Evans et al., 1985). These
enzymes are found in N,-fixing and non-N,-fixing
bacteria and in cyanobacteria. The uptake hydro-
genases in Anabaena are present only in hetero-
cysts, which are the specialized N,-fixing cells of
cyanobacteria; interestingly, the hydrogenase
genes are rearranged during heterocyst differen-
tiation (Carrasco et al., 1995).

Hitherto, ammonium has been accepted as the
primary product of N, fixation and as a reactant
in the biosynthesis of all nitrogen-containing
molecules made by N,-fixing organisms. Because
ammonia excretion has been considered a bene-
ficial characteristic enabling N, fixers to establish
symbioses with other organisms such as plants, it
has been generally assumed that the ammonium
assimilation enzymes are depressed in symbiotic
bacteria. However, Bradyrhizobium japonicum,
which forms nodules and fixes nitrogen in soy-
bean plants has been shown to excrete alanine
preferentially and not ammonium (Waters et al.,
1998). Whether this generally occurs in rhizobia
is still controversial (Youzhong et al., 2002; Lod-
wig et al., 2003; Lodwig et al., 2004). The ratio
of alanine to ammonia excretion seems to be
related to the oxygen concentration and the rate
of respiration (Li et al., 1999). For the cyanobac-
terium Nostoc, which can establish symbiosis
with many organisms including Gunnera, ammo-
nia excretion accounts for only 40% of the nitro-
gen released (Peters and Meeks, 1989). Different
plant endophytes have been found to release
(excrete) riboflavin during N, fixation (Phillips et
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al., 1999b). Lumichrome, a compound obtained
from riboflavin, has been reported to stimulate
root respiration and promote alfalfa seedling
growth (Phillips et al., 1999a). Production of
riboflavin-lumichrome by plant-associated bac-
teria is favored by a high N-to-C ratio in the
media, and possibly N, fixation also promotes
the synthesis of nitrogen-containing compounds
(other than ammonia), such as lumichrome, that
can benefit plants.

NITROGENASE STRUCTURE The classical nitroge-
nase is a complex, two-component metallopro-
tein composed of an iron (Fe) protein and a
molybdenum-iron (MoFe) protein. The proper-
ties of nitrogenase have been reviewed (Howard
and Rees, 1994; Burgess and Lowe, 1996; Eady,
1996; Seefeldt and Dean, 1997). The iron-molyb-
denum cofactor (Fe-Moco), the prototype of a
small family of cofactors, is a unique prosthetic
group that contains Mo, Fe, S, and homocitrate
inaratioof 1:7:9:1, and it is the active site of
substrate reduction (Hoover et al., 1989; Kim
and Rees, 1992b). All substrate reduction reac-
tions catalyzed by nitrogenase require the
sequential association and dissociation of the
two nitrogenase components.

A great deal of effort to define the structure
of nitrogenases has been expended. Azotobacter
vinelandii has been suitable for these studies
because it produces large amounts of the
enzyme, it is amenable to genetic manipulation,
and it has nif and nif-associated genes of known
sequence (Brigle et al., 1985; Jacobson et al.,
1989; Bishop and Premakumar, 1992). A major
achievement in the biochemistry of nitrogenases
has been the establishment of the structure of the
Fe (Georgiadis et al., 1992) and the MoFe pro-
teins (Kim and Rees, 1992b; Bolin et al., 1993;
Schindelin et al., 1997) involving high resolution
X-ray crystallographic analysis (Peters et al.,
1997; Schlessman et al., 1998). A ~2.2 A resolu-
tion has been reported for the Azotobacter vine-
landii MoFe-protein (Peters et al., 1997), the A.
vinelandii Fe-protein (Av2), and the Clostridium
pasteurianum Fe-protein (Schlessman et al.,
1998). The knowledge of the Fe protein structure
has contributed to understanding how MgATP
functions in nitrogenase catalysis. The Fe-protein
is a homodimer with two ATP-binding sites, and
the nucleotide binding causes conformational
changes in the protein. ATP hydrolysis occurs
in the transient complex formed between the
component proteins. Molecular interactions
were proposed from mutagenesis studies of the
nitrogenases (Kent et al., 1989; Dean et al., 1990;
Scott et al., 1990). Site-specific mutagenesis stud-
ies based on the FeMo protein crystal structure
(Kim and Rees, 1992a) have been aimed at
amino acids related to the FeMo-cofactor (espe-
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cially at the residues proposed to be involved in
the entry and exit path for substrates, inhibitors
and products) and also at those residues involved
in FeMo-cofactor insertion during biosynthesis.
The spectroscopic and kinetic properties of the
resulting mutant proteins are studied (Dilworth
et al., 1998).

The use of biophysical, biochemical and
genetic approaches have facilitated the analysis
of the assembly and catalytic mechanisms of
nitrogenases. The synthesis of the prosthetic
groups of nitrogenases has been a challenge for
chemists. The different substrates utilized by the
nitrogenases seem to bind to different areas of
the FeMo-cofactor (Shen et al., 1997). Nitroge-
nase structural changes that occur after the for-
mation of the active complex are thought to
produce transient cavities within the FeMo pro-
tein, which when opened allows the active site to
become accessible (Fisher et al., 1998). The
FeMo-cofactor also is found associated with the
alternative nitrogenase, anf-encoded proteins
(AnfDGK; Gollan et al., 1993; Pau et al., 1993).

The nifDK genes of Azotobacter vinelandii
were fused and then translated into a single large
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nitrogenase protein that interestingly has nitro-
gen fixation activity (Suh et al., 2003). This shows
that the MoFe protein is flexible. However a sub-
stitution of tungsten for Mo abolished nitroge-
nase activity (Siemann et al., 2003).

Nitrogen Fixation Genes The complete nucle-
otide sequence of the Klebsiella pneumoniae
24-kb region required for N, fixation was
reported in 1988 (Arnold et al., 1988). Genes for
transcriptional regulators were found to cluster
contiguously with the structural genes for the
nitrogenase components and genes for their
assembly. The N, fixation (nif) genes are orga-
nized in seven or eight operons containing the
following nif genes: J, H, D, K, T, Y, E, N, X, U,
S, V,W,Z, M, F, L, A, B and Q (Fig. 2). The
products of at least six N, fixation (nif) genes
are required for the synthesis of the iron-
molybdenum cofactor (FeMo-co): nifH, nifB,
nifE, nifN, nifQ, and nifV. NifU and NifS might
have complementary functions mobilizing the Fe
and S respectively needed for nitrogenase met-
allocluster assembly in A. vinelandii. Notably,
some of the gene products required for forma-
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tion of the Mo-dependent enzyme are also
required for maturation of alternative nitrogena-
ses (Kennedy and Dean, 1992). The nifJ gene of
Klebsiella is required for N, fixation, but in the
cyanobacterium Anabaena, Nif] is required for
N, fixation only when Fe is limiting (Bauer et al.,
1993), whereas in R. rubrum, a Nif] protein does
not seem to be required for N, fixation (Lindblad
et al., 1993). The organization of nif genes in
Anabaena is unique and different from that of
other N, fixers because nifD is split between two
DNA fragments separated by 11 kb. Recombina-
tion events are required to rearrange a contigu-
ous nifD gene in N,-fixing cells (Haselkorn and
Buikema, 1992; Fig. 2).

A detailed analysis of the gene products of
nif DK and nifEN (Brigle et al., 1987) revealed a
possible evolutionary history involving two suc-
cessive duplication events. A duplication of an
ancestral gene that encoded a primitive enzyme
with a low substrate specificity might have
occurred before the last common ancestor of all
living organisms emerged (Fani et al., 1999).

Nitrogenase structural genes are located on
plasmids in some bacteria (such as Rahnella
aquatilis [Berge et al., 1991], Enterobacter, and
Rhizobium spp. [Marthez et al., 1990]) but are
chromosomally encoded in the majority of
prokaryotes including bradyrhizobia and most
mesorhizobia.

The repeated sequences clustered around the
nif region of the Bradyrhizobium japonicum
genome may be involved in recombination
thereby facilitating the formation of deletions
(Kaluza et al., 1985). In R. etli bv. phaseoli, mul-
tiple copies of the nif operon promote major
rearrangements in the symbiotic plasmid at high
frequency (Romero and Palacios, 1997). Differ-
ences in the promoter sequences of the nifH
regions in R. etli are correlated with the different
levels of nif gene expression (Valderrama et al.,
1996). The symbiotic plasmid of R. etli bv. mimo-
sae is closely related to that of bv. phaseoli but
its nif gene has a different restriction fragment
length polymorphism (RFLP) pattern as
revealed by nifH gene hybridization (Wang et al.,
1999a).

A conserved short nucleotide sequence
upstream of genes regulated by oxygen (i.e.,
an anaerobox) has been detected upstream of
Azorhizobium caulinodans nifA (Nees et al.,
1988), Bradyrhizobium japonicum hemA, S.
meliloti fixL, fixN, fixG, in front of an open read-
ing frame located downstream of S. meliloti fixS,
within the coding region of R. leguminosarum bv.
viciae fixC, i.e., upstream of the nifA gene and
upstream of the fur gene (fixK-like).

Alternative nitrogenase genes, anfH, anfD
and anfG (Mo-independent) are found in the
termite gut diazotrophs. The sequences of these
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genes are similar to those found in bacteria even
though the gene organization with contiguous
GInB-like proteins resembles that found in the
Archaea (Noda et al., 1999).

The existence of structural genes for three dif-
ferent nitrogenases was revealed when the com-
plete genome sequence of the photosynthetic
bacterium Rhodopseudomonas palustris was
determined (Larimer et al., 2004). Previously,
only Azotobacter sp. was known to possess three
nitrogenases. The expression of nif genes of Azo-
tobacter vinelandii was determined directly in
soil by PCR amplification of reverse transcribed
nifH gene fragments using nifH primers specific
for A. vinelandii (Biigmann et al., 2003).

Regulation of Nitrogen Fixation Genes Since
nitrogen fixation is an energy expensive process,
it is finely tuned, with transcriptional as well as
posttranslational regulation. nif genes are nor-
mally not expressed and require transcriptional
activation when N is limiting and conditions are
appropriate for nitrogenase functioning. If little
is known about the extant diazotrophs, less is
known about N, fixation gene regulation from a
global phylogenetic perspective. Most studies
have been directed to Proteobacteria. For acti-
nobacteria and firmicutes there is almost no
information. Cyanobacteria and more recently
Archaea were studied and showed very different
regulation mechanisms from the ones observed
in Proteobacteria. In Archaea, a repressor of nif
genes has been identified (Lie and Leigh, 2003)
and no nifA has been found in cyanobacteria
(Herrero et al., 2001).

Novel regulatory elements, their fine interac-
tion, and a huge complexity of regulatory net-
works are being revealed as the regulation of
nitrogen fixation is studied in depth in model
bacterial species. The results are revealing a very
complicated sequence of regulatory cascades
(Dixon, 1998; Nordlund, 2000; Forchhammer,
2003; Zhang et al., 2003). Regulatory elements
such as Py (also known as ginB), DRAT (that
transfers a ribosyl to nitrogenase and interferes
with its activity), and DRAG (that removes the
ribosyl) have been found in many diverse nitro-
gen fixing or non-nitrogen fixing Proteobacteria,
Actinobacteria and Archaea (Ludden, 1994;
Zhang et al., 2003). Very diverse modes of regu-
lation of nif genes have been described that vary
between species or even between strains in a
single species (D’hooghe et al., 1995; Girard et
al., 2000). Detailed studies have been carried out
in Klebsiella pneumoniae, Azotobacter vinelan-
dii, Azospirillum brasilense, Rhodobacter capsu-
latus, Rhodospirillum rubrum, Sinorhizobium
meliloti, Bradyrhizobium japonicum, etc. The
most common nitrogenases studied are inacti-
vated by oxygen, and accordingly, the expression
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of nif genes is negatively regulated by high oxy-
gen concentrations. Different oxygen protection
mechanisms have been described (reviewed by
Vance, 1998).

Some of the bacterial diazotrophs share a
common mechanism of transcriptional initiation
of nif genes using a RNA polymerase holoen-
zyme containing the alternative sigma factor ™
(6°") and the transcriptional activator NifA
(Kustu et al., 1989). Regulators of NifA vary
among different diazotrophs. Factor 6" is com-
petent to bind DNA, but the formation of the
open promoter complex (active for transcrip-
tional initiation) is catalyzed by NifA in a
reaction requiring nucleoside triphosphate
hydrolysis (Lee et al., 1993; Austin et al., 1994).
The dual regulation by ¢ and NifA may be
required to ensure a stringent regulation of nif
gene expression, and this may be so because bio-
logical N, fixation represents a major energy
drain for the cell. In addition it seems reasonable
that nif genes are negatively regulated by ammo-
nia to avoid production of the enzyme in the
presence of available fixed nitrogen; accordingly,
nitrogenase enzymes are inactivated by ammo-
nia but to a lesser degree in Gluconacetobacter
diazotrophicus (Perlova et al., 2003).

In vivo DNA protection analysis demon-
strated that NifA binds to the upstream activator
sequences of nif genes (Morett and Buck, 1988).
In the Alpha- and Betaproteobacteria, the activ-
ity of NifA is modulated negatively by the anti-
activator NifL, which is a flavoprotein. The
integrated responses to fixed nitrogen, oxygen,
and energy status are mediated via NifL. The
oxidized form of NifL inhibits NifA activity.
A potential candidate Fe-containing electron
donor involved in the signal transduction of NifLL
may be a flavohemoglobin, which may act as a
global intracellular oxygen sensor (Poole et al.,
1994). The expression of nifL. and nifA in Kleb-
siella pneumoniae are coupled at the transla-
tional level (Govantes et al., 1998). Mutant forms
of NifA were obtained that are no longer inhib-
ited by NifLL in Azotobacter vinelandii (Reyes-
Ramfez, 2002).

In other diazotrophic Proteobacteria, the
NifA protein itself senses oxygen probably via a
cysteine-rich motif between the central domain
and the C-terminal DNA-binding domain (Fis-
cher et al., 1988). Oxygen-tolerant variants of the
S. meliloti NifA proteins have been obtained
(Krey et al., 1992). Ammonium-insensitive NifA
mutants have been reported with modifications
involved in the N-terminus of the molecule
in  Herbaspirillum seropedicae, Azospirillum
brasilense and Rhodobacter capsulatus (Souza et
al., 1995; Arsene et al., 1996; Kern et al., 1998).

In Klebsiella pneumoniae, the nif mRNAs
were found to be very stable under conditions
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favorable to N, fixation, but the half lives of the
nifHDKTY were reduced several fold when add-
ing O, or fixed nitrogen. A fragment of the nifH{
sequence is required for the O,-regulation of
mRNA stability, and NifY may be involved in
the sensing process (Simon et al., 1999).

Symbiotic nitrogen fixation shares common
elements with free-living nitrogen fixation, but
there are substantial differences as well. In
Rhizobium, N, fixation only takes place inside
the nodule. Still not well understood is how the
plant partner influences the N,-fixing activity of
the microsymbiont, and the same is true for ter-
mite-diazotroph symbioses as well as for cyano-
bacteria in plants. In the latter case, the plant
seems to stimulate the formation of heterocysts,
which are differentiated cells that fix N, (Wolk,
1996). Even among symbiotic bacteria of
legumes (Sinorhizobium, Rhizobium, Azorhizo-
bium and Bradyrhizobium), differences in the
fine mechanisms regulating N, fixation exist and
have been reviewed (Fischer, 1994; Kaminski et
al., 1998). In S. meliloti, fix LJ (David et al., 1988)
gene products belong to a two-component regu-
latory family of proteins that are responsive to
oxygen. FixL is a high affinity oxygen sensor
hemoprotein that has kinase-phosphate activity
and is involved in phosphorylation of FixJ in
microoxic or anoxic conditions (Gilles-Gonzalez
et al., 1994). Upon phosphorylation, FixJ binds
to the nifA and fixK promoters and allows their
transcriptional activation (Waelkens et al., 1992).

Nitrogen fixation takes place in heterocysts in
some cyanobacteria. Heterocyst differentiation
is regulated by HetR, a protease (Haselkorn et
al., 1999), and is inhibited by ammonia (Wolk,
1996). The expression of nif genes is also down-
regulated by ammonium or nitrate (Thiel et al.,
1995; Muro-Pastor et al., 1999). NtcA is a regu-
lator required for expression of ammonium-
repressible genes; in a nfcA mutant, induction of
nifHDK and hetR is abolished or minimal (Frias
et al., 1994; Wei et al., 1994). The ntcA gene,
which is conserved among cyanobacteria, bears
a DNA-binding motif close to the C-terminus
and is homologous to E. coli Crp and to S.
meliloti FixK. The NtcA protein binds to defined
sequence signatures that are located upstream of
ammonium-regulated promoters (Luque et al.,
1994). However, no such signature has been
identified upstream of nif or hetR genes. The
ntcA gene is autoregulated and presumed activa-
tors or cofactors may render NtcA active (Muro-
Pastor et al., 1999).

Biological N, fixation requires a minimum of
16 ATP molecules and 8 reducing equivalents per
molecule of N, reduced. Under physiological
conditions, a small electron carrier such as a
ferredoxin or a flavodoxin is thought to transfer
electrons to nitrogenase. In the photosynthetic
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Fig. 3. Cascade regulatory mechanisms in the y and  Pro-
teobacteria under N-limited conditions. Uridylylated Py, as
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that then becomes active to bind the upstream regulatory
sequences (UAS) of the nifLA promoter. NifA in turn binds
the UAS of the nitrogenase structural genes in many dinitro-
gen-fixing prokaryotes studied, allowing their expression and
consequentely nitrogen fixation.

bacterium Rhodobacter capsulatus, a ferredoxin
Fd1 was identified as the major electron donor
to nitrogenase (Schatt et al., 1989; Schmehl et al.,
1993).

Concrusions Dinitrogen fixation is an impor-
tant biological process carried out only by
prokaryotes. Research on nitrogen fixation has
followed a multidisciplinary approach that
ranges from studies at the molecular level to
practical agricultural applications. Support for
research in this area has been driven by eco-
nomic and environmental imperatives on the
problems associated with the use of chemically
synthesized nitrogen fertilizer in agriculture
(Brewin and Legocki, 1996; Vance, 1998). How-
ever, the contributions of researchers in N, fixa-
tion to gene regulation, biochemistry, physiology,
microbial ecology, protein assembly, and struc-
ture, and more recently to genomics are highly
meritorious achievements in themselves.
Dinitrogen fixation research is a fast evolving
field with specific model systems studied in great
depth and an extensive knowledge of a larger
diversity of N,-fixing prokaryotes more slowly
developing. The advent of molecular biology has
certainly enriched our knowledge of the reser-
voir of N,-fixing microorganisms and their ecol-
ogy, but still the estimates of the amounts of
nitrogen fixed in nature are uncertain. Human
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activities are liberating huge amounts of fixed
nitrogen to the environment (Socolow, 1999;
Karl et al., 2002; Mclsaac et al., 2002; Van Bree-
men et al.,2002), and as a consequence, nitrogen
could become less limiting in nature and this may
counterselect N,-fixing prokaryotes. Will some of
them disappear without ever been known? After
more than a century of research on N, fixation,
there are still ambitious goals to achieve.

Acknowledgements My thanks to Julio Marthez
Romero for technical help, and to Otto Geiger
and Michael Dunn for reviewing the manuscript.

Literature Cited

Austin, S., M. Buck, W. Cannon, T. Eydmann, and R. Dixon.
1994. Purification and in vitro activities of the native
nitrogen fixation control proteins NifA and NifL. J. Bac-
teriol. 176:3460-3465.

Achouak, W., P. Normand, and T. Heulin. 1999. Comparative
phylogeny of rrs and nifH genes in the Bacillaceae. Int.
J. Syst. Bacteriol. 49:961-967.

Andrade, G., E. Esteban, L. Velasco, M. J. Lorite, and E. J.
Bedmar. 1997. Isolation and identification of N,-fixing
microorganism from the rhizosphere of Capparis spi-
nosa (L.). Plant Soil 197:19-23.

App, A. A., T. Santiago, C. Daez, C. Menguito, V. Ventura,
A. Tirol, J. Po, et al. 1984. Estimation of the nitrogen
balance for irrigated rice and the contribution of pho-
totrophic nitrogen fixation. Field Crop Res. 9:17-27.

App, A. A,, 1. Watanabe, T. S. Ventura, M. Bravo, and C. D.
Jurey. 1986. The effect of cultivated and wild rice variet-
ies on the nitrogen balance of flooded soil. Soil Sci.
141:448-452.

Araujo da Silva, K. R., J. F. Salles, L. Seldin, and J. D. van
Elsas. 2003. Application of a novel Paenibacillus-specific
PCR-DGGE method and sequence analysis to assess
the diversity of Paenibacillus spp. in the maize rhizo-
sphere. J. Microbiol. Meth. 54:213-231.

Arnold, W., A. Rump, W. Klipp, U. B. Priefer, and A. Piiler.
1988. Nucleotide sequence of a 24,206-base-pair DNA
fragment carrying the entire nitrogen fixation gene clus-
ter of Klebsiella pneumoniae. J. Molec. Biol. 203:715-
738.

Arsene, F., P. A. Kaminski, and C. Elmerich. 1996. Modula-
tion of NifA activity by Py in Azospirillum brasilense:
Evidence for a regulatory role of the NifA N-terminal
domain. J. Bacteriol. 178:4830-4838.

Awonaike, K. O, S. K. A. Danso, and F. Zapata. 1993. The
use of a double isotope (**N and 34S) labelling technique
to assess the suitability of various reference crops for
estimating nitrogen fixation in Gliricidia sepium and
Leucaena leucocephala. Plant Soil 155/156:325-328.

Baker, D. D., and B. C. Mullin. 1992. Actinorhizal symbioses.
In: G. Stacey, R. H. Burris, and H. J. Evans (Eds.)
Biological Nitrogen Fixation. Chapman and Hall. New
York, NY. 259-292.

Baldani, V. L. D., and J. Dbereiner. 1980. Host-plant speci-
ficity in the infection of cereals with Azospirillum spp.
Soil Biol. Biochem. 12:433-439.

Baldani, I., V. L. D. Baldani, L. Seldin, and J. Dbereiner.
1986. Characterization of Herbaspirillum seropedicae



808 E. Martinez-Romero

gen. nov., sp. nov., a root-associated nitrogen-fixing bac-

terium. Int. J. Syst. Bacteriol. 36:86-93.

Baldani, J. I, V. M. Reis, V. L. D. Baldani, and J. Dbereiner.
1999. Biological nitrogen fixation (BNF) in non-
leguminous plants: The role of endophytic diazotrophs.
In: F. O. Pedrosa, M. Hungria, et al. (Eds.) 12th Interna-
tional Congress on Nitrogen Fixation, Book of Abstracts.
Universidade Federal do ParandParandBrazil. 12.

Bally, R., D. Thomas-Bauzon, T. Heulin, J. Balandreau, C.
Richard, and J. De Ley. 1983. Determination of the most
frequent N,-fixing bacteria in a rice rhizosphere. Can. J.
Microbiol. 29:881-887.

Barraquio, W. L., M. R. de Guzman, M. Barrion, and I.
Watanabe. 1982. Population of aerobic heterotrophic
nitrogen fixing bacteria associated with wetland and dry-
land rice. Appl. Environ. Microbiol. 43:124-128.

Barraquio, W. L., J. K. Ladha, and 1. Watanabe. 1983. Isola-
tion and identification of N,-fixing Pseudomonas associ-
ated with wetland rice. Can. J. Microbiol. 29:867-873.

Barraquio, W. L., L. Revilla, and J. K. Ladha. 1997. Isolation
of endophytic diazotrophic bacteria from wetland rice.
Plant Soil 194:15-24.

Bauer, C. C, L. Scappino, and R. Haselkorn. 1993. Growth
of the cyanobacterium Anabaena on molecular nitrogen:
Nif] is required when iron is limited. Proc. Natl. Acad.
Sci. USA 90:8812-8816.

Berge, O, T. Heulin, W. Achouak, C. Richard, R. Bally, and
J. Balandreau. 1991. Rahnella aquatilis, a nitrogen-fixing
enteric bacterium associated with the rhizosphere of
wheat and maize. Can. J. Microbiol. 37:195-203.

Bergersen, F. J., and E. H. Hipsley. 1970. The presence of N,-
fixing bacteria in the intestines of man and animals. J.
Gen. Microbiol. 60:61-65.

Bergersen, F. J. 1974. Formation and function of bacteroids.
In: A. Quispel (Ed.) The Biology of Nitrogen Fixation.
North-Holland Publishing Company. Amsterdam, The
Netherlands. 473-498.

Bergersen, F. J. (Ed.). 1980. Methods for Evaluating Biolog-
ical Nitrogen Fixation. Wiley. Chichester, UK. 701.

Bergman, B., A. N. Rai, C. Johansson, and E. Sderbdk.
1992. Cyanobacterial-plant symbioses. Symbiosis 14:61—
81.

Berry, A. M. 1994. Recent developments in the actinorhizal
symbioses. Plant Soil 161:135-145.

Bianciotto, V., C. Bandi, D. Minerdi, M. Sironi, H. V. Tichy,
and P. Bonfante. 1996. An obligately endosymbiotic
mycorrhizal fungus itself harbors obligately intracellular
bacteria. Appl. Environ. Microbiol. 62:3005-3010.

Bianciotto, V., E. Lumini, P. Bonfante, and P. Vandamme.
2003. “Candidatus Glomeribacter gigasporarum” gen.
nov., sp. nov., an endosymbiont of arbuscular mycor-
rhizal fungi. Int. J. Syst. Evol. Microbiol. 53:121-124.

Bishop, P. E., and R. Premakumar. 1992. Alternative nitro-
gen fixation systems. /n: G. Stacey, R. H. Burris, and
H. J. Evans (Eds.) Biological Nitrogen Fixation. Chap-
man and Hall. New York, NY. 736-762.

Boddey, R. M., S. Urquiaga, V. Reis, and J. Dbereiner. 1991.
Biological nitrogen fixation associated with sugar cane.
Plant Soil 137:111-117.

Boddey, R. M., O. C. de Oliveira, S. Urquiaga, V. M. Reis,
F. L. de Olivares, V. L. D. Baldani, and J. Dbereiner.
1995. Biological nitrogen fixation associated with sugar
cane and rice: Contributions and prospects for improve-
ment. Plant Soil 174:195-209.

Bolin, J. T., A. E. Ronco, T. V. Morgan, L. E. Mortenson, and
N.-H. Xuong. 1993. The unusual metal clusters of nitro-

CHAPTER 1.24

genase: Structural features revealed by x-ray anomalous
diffraction studies of the MoFe protein from Clostrid-
ium pasteurianum. Proc. Natl. Acad. Sci. USA 90:1078-
1082.

Bordeleau, L. M., and D. Pr¢ost. 1994. Nodulation and
nitrogen fixation in extreme environments. Plant Soil
161:115-125.

Bottomley, P. J. 1992. Ecology of Bradyrhizobium and
Gluconoacetobacter diazotrophicus obium. In: G.
Stacey, R. H. Burris, and H. J. Evans (Eds.) Biological
Nitrogen Fixation. Chapman and Hall. New York, NY.
293-348.

Brewin, N. J., and A. B. Legocki. 1996. Biological nitrogen
fixation for sustainable agriculture. Trends Microbiol.
4:476-477.

Brigle, K. E., W. E. Newton, and D. R. Dean. 1985. Complete
nucleotide sequence of the Azotobacter vinelandii nitro-
genase structural gene cluster. Gene 37:37-44.

Brigle, K. E., M. C. Weiss, W. E. Newton, and D. R. Dean.
1987. Products of the iron-molybdenum cofactor-specific
biosynthetic genes, nifE and nifN, are structurally
homologous to the products of the nitrogenase
molybdenum-iron protein genes, nifD and nifK. J.
Bacteriol. 169:1547-1553.

Burgess, B. K., and D. J. Lowe. 1996. Mechanism of molyb-
denum nitrogenase. Chem. Rev. 96:2983-3012.

Biigmann, H., F. Widmer, W. von Sigler, and J. Zeyer. 2003.
mRNA extraction and reverse transcription-PCR proto-
col for detection of nifH gene expression by Azotobacter
vinelandii in soil. Appl. Environ. Microbiol. 69:1928-
1935.

Biigmann, H., F. Widmer, W. von Sigler, and J. Zeyer. 2004.
New molecular screening tools for analysis of free-living
diazotrophs in soil. Appl. Environ. Microbiol. 70:240-
247.

Caballero-Mellado, J., and E. Marthez-Romero. 1994. Lim-
ited genetic diversity in the endophytic sugarcane
bacterium Acetobacter diazotrophicus. Appl. Environ.
Microbiol. 60:1532-1537.

Caballero-Mellado, J., L. E. Fuentes-Ramfez, V. M. Reis,
and E. Marthez-Romero. 1995. Genetic structure of
Acetobacter diazotrophicus populations and identifica-
tion of a new genetically distant group. Appl. Environ.
Microbiol. 61:3008-3013.

Caballero-Mellado, J., and E. Marthez-Romero. 1999. Soil
fertilization limits the genetic diversity of Gluconoace-
tobacter diazotrophicus obium in bean nodules. Symbi-
osis 26:111-121.

Carmichael, W. W. 1994. The toxins of cyanobacteria. Sci.
Am. 270:64-72.

Carrasco, C. D., J. A. Buettner, and J. W. Golden. 1995. Pro-
gramed DNA rearrangement of a cyanobacterial hupL
gene in heterocysts. Proc. Natl. Acad. Sci. USA 92:791-
795.

Cavalcante, V. A., and J. Dbereiner. 1988. A new acid-
tolerant nitrogen-fixing bacterium associated with
sugarcane. Plant Soil 108:23-31.

Cheetham, B. F,, and M. E. Katz. 1995. A role for bacterioph-
ages in the evolution and transfer of bacterial virulence
determinants. Molec. Microbiol. 18:201-208.

Chelius, M., and E. Triplett. 2001. The diversity of Archaea
and Bacteria in association with the roots of Zea mays
L. Microb. Ecol. 41:252-263.

Chen, T.-H., S.-Y. Pen, and T.-C. Huang. 1993. Induction of
nitrogen-fixing circadian rhythm Synechococcus RF-1
by light signals. Plant Sci. 92:179-182.



CHAPTER 1.24

Chen, W. M, S. Laevens, T. M. Lee, T. Coenye, P. De Vos, M.
Mergeay, and P. Vandamme. 2001. Ralstonia taiwanensis
sp. nov., isolated from root nodules of Mimosa species
and sputum of a cystic fibrosis patient. Int. J. Syst. Evol.
Microbiol. 51:1729-1735.

Chen, W.-M., L. Moulin, C. Bontemps, P. Vandamme, G.
Bda, and C. Boivin-Masson. 2003. Legume symbiotic
nitrogen fixation by B-proteobacteria is widespread in
nature. J. Bacteriol. 185:7266-7272.

Christiansen-Weniger, C., A. F. Groneman, and J. A. van
Veen. 1992. Associative N, fixation and root exudation
of organic acids from wheat cultivars of different alumi-
num tolerance. Plant Soil 139:167-174.

Cojho, E. H.,, V. M. Reis, A. C. G. Schenberg, and J.
Dbereiner. 1993. Interactions of Acetobacter diaz-
otrophicus with an amylolytic yeast in nitrogen-free
batch culture. FEMS Microbiol. Lett. 106:341-346.

David, M., M. L. Daveran, J. Batut, A. Dedieu, O. Domergue,
J. Ghai, C. Hertig, P. Boistard, and D. Kahn. 1988. Cas-
cade regulation of nif gene expression in R. meliloti. Cell
54:671-683.

Dean, D. R., R. A. Setterquist, K. E. Brigle, D. J. Scott, N. F.
Laird, and W. E. Newton. 1990. Evidence that conserved
residues Cys-62 and Cys-154 within the Azotobacter
vinelandii nitrogenase MoFe protein o-subunit are
essential for nitrogenase activity but conserved residues
His-83 and Cys-88 are not. Molec. Microbiol. 4:1505-
1512.

Dean, D. R., and M. R. Jacobson. 1992. Biochemical genetics
of nitrogenase. In: G. Stacey, R. H. Burris, and H. J.
Evans (Eds.) Biological Nitrogen Fixation. Chapman
and Hall. New York, NY. 763-834.

DeLuca, T. H., O. Zackrisson, M. C. Nilsson, and A. Sellstedt.
2002. Quantifying nitrogen-fixation in feather moss car-
pets of boreal forests. Nature 419:917-920.

D’hooghe, I, J. Michiels, K. Vlassak, C. Verreth, F. Waelkens,
and J. Vanderleyden. 1995. Structural and functional
analysis of the fixLJ genes of R. leguminosarum biovar
phaseoli CNPAF512. Molec. Gen. Genet. 249:117-126.

Dilworth, M. J., K. Fisher, C.-H. Kim, and W. E. Newton.
1998. Effects on substrate reduction of substitution of
histidine-195 by glutamine in the o-subunit of the MoFe
protein of Azotobacter vinelandii nitrogenase. Bio-
chemistry 37:17495-17505.

Distel, D. L., W. Morrill, N. MacLaren-Toussaint, D. Franks,
and J. Waterbury. 2002. Teredinibacter turnerae gen.
nov., sp. nov., a dinitrogen-fixing, cellulolytic, endosym-
biotic gamma-proteobacterium isolated from the gills of
wood-boring molluscs (Bivalvia: Teredinidae). Int. J.
Syst. Evol. Microbiol. 52:2261-2269.

Dixon, R., Q. Cheng, G.-F. Shen, A. Day, and M. Dowson-
Day. 1997. Nif gene transfer and expression in
chloroplasts: Prospects and problems. Plant Soil
194:193-203.

Dixon, R. 1998. The oxygen-responsive NIFL-NIFA com-
plex: A novel two-component regulatory system control-
ling nitrogenase synthesis in y-proteobacteria. Arch.
Microbiol. 169:371-380.

Dixon, R. 1999. Prospects for engineering nitrogen-fixing
photosynthetic eukaryotes. In: F. O. Pedrosa, M. Hun-
gria, et al. (Eds.) 12th International Congress on Nitro-
gen Fixation, Book of Abstracts. Universidade Federal
do ParandParandBrazil. L034.

Dbereiner, J. 1961. Nitrogen-fixing bacteria of the genus
Beijerinckia Derx in the rhizosphere of sugarcane. Plant
Soil 15:211-217.

Dinitrogen-Fixing Prokaryotes 809

Dbereiner, J. 1974. Nitrogen-fixing bacteria in the rhizo-
sphere. In: A. Quispel (Ed.) The Biology of Nitrogen
Fixation. North-Holland Publishing Company. Amster-
dam, The Netherlands. 86-120.

Durbin, K. J., and I. Watanabe. 1980. Sulphate reducing bac-
teria and nitrogen fixation in flooded rice soil. Soil Biol.
Biochem. 12:11-14.

Eady, R. R. 1996. Structure-function relationships of alterna-
tive nitrogenases. Chem. Rev. 96:3013-3030.

Egener, T., T. Hurek, and B. Reinhold-Hurek. 1998. Use of
green fluorescent protein to detect expression of nif
genes of Azoarcus sp. BH72, a grass-associated diaz-
otroph, on rice roots. Molec. Plant Microbe Interact.
11:71-75.

Engelhard, M., T. Hurek, and B. Reinhold-Hurek. 1999. Pref-
erential colonization of wild rice species in comparison
to modern races of Oryza sativa by Azoarcus spp., diaz-
otrophic endophytes. In: P. de Wit, et al. (Eds.) 9th
International Congress, Book of Abstracts, Molecular
Plant-Microbe Interactions. Wageningen, The Nether-
lands. 198.

Evans, H. I, F. J. Hanus, S. A. Russell, A. R. Harker, G. R.
Lambert, and D. A. Dalton. 1985. Biochemical charac-
terization, evaluation, and genetics of H, recycling in
Gluconoacetobacter diazotrophicus obium. /n: P. W.
Ludden, and J. E. Burris (Eds.) Nitrogen Fixation and
CO, Metabolism. Elsevier Science Publishing. Amster-
dam, The Netherlands. 3-11.

Fani, R., S. Casadei, and P. Lio. 1999. Origin and evolution
of nif genes. In: F. O. Pedrosa, M. Hungria, et al. (Eds.)
12th International Congress on Nitrogen Fixation, Book
of Abstracts. Universidade Federal do ParandParana
Brazil. 48.

Firth, P, H. Thitipoca, S. Suthipradit, R. Wetselaar, and D. F.
Beech. 1973. Nitrogen balance studies in the Central
Plain of Thailand. Soil Biol. Biochem. 5:41-46.

Fischer, H.-M., T. Bruderer, and H. Hennecke. 1988. Essen-
tial and non-essential domains in the Bradyrhizobium
japonicum NifA protein: Identification of indispensable
cysteine residues potentially involved in redox reactiv-
ity and/or metal binding. Nucleic Acids Res. 16:2207-
2224.

Fischer, H. M. 1994. Genetic regulation of nitrogen fixation
in rhizobia. Microbiol. Rev. 58:352-386.

Fisher, K., N. D. Hare, and W. E. Newton. 1998. Mapping the
catalytic surface of A. vinelandii MoFe protein by site
specific mutagenesis. /n: C. Elmerich, A. Kondorosi, and
W. E. Newton (Eds.) Biological Nitrogen Fixation for
the 21st Century. Kluwer Academic Publishers. Dor-
drecht, The Netherlands. 23-26.

Forchhammer, K. 2003. Py; Signal transduction in Cyanobac-
teria. Symbiosis 35:101-115.

Fras, J. E., E. Flores, and A. Herrero. 1994. Requirement of
the regulatory protein NtcA for the expression of nitro-
gen assimilation and heterocyst development genes in
the cyanobacterium Anabaena sp. PCC 7120. Molec.
Microbiol. 14:823-832.

Fuentes-Ramfez, L. E., T. Jimdez-Salgado, I. R. Abarca-
Ocampo, and J. Caballero-Mellado. 1993. Acetobacter
diazotrophicus, an indoleacetic acid producing bacte-
rium isolated from sugarcane cultivars of Mexico. Plant
Soil 154:145-150.

Fuentes-Ramfez, L. E., J. Caballero-Mellado, J. Seplveda,
and E. Marthez-Romero. 1999. Colonization of sugar-
cane by Acetobacter diazotrophicus is inhibited by high
N-fertilization. FEMS Microbiol. Ecol. 29:117-128.



810 E. Martinez-Romero

Fuentes-Ramfez, L. E., R. Bustillos-Cristales, A. Tapia-
Hernandez, T. Jimenez-Salgado, E. T. Wang, E.
Martinez-Romero, and J. Caballero-Mellado. 2001.
Novel nitrogen-fixing acetic acid bacteria, Gluconaceto-
bacter johannae sp. nov. and Gluconacetobacter azoto-
captans sp. nov., associated with coffee plants. Int. J.
Syst. Evol. Microbiol. 51:1305-1314.

Galibert, F., T. M. Finan, S. R. Long, A. Puhler, P. Abola, F.
Ampe, F. Barloy-Hubler, M. J. Barnett, A. Becker, P.
Boistard, G. Bothe, M. Boutry, L. Bowser, J. Buhrm-
ester, E. Cadieu, D. Capela, P. Chain, A. Cowie, R. W.
Davis, S. Dreano, N. A. Federspiel, R. F. Fisher, S.
Gloux, T. Godrie, A. Goffeau, B. Golding, J. Gouzy, M.
Gurjal, I. Hernandez-Lucas, A. Hong, L. Huizar, R. W.
Hyman, T. Jones, D. Kahn, M. L. Kahn, S. Kalman,
D. H. Keating, E. Kiss, C. Komp, V. Lelaure, D. Masuy,
C. Palm, M. C. Peck, T. M. Pohl, D. Portetelle, B.
Purnelle, U. Ramsperger, R. Surzycki, P. Thebault, M.
Vandenbol, F. J. Vorholter, S. Weidner, D. H. Wells, K.
Wong, K. C. Yeh, and J. Batut. 2001. The composite
genome of the legume symbiont Sinorhizobium meliloti.
Science 293:668-672.

Georgiadis, M. M., H. Komiya, P. Chakrabarti, D. Woo, J. J.
Kornuc, and D. C. Rees. 1992. Crystallographic structure
of the nitrogenase iron protein from Azotobacter vine-
landii. Science 257:1653-1659.

Giller, K. E., and R. Merckx. 2003. Exploring the boundaries
of N, fixation in cereals and grasses: An hypothetical and
experimental framework. Symbiosis 35:3-17.

Gilles-Gonzalez, M. A., G. Gonzalez, M. F. Perutz, L. Kiger,
M. C. Marden, and C. Poyart. 1994. Heme-based sensors,
exemplified by the kinase FixL, are a new class of heme
protein with distinctive ligand binding and autoxidation.
Biochemistry 33:8067-8073.

Gillis, M., V. Van Tra, R. Bardin, M. Goor, P. Hebbar, A.
Willems, P. Segers, K. Kersters, T. Heulin, and M. P.
Fernadez. 1995. Polyphasic taxonomy in the genus
Burkholderia leading to an emended description of the
genus and proposition of Burkholderia vietnamiensis sp.
nov. for N,-fixing isolates from rice in Vietnam. Int. J.
Syst. Bacteriol. 45:274-289.

Girard, L., S. Brom, A. Davalos, O. Lopez, M. Soberon, and
D. Romero. 2000. Differential regulation of fixN-
reiterated genes in Rhizobium etli by a novel fixL-fixK
cascade. Molec. Plant-Microbe Interact. 13:1283-1292.

Glazebrook, J., A. Ichige, and G. C. Walker. 1993. A R.
meliloti homolog of the Escherichia coli peptide-
antibiotic transport protein SbmA is essential for
bacteroid development. Genes Dev. 7:1485-1497.

Gollan, U,, K. Schneider, A. Miler, K. Schiddekopf, and W.
Klipp. 1993. Detection of the in vivo incorporation of
a metal cluster into a protein: The FeMo cofactor is
inserted into the FeFe protein of the alternative nitroge-
nase of Rhodobacter capsulatus. Eur. J. Biochem.
215:25-35.

Gough, C., G. Webster, J. Vasse, C. Galera, C. Batchelor, K.
O’Callaghan, et al. 1996. Specific flavonoids stimulate
intercellular colonization of non-legumes by Azorhizo-
bium caulinodans. /n: G. Stacey, B. Mullin, and P. M.
Gresshoff (Eds.) Biology of Plant-Microbe Interactions.
International Society for Molecular Plant-Microbe
Interactions. St. Paul, MN. 409-415.

Gough, C., J. Vasse, C. Galera, G. Webster, E. Cocking, and
J. Daarié 1997. Interactions between bacterial diaz-
otrophs and non-legume dicots: Arabidopsis thaliana as
a model plant. Plant Soil 194:123-130.

CHAPTER 1.24

Govantes, F., E. Andujar, and E. Santero. 1998. Mechanism
of translational coupling in the nifLA operon of Kleb-
siella pneumoniae. EMBO J. 17:2368-2377.

Gutierrez-Zamora, M. L., and E. Martinez-Romero. 2001.
Natural endophytic association between Rhizobium etli
and maize (Zea mays L.). J. Biotechnol. 91(2-3):117-
126.

Haahtela, K., I. Helander, E.-L. Nurmiaho-Lassila, and V.
Sundman. 1983. Morphological and physiological char-
acteristics of N,-fixing (C,H,-reducing) root-associated
Pseudomonas sp. Can. J. Microbiol. 29:874-880.

Hales, B. J,, E. E. Case, J. E. Morningstar, M. F. Dzeda, and
L. A. Mauterer. 1986. Isolation of a new vanadium-
containing nitrogenase from Azotobacter vinelandii.
Biochemistry 25:7251-7255.

Hardarson, G., and S. K. A. Danso. 1993. Methods for mea-
suring biological nitrogen fixation in grain legumes.
Plant Soil 152:19-23.

Hardy, R. W. E,, R. D. Holsten, E. K. Jackson, and R. C.
Burns. 1968. The acetylene-ethylene assay for N, fixa-
tion: Laboratory and field evaluation. Plant Physiol.
43:1185-1207.

Haselkorn, R., and W. J. Buikema. 1992. Nitrogen fixation
in cyanobacteria. /n: G. Stacey, R. H. Burris, and H. J.
Evans (Eds.) Biological Nitrogen Fixation. Chapman
and Hall. New York, NY. 166-190.

Haselkorn, R., K. Jones, and W. J. Buikema. 1999. Heterocyst
differentiation and nitrogen fixation in the cyanobacte-
rium Anabaena. In: E. Marthez, and G. Hernadez
(Eds.) Highlights of Nitrogen Fixation Research. Kluwer
Academic/Plenum Publishers. New York, NY. 185-188.

Hennecke, H., K. Kaluza, B. Thily, M. Fuhrmann, W. Lud-
wig, and E. Stackebrandt. 1985. Concurrent evolution of
nitrogenase genes and 16s rRNA in Gluconoacetobacter
diazotrophicus obium species and other nitrogen fixing
bacteria. Arch. Microbiol. 142:342-348.

Herrero, A., A. M. Muro-Pastor, and E. Flores. 2001. Nitro-
gen control in cyanobacteria. J. Bacteriol. 183:411-425.

Heulin, T., M. Rahman, A. M. N. Omar, Z. Rafidison, J. C.
Pierrat, and J. Balandreau. 1989. Experimental and
mathematical procedures for comparing N,-fixing effi-
ciencies of rhizosphere diazotrophs. J. Microbiol. Meth.
9:163-173.

Hicks, W. T., M. E. Harmon, and D. D. Myrold. 2003. Sub-
strate controls on nitrogen fixation and respiration in
woody debris from the Pacific Northwest, USA. For.
Ecol. Manage. 176:25-35.

Hiflich, G., W. Wiehe, and C. Hecht-Bucholz. 1995. Glu-
conoacetobacter diazotrophicus osphere colonization of
different crops with growth promoting Pseudomonas
and Gluconoacetobacter diazotrophicus obium bacteria.
Microbiol. Res. 150:139-147.

Holmes, A., J. Govan, and R. Goldstein. 1998. Agricultural
use of Burkholderia (Pseudomonas) cepacia: A threat to
human health? Emerg. Infect. Dis. 4:221-227.

Hoover, T. R., J. Imperial, P. W. Ludden, and V. K. Shah. 1989.
Homocitrate is a component of the iron-molybdenum
cofactor of nitrogenase. Biochemistry 28:2768-2771.

Howard, J. B, and D. C. Rees. 1994. Nitrogenase: A
nucleotide-dependent molecular switch. Ann. Rew.
Biochem. 63:235-264.

Hungria, M., M. A. T. Vargas, R. J. Campo, L. M. O. Chueire,
and D. S. Andrade. 2000. The Brazilian experience with
the soybean (Glycine max) and common bean (Phaseo-
lus vulgaris) symbiosis. /n: F. O. Pedrosa, M. Hungria,
G. Yates, and W. E. Newton (Eds.) Nitrogen Fixation:



CHAPTER 1.24

From Molecules to Crop Productivity. Kluwer Aca-
demic Publishers. Dordrecht, The Netherlands. 515-518.

Hurek, T., T. Egener, and B. Reinhold-Hurek. 1997. Diver-
gence in nitrogenases of Azoarcus spp., Proteobacteria
of the B subclass. J. Bacteriol. 179:4172-4178.

Jacobitz, S., and P. E. Bishop. 1992. Regulation of nitroge-
nase—2 in Azotobacter vinelandii by ammonium, molyb-
denum, and vanadium. J. Bacteriol. 174:3884-3888.

Jacobson, M. R., K. E. Brigle, L. T. Bennett, R. A. Setterquist,
M. S. Wilson, V. L. Cash, J. Beynon, W. E. Newton, and
D. R. Dean. 1989. Physical and genetic map of the major
nif gene cluster from Azotobacter vinelandii. J. Bacte-
riol. 171:1017-1027.

James, E. K., and F. L. Olivares. 1997. Infection and coloni-
zation of sugar cane and other graminaceous plants by
endophytic diazotrophs. Crit. Rev. Plant Sci. 17:77-119.

Jenkins, B. D., G. F. Steward, S. M. Short, B. B. Ward, and
J. P. Zehr. 2004. Fingerprinting diazotroph communities
in the Chesapeake Bay by using a DNA macroarray.
Appl. Environ. Microbiol. 70:1767-1776.

Kaluza, K., M. Hahn, and H. Hennecke. 1985. Repeated
sequences similar to insertion elements clustered around
the nif region of the Gluconoacetobacter diazotrophicus
obium japonicum genome. J. Bacteriol. 162:535-542.

Kaminski, P. A., J. Batut, and P. Boistard. 1998. A survey of
symbiotic nitrogen fixation by rhizobia. /n: H. P. Spaink,
A. Kondorosi, and P. J. J. Hooykas (Eds.) The
Gluconoacetobacter diazotrophicus obiaceae. Kluwer
Academic Publishers. Dordrecht, The Netherlands. 431—
460.

Kaneko, T., Y. Nakamura, S. Sato, E. Asamizu, T. Kato, S.
Sasamoto, A. Watanabe, K. Idesawa, A. Ishikawa, K.
Kawashima, T. Kimura, Y. Kishida, C. Kiyokawa, M.
Kohara, M. Matsumoto, A. Matsuno, Y. Mochizuki, S.
Nakayama, N. Nakazaki, S. Shimpo, M. Sugimoto, C.
Takeuchi, M. Yamada, and S. Tabata. 2000. Complete
genome structure of the nitrogen-fixing symbiotic bacte-
rium Mesorhizobium loti. DNA Res. 7:331-338.

Kaneko, T., Y. Nakamura, S. Sato, K. Minamisawa, T.
Uchiumi, S. Sasamoto, S. A. Watanabe, K. Idesawa, M.
Iriguchi, K. Kawashima, M. Kohara, M. Matsumoto,
S. Shimpo, H. Tsuruoka, T. Wada, M. Yamada, and S.
Tabata. 2002. Complete genomic sequence of nitrogen-
fixing symbiotic bacterium Bradyrhizobium japonicum
USDA110. DNA Res. 9:189-97.

Karg, T., and B. Reinhold-Hurek. 1996. Global changes in
protein composition of N,-fixing Azoarcus sp. strain
BH72 upon diazosome formation. J. Bacteriol. 178:
5748-5754.

Karl, D., A. Michaels, B. Bergman, D. Capone, E. Carpenter,
R. Letelier, F. Lipschultz, H. Paerl, D. Sigman, and L.
Stal. 2002. Dinitrogen fixation in the world’s oceans.
Biogeochemistry 57:47-98.

Karpati, E., P. Kiss, T. Ponyi, I. Fendrik, M. de Zamaroczy,
and L. Orosz. 1999. Interaction of Azospirillum lipo-
ferum with wheat germ agglutinin stimulates nitrogen
fixation. J. Bacteriol. 181:3949-3955.

Kennedy, C., and D. Dean. 1992. The nifU, nifS and nifV gene
products are required for activity of all three nitrogena-
ses of Azotobacter vinelandii. Molec. Gen. Genet.
231:494-498.

Kent, H. M., 1. Ioannidis, C. Gormal, B. E. Smith, and M.
Buck. 1989. Site-directed mutagenesis of the Klebsiella
pneumoniae nitrogenase: Effects of modifying con-
served cysteine residues in the o- and B-subunits. Bio-
chem. J. 264:257-264.

Dinitrogen-Fixing Prokaryotes 811

Kern, M., P. B. Kamp, A. Paschen, B. Masepohl, and W. Klipp.
1998. Evidence for a regulatory link of nitrogen fixation
and photosynthesis in Rhodobacter capsulatus via
HvrA. J. Bacteriol. 180:1965-1969.

Kessler, P. S., C. Daniel, and J. A. Leigh. 2001. Ammonia
switch-off of nitrogen fixation in the methanogenic
archaeon Methanococcus maripaludis: mechanistic fea-
tures and requirement for the novel GInB homologues,
NifI, and ,. J. Bacteriol. 183:882-889.

Kim, J., and D. C. Rees. 1992a. Crystallographic structure and
functional implications of the nitrogenase molybdenum-
iron protein from Azotobacter vinelandii. Nature
360:553-560.

Kim, J., and D. C. Rees. 1992b. Structural models for the
metal centers in the nitrogenase molybdenum-iron pro-
tein. Science 257:1677-1682.

Koponen, P, P. Nygren, A. M. Domenach, C. Le Roux, E.
Saur, and J. C. Roggy. 2003. Nodulation and dinitrogen
fixation of legume trees in a tropical freshwater swamp
forest in French Guiana. J. Trop. Ecol. 19:655-666.

Kovach, M. E., M. D. Shaffer, and K. M. Peterson. 1996. A
putative integrase gene defines the distal end of a large
cluster of ToxR-regulated colonization genes in Vibrio
cholerae. Microbiol. 142:2165-2174.

Koyama, T., and A. A. App. 1979. Nitrogen balance in
flooded rice soils. Nitrogen and Rice. IRRI. Manila, 95—
104.

Krey, R., A. Pliler, and W. Klipp. 1992. A defined amino acid
exchange close to the putative nucleotide binding site is
responsible for an oxygen-tolerant variant of the R.
meliloti NifA protein. Molec. Gen. Genet. 234:433-441.

Krotzky, A., and D. Werner. 1987. Nitrogen fixation in
Pseudomonas stutzeri. Arch. Microbiol. 147:48-57.

Kudo, T., M. Ohkuma, S. Moriya, S. Noda, and K. Ohtoko.
1998. Molecular phylogenetic identification of the intes-
tinal anaerobic microbial community in the hindgut of
the termite, Reticulitermes speratus, without cultivation.
Extremophiles 2:155-161.

Kustu, S., E. Santero, J. Keener, D. Popham, and D. Weiss.
1989. Expression of sigma* (ntrA)-dependent genes is
probably united by a common mechanism. Microbiol.
Rev. 53:367-376.

Kuznetsov, S. 1., G. A. Dubinina, and N. A. Lapteva. 1979.
Biology of oligotrophic bacteria. Ann. Rev. Microbiol.
33:377-387.

Ladha, J. K., W. L. Barraquio, and I. Watanabe. 1982. Immu-
nological techniques to identify Azospirillum associated
with wetland rice. Can. J. Microbiol. 28:478-485.

Ladha, J. K., W. L. Barraquio, and I. Watanabe. 1983. Isola-
tion and identification of nitrogen-fixing Enterobacter
clocae and Klebsiella planticola associated with rice
plants. Can. J. Microbiol. 29:1301-1308.

Ladha, J. K., A. Tirol Padre, G. Punzalan, and 1. Watanabe.
1987. Nitrogen fixing (C,H,-reducing) activity and plant
growth characters of 16 wetland rice varieties. Soil Sci.
Plant Nutr. 33:187-200.

Ladha, J. K., R. P. Pareek, and M. Becker. 1992. Stem-
nodulating legume: Gluconoacetobacter diazotrophicus
obium symbiosis and its agronomic use in lowland rice.
Adbv. Soil Sci. 20:148-192.

Ladha, J. K., A. Tirol-Padre, C. K. Reddy, and W. Ventura.
1993. Prospects and problems of biological nitrogen fix-
ation in rice production: A critical assessment. /n: R.
Palacios, J. Mora, and W. E. Newton (Eds.) New Hori-
zons in Nitrogen Fixation. Kluwer Academic Publishers.
Dordrecht, The Netherlands. 677-682.



812 E. Martinez-Romero

Laguerre, G., M. Bardin, and N. Amarger. 1993. Isolation
from soil of symbiotic and nonsymbiotic R. leguminosa-
rum by DNA hybridization. Can. J. Microbiol. 39:1142—
1149.

Larimer, F. W., P. Chain, L. Hauser, J. Lamerdin, S. Malfatti,
L. Do, M. L. Land, D. A. Pelletier, J. T. Beatty, and
A. S. Lang. 2004. Complete genome sequence of
the metabolically versatile photosynthetic bacterium
Rhodopseudomonas  palustris. Nature Biotechnol.
22:55-61.

Lee, H.-S., D. K. Berger, and S. Kustu. 1993. Activity of
purified NIFA, a transcriptional activator of nitrogen
fixation genes. Proc. Natl. Acad. Sci. USA 90:2266—
2270.

Leigh, J. A. 2000. Nitrogen fixation in methanogens: The
archaeal perspective. In: E. W. Triplett (Ed.) Prokaryotic
Nitrogen Fixation: A Model System for Analysis
of a Biological Process. Horizon Scientific Press.
Wymondham, UK. 657-669.

Li, Y., L. S. Green, D. A. Day, and F. J. Bergersen. 1999.
Ammonia and alanine efflux from nitrogen-fixing soy-
bean bacteroids. /n: F. O. Pedrosa, M. Hungria, et al.
(Eds.) 12th International Congress on Nitrogen Fixa-
tion, Book of Abstracts. Universidade Federal do
ParandParandBrazil. 13-14.

Lie, T. J., and J. A. Leigh. 2003. A novel repressor of nif and
glnA expression in the methanogenic archacon Metha-
nococcus maripaludis. Molec. Microbiol. 47:235-246.

Lilburn, T. G., K. S. Kim, N. E. Ostrom, K. R. Byzek, J. R.
Leadbetter, and J. A. Breznak. 2001. Nitrogen fixation
by symbiotic and free-living spirochetes. Science
292:2495-2498.

Lindblad, A., J. Jansson, E. Brostedt, M. Johansson, and S.
Nordlund. 1993. Sequencing and mutational studies of a
nifJ-like gene in Rhodospirillum rubrum. /n: R. Palacios,
J. Mora, and W. Newton (Eds.) New Horizons in Nitro-
gen Fixation. Kluwer Academic Publishers. Dordrecht,
The Netherlands. 477.

Lobo, A. L., and S. H. Zinder. 1992. Nitrogen fixation by
methanogenic bacteria. /n: G. Stacey, R. H. Burris, and
H. J. Evans (Eds.) Biological Nitrogen Fixation. Chap-
man and Hall. New York, NY. 191-211.

Lodwig, E. M., A. H. F. Hosie, A. Bourdes, K. Findlay, D.
Allaway, R. Karunakaran, J. A. Downie, and P. S. Poole.
2003. Amino?acid cycling drives nitrogen fixation in the
legume?Rhizobium symbiosis. Nature 422:722-726.

Lodwig, E., S. Kumar, D. Allaway, A. Bourdes, J. Prell, U.
Priefer, and P. Poole. 2004. Regulation of L-Alanine
dehydrogenase in Rhizobium leguminosarum bv. viciae
and its role in pea nodules. J. Bacteriol. 186:842-849.

Lorenz, M. G., and W. Wackernagel. 1990. Natural genetic
transformation of Pseudomonas stutzeri by sand-
absorbed DNA. Arch. Microbiol. 154:380-385.

Loveless, T. M., J. R. Saah, and P. E. Bishop. 1999. Isolation
of nitrogen-fixing bacteria containing molybdenum-
independent nitrogenases from natural environments.
Appl. Environ. Microbiol. 65:4223-4226.

Ludden, P. W. 1994. Reversible ADP-ribosylation as a mech-
anism of enzyme regulation in procaryotes. Molec. Cell
Biochem. 138:123-129.

Luque, I, E. Flores, and A. Herrero. 1994. Molecular mech-
anism for the operation of nitrogen control in cyanobac-
teria. EMBO J. 13:2862-2869.

Madigan, M., S. S. Cox, and R. A. Stegeman. 1984. Nitrogen
fixation and nitrogenase activities in members of the
family Rhodospirillaceae. J. Bacteriol. 157:73-78.

CHAPTER 1.24

Maier, R. J., and E. W. Triplett. 1996. Toward more produc-
tive, efficient, and competitive nitrogen-fixing symbiotic
bacteria. Crit. Rev. Plant Sci. 15:191-234.

Marthez, E., D. Romero, and R. Palacios. 1990. The Rhizo-
bium genome. Crit. Rev. Plant Sci. 9:59-93.

Marthez, L., J. Caballero-Mellado, J. Orozco, and E.
Martihez-Romero. 2003. Diazotrophic bacteria associ-
ated with banana (Musa spp.). Plant Soil 257:35-47.

Marthez, J., L. Marthez, M. Rosenblueth, J. Silva, and E.
Martihez-Romero. 2004. How are gene sequence analy-
ses modifying bacterial taxonomy? The case of Kleb-
siella. Int. Microbiol. 7:261-268.

Marthez-Romero, E., and J. Caballero-Mellado. 1996. Glu-
conoacetobacter diazotrophicus obium phylogenies and
bacterial genetic diversity. Crit. Rev. Plant Sci. 15:113-
140.

May, B. M., and P. M. Attiwill. 2003. Nitrogen-fixation by
Acacia dealbata and changes in soil properties 5 years
after mechanical disturbance or slash-burning following
timber harvest. For. Ecol. Manage. 181:339-355.

Maynard, R. H., R. Premakumar, and P. E. Bishop. 1994.
Mo-independent Nitrogenase 3 is advantageous for
diazotrophic growth of Azotobacter vinelandii on solid
medium containing molybdenum. J. Bacteriol. 176:5583—
5586.

Mclsaac, G. F, M. B. David, G. Z. Gertner, and D. A.
Goolsby. 2002. Nitrate flux in the Mississppi River.
Nature 414:166-167.

Meeks, J. C., J. Elhai, T. Thiel, M. Potts, F. Larimer, J. Lamer-
din, P. Predki, and R. Atlas. 2001. An overview of the
genome of Nostoc punctiforme, a multicellular, symbi-
otic cyanobacterium. Photosynth. Res. 70:85-106.

Mehmannavaz, R., S. O. Prasher, and D. Ahmad. 2002.
Rhizospheric effects of alfalfa on biotransformation of
polychlorinated biphenyls in a contaminated soil aug-
mented with Sinorhizobium meliloti. Proc. Biochem.
37:955-963.

Mehta, M. P, D. A. Butterfield, and J. A. Baross. 2003. Phy-
logenetic diversity of nitrogenase (nifH) genes in deep-
sea and hydrothermal vent environments of the Juan de
Fuca Ridge. Appl. Environ. Microbiol. 69:960-970.

Minerdi, D., R. Fani, R. Gallo, A. Boarino, and P. Bonfante.
2001. Nitrogen fixation genes in an endosymbiotic
Burkholderia strain. Appl. Environ. Microbiol. 67:725-
732.

Minerdi, D., V. Bianciotto, and P. Bonfante. 2002. Endosym-
biotic bacteria in mycorrhizal fungi: From their mor-
phology to genomic sequences. Plant Soil 244:211-219.

Morett, E., and M. Buck. 1988. NifA-dependent in vivo
protection demonstrates that the upstream activator
sequence of nif promoters is a protein binding site. Proc.
Natl. Acad. Sci. USA 85:9401-9405.

Morton, R. A.2002. Comparison of chromosomal genes from
M. loti and S. meliloti suggest an ancestral genome. In:
13th International Congress on Nitrogen Fixation: Pro-
gram and Abstract Book. Hamilton, Canada. 42.

Moulin, L., A. Munive, B. Dreyfus, and C. Boivin-Masson.
2001. Nodulation of legumes by members of the B-
subclass of Proteobacteria. Nature 411:948-950.

Muro-Pastor, A. M., A. Valladares, E. Flores, and A. Herrero.
1999. The hetC gene is a direct target of the NtcA tran-
scriptional regulator in cyanobacterial heterocyst devel-
opment. J. Bacteriol. 181:6664—-6669.

Muthukumarasamy, R., G. Revathi, and C. Lakshminarasim-
han. 1999. Influence of N fertilisation on the isolation of
Acetobacter diazotrophicus and Herbaspirillum spp.



CHAPTER 1.24

from Indian sugarcane varieties. Biol. Fertil. Soil 29:157—
164.

Muyzer, G., E. C. De Waal, and A. G. Uitterlinden. 1993.
Profiling of complex microbial populations by denatur-
ing gradient gel electrophoresis analysis of polymerase
chain reaction-amplified genes coding for 16S rRNA.
Appl. Environ. Microbiol. 59:695-700.

Nardi, J. B., R. I. Mackie, and J. O. Dawson. 2002. Could
microbial symbionts of arthropod guts contribute signif-
icantly to nitrogen fixation in terrestrial ecosystems?. J.
Insect Physiol. 48:751-763.

Nees, D. W,, P. A. Stein, and R. A. Ludwig. 1988. The
Azorhizobium caulinodans nifA gene: Identification of
upstream-activating sequences including a new element,
the “anaerobox”. Nucleic Acids Res. 16:9839-9853.

Noda, S., M. Ohkuma, R. Usami, K. Horikoshi, and T. Kudo.
1999. Culture-independent characterization of a gene
responsible for nitrogen fixation in the symbiotic micro-
bial community in the gut of the termite Neotermes
koshunensis. Appl. Environ. Microbiol. 65:4935-4942.

Nordlund, S. 2000. Regulation of nitrogenase activity in pho-
totrophic bacteria by reversible covalent modification.
In: E.W. Triplett (Ed.) Prokaryotic Nitrogen Fixation: A
Model System for the Analysis of a Biological Process.
Horizon Scientific Press. Wymondham, UK. 149-164.

Normand, P, and J. Bousquet. 1989. Phylogeny of nitroge-
nase sequences in Frankia and other nitrogen-fixing
microorganims. J. Molec. Evol. 29:436-447.

Normand, P, S. Orso, B. Cournoyer, P. Jeannin, C. Chapelon,
J. Dawson, L. Evtushenko, and A. K. Misra. 1996.
Molecular phylogeny of the genus Frankia and related
genera and emendation of the family Frankiaceae. Int.
J. Syst. Bacteriol. 46:1-9.

O’Callaghan, K. J., M. R. Davey, and E. C. Cocking. 1999.
Xylem colonization of Sesbania rostrata by Azorhizo-
bium caulinodans ORS571. In: E. Marthez, and G.
Hernadez (Eds.)) Highlights of Nitrogen Fixation
Research. Kluwer Academic/Plenum Publishers. New
York, NY. 145-147.

Ohkuma, M., S. Noda, and T. Kudo. 1999. Phylogenetic diver-
sity of nitrogen fixation genes in the symbiotic microbial
community in the gut of diverse termites. Appl. Environ.
Microbiol. 65:4926-4934.

Ohta, H., and T. Hattori. 1983. Agromonas oligotrophica gen.
nov., sp. nov., a nitrogen-fixing oligotrophic bacterium.
Ant. v. Leeuwenhoek 49:429-446.

Olivares, F. L., V. L. D. Baldani, V. M. Reis, J. I. Baldani, and
J. Dbereiner. 1996. Occurrence of the endophytic dia-
zotrophs Herbaspirillum spp. in roots, stems, and leaves,
predominantly of Gramineae. Biol. Fertil. Soils 21:197-
200.

Olson, J. B, T. F. Steppe, R. W. Litaker, and H. W. Paerl. 1998.
N,-fixing microbial consortia associated with the ice
cover of Lake Bonney, Antartica. Microb. Ecol. 36:231-
238.

Oomen, H. A. P. C,, and M. W. Corden. 1970. Metabolic
studies in New Guineans: Nitrogen metabolism in sweet-
potato eaters. South Pacific Comm. Noumé, New Cale-
donia. Technical Paper No. 163:65.

Paau, A. S. 1989. Improvement of Gluconoacetobacter diaz-
otrophicus obium inoculants. Appl. Environ. Microbiol.
55:862-865.

Pau, R. N, M. E. Eldridge, D. J. Lowe, L. A. Mitchenall, and
R. R. Eady. 1993. Molybdenum-independent nitrogena-
ses of Azotobacter vinelandii: A functional species of
alternative nitrogenase-3 isolated from a molybdenum-

Dinitrogen-Fixing Prokaryotes 813
tolerant strain contains an iron-molybdenum cofactor.
Biochem. J. 293:101-107.

Perlova, O., A. Ureta, D. Meletzus, and S. Nordlund. 2003.
Sensing of N-status in Gluconacetobacter diazotrophi-
cus: Biochemistry and genetics of nitrogen fixation and
assimilation. Symbiosis 35:73-84.

Peters, G. A., and J. C. Meeks. 1989. The Azolla-Anabaena
symbiosis: Basic biology. Ann. Rev. Plant Physiol. Plant
Molec. Biol. 40:193-210.

Peters, J. W., M. H. B. Stowell, S. M. Soltis, M. G. Finnegan,
M. K. Johnson, and D. C. Rees. 1997. Redox-dependent
structural changes in the nitrogenase P-cluster. Bio-
chemistry 36:1181-1187.

Phillips, D. A. 1974. Promotion of acetylene reduction by
Gluconoacetobacter diazotrophicus obium-soybean cell
associations in vitro. Plant Physiol. 54:654-655.

Phillips, D. A., C. M. Joseph, G.-P. Yang, E. Marthez-
Romero, J. R. Sanborn, and H. Volpin. 1999. Iden-
tification of lumichrome as a Gluconoacetobacter
diazotrophicus hizobium enhancer of alfalfa root respi-
ration and shoot growth. Proc. Natl. Acad. Sci. USA
96:12275-12280.

Phillips, D. A., E. Marthez-Romero, G. P. Yang, and C. M.
Joseph. 1999. Release of nitrogen: A key trait in select-
ing bacterial endophytes for agronomically useful nitro-
gen fixation. /n: J. K. Ladha, and P. M. Reddy (Eds.) The
Quest for Nitrogen Fixation in Rice. International Rice
Research Institute. Los Baas, The Philippines. 205-
217.

Phillips, D. A., and E. Marthez-Romero. 2000. Biological
nitrogen fixation. In: J. Lederberg (Ed.) Encyclopedia of
Microbiology. Academic Press. New York, NY.

Piehler, M. F, J. G. Swistak, J. L. Pinckney, and H. W. Paerl.
1999. Stimulation of diesel fuel biodegradation by indig-
enous nitrogen fixing bacterial consortia. Microb. Ecol.
38:69-78.

Poole, R. K., N. Ioannidis, and Y. Orii. 1994. Reactions of the
Escherichia coli flavohaemoglobin (Hmp) with oxygen
and reduced nicotinamide adenine dinucleotide: evi-
dence for oxygen switching of flavin oxidoreduction and
a mechanism for oxygen sensing. Proc. R. Soc. Lond. B.
Biol. Sci. 255:251-258.

Postgate, J. 1988. The ghost in the laboratory. New Scientist
49-52.

Prantera, M. T., A. Drozdowicz, S. G. Leite, and A. S. Rosado.
2002. Degradation of gasoline aromatic hydrocarbons
by two N,-fixing soil bacteria. Biotechnol. Lett. 24:85-
89.

Qui, Y. S, S. P. Zhou, and X. Z. Mo. 1981. Study of nitrogen
fixing bacteria associated with rice root. 1: Isolation and
identification of organisms. Acta Microbiol. Sinica
21:468-472.

Quispel, A. 1988. Hellriegel and Wilfarth’s discovery of
(symbiotic) nitrogen fixation hundred years ago. In: H.
Bothe, F. J. de Bruijn, and W. E. Newton (Eds.) Nitrogen
Fixation: Hundred Years After. Gustav Fischer. Stut-
tgart, Germany. 3-12.

Rajagopal, B. S., N. Belay, and L. Daniels. 1988. Isolation and
characterization of methanogenic bacteria from rice
paddies. FEMS Microbiol. Ecol. 53:153-158.

Rao, V. R., B. Ramakrishnan, T. K. Adhya, P. K. Kanungo,
and D. N. Nayak. 1998. Review: Current status and
future prospects of associative nitrogen fixation in rice.
World J. Microbiol. Biotechnol. 14:621-633.

Rappe, M. S., and S. J. Giovannoni. 2003. The uncultured
microbial majority. Ann. Rev. Microbiol. 57:369-394.



814 E. Martinez-Romero

Raymond, J.,, J. L. Siefert, C. R. Staples, and R. E. Blanken-
ship. 2004. The natural history of nitrogen fixation.
Molec. Biol. Evol. 21:541-554.

Reddy, P. M., J. K. Ladha, R. B. So, R. J. Hernandez, M. C.
Ramos, O. R. Angeles, F. B. Dazzo, and F. J. de Bruijn.
1997. Gluconoacetobacter diazotrophicus obial commu-
nication with rice roots: Induction of phenotypic
changes, mode of invasion and extent of colonization.
Plant Soil 194:81-98.

Reiter, B., H. Buergmann, K. Burg, and A. Sessitsch. 2003.
Endophytic nifH gene diversity in African sweet potato.
Can. J. Microbiol./Rev. Can. Microbiol. 49:549-555.

Reyes-Ramirez, F., R. Little, and R. Dixon. 2002. Mutant
forms of the Azotobacter vinelandii transcriptional acti-
vator NifA resistant to inhibition by the NifL regulatory
protein. J. Bacteriol. 184:6777-6785.

Ribbe, M., D. Gadkari, and O. Meyer. 1997. N, fixation by
Streptomyces thermoautotrophicus involves a molybde-
num-dinitrogenase and a manganese-superoxide oxi-
doreductase that couple N, reduction to the oxidation of
superoxide produced from O, by a molybdenum-CO
dehydrogenase. J. Biol. Chem. 272:26627-26633.

Rivas, R., E. Velazquez, A. Willems, N. Vizcaino, N. S. Subba-
Rao, P. F. Mateos, M. Gillis, F. B. Dazzo, and E.
Martinez-Molina. 2002. A new species of Devosia that
forms a unique nitrogen-fixing root-nodule symbiosis
with the aquatic legume Neptunia natans (L.f.) Druce.
Appl. Environ. Microbiol. 68:5217-5222.

Robson, R. L., R. R. Eady, T. H. Richardson, R. W. Miller,
M. Hawkins, and J. R. Postgate. 1986. The alternative
nitrogenase of Azotobacter chroococcum is a vanadium
enzyme. Nature (London) 322:388-390.

Rodrigues, J. L., J. T. Wertz, T. M. Schmidt, and J. A. Breznak.
2004. A genomic DNA library of Verrucomicrobium iso-
lated from termite guts reveals nitrogen fixation genes.
In: 10th International Symposium on Microbial Ecology
ISME-10 Microbial Planet: Sub-surface to Space, Can-
cun, Mexico August 22-27, 2004, Book of Abstracts. 91.

Rolfe, B. G, D. P. S. Verma, I. Potrykus, R. Dixon, M.
McCaully, et al. 1998. Round table: Agriculture 2020: 8
billion people. In: C. Elmerich, A. Kondorosi, and W. E.
Newton (Eds.) Biological Nitrogen Fixation for the 21st
century. Kluwer Academic Publishers. Dordrecht, The
Netherlands. 685-692.

Romero, D., and R. Palacios. 1997. Gene amplification and
genomic plasticity in prokaryotes. Ann. Rev. Genet.
31:91-111.

Roncato-Maccari, L. D. B., H. J. O. Ramos, F. O. Pedrosa,
Y. Alquini, L. S. Chubatsu, M. G. Yates, L. U. Rigo,
M. B. R. Steffens, and E. M. Souza. 2003. Endophytic
Herbaspirillum seropedicae expresses nif genes in
gramineous plants. FEMS Microbiol. Ecol. 45:39-47.

Rosenblueth, M., L. Marthez, J. Silva, and E. Marthez-
Romero. 2004. Klebsiella variicola, a novel species with
clinical and plant-associated isolates. Syst. Appl. Micro-
biol. 27:27-35.

Ruinen, J. 1974. Nitrogen fixation in the phyllosphere. In: A.
Quispel (Ed.) The Biology of Nitrogen Fixation. North-
Holland Publishing Company. Amsterdam, The Nether-
lands. 121-167.

Ruppel, S., C. Hecht-Bucholz, R. Remus, U. Ortmann, and
R. Schmelzer. 1992. Settlement of the diazotrophic, phy-
toeffective bacterial strain Pantoea agglomerans on and
within winter wheat: An investigation using ELISA and
transmission electron microscopy. Plant Soil 145:261-
273.

CHAPTER 1.24

Saah, J. R., and P. E. Bishop. 1999. Diazotrophs that group
within the Pseudomonadaceae based on phylogenetic
evidence. In: F. O. Pedrosa, M. Hungria, et al. (Eds.)
12th International Congress on Nitrogen Fixation, Book
of Abstracts. Universidade Federal do ParanaParana
Brazil. 117.

Sabry, S. R. S., S. A. Saleh, C. A. Batchelor, et al. 1997.
Endophytic establishment of Azorhizobium caulinodans
in wheat. Proc. R. Soc. Lond. B. 264:341-346.

Sadowsky, M. J., and P. H. Graham. 1998. Soil biology of the
gluconoacetobacter Diazotrophicus obiaceae. /n: H. P.
Spaink, A. Kondorosi, and P. J. J. Hooykaas (Eds.) The
Gluconoacetobacter diazotrophicus obiaceae. Kluwer
Academic Publishers. Dordrecht, The Netherlands. 155—
172.

Sachez, P. A., and G. Vehara. 1980. Management consider-
ations for acid soils with high phosphorus fixation capac-
ity. In: F. E. Khasawneh, E. C. Sample, and E. J.
Kamprath (Eds.) The Role of Phosphorus in Agricul-
ture. American Society of Agronomy. Madison, WI.
471-514.

Schatt, E., Y. Jouanneau, and P. M. Vignais. 1989. Molecular
cloning and sequence analysis of the structural gene of
ferredoxin I from the photosynthetic bacterium Rhodo-
bacter capsulatus. J. Bacteriol. 171:6218-6226.

Schindelin, H., C. Kisker, J. L. Schlessman, J. B. Howard, and
D. C. Rees. 1997. Structure of ADP x AIF4(-)-stabilized
nitrogenase complex and its implications for signal
transduction. Nature 387:370-376.

Schlessman, J. L., D. Woo, L. Joshua-Tor, L. J. B. Howard,
and D. C. Rees. 1998. Conformational variability in
structures of the nitrogenase iron proteins from Azoto-
bacter vinelandii and Clostridium pasteurianum. J.
Molec. Biol. 24:669-685.

Schmehl, M., A. Jahn, A. Meyer zu Vilsendorf, S. Hennecke,
B. Masepohl, M. Schuppler, M. Marxer, J. Oelze, and W.
Klipp. 1993. Identification of a new class of nitrogen
fixation genes in Rhodobacter capsulatus: A putative
membrane complex involved in electron transport to
nitrogenase. Molec. Gen. Genet. 241:602-615.

Scott, D. J., H. D. May, W. E. Newton, K. E. Brigle, and
D. R. Dean. 1990. Role for the nitrogenase MoFe pro-
tein o-subunit in FeMo-cofactor binding and catalysis.
Nature 343:188-190.

Seefeldt, L. C., and D. R. Dean. 1997. Role of nucleotides in
nitrogenase catalysis. Acc. Chem. Res. 30:260-266.
Segonds, C., T. Heulin, N. Marty, and G. Chabanon. 1999.
Differentiation of Burkholderia species by PCR-
restriction fragment length polymorphism analysis of
the 16S rRNA gene and application to cystic fibrosis

isolates. J. Clin. Microbiol. 37:2201-2208.

Segovia, L., D. Piéiro, R. Palacios, and E. Marthez-Romero.
1991. Genetic structure of a soil population of nonsym-
biotic R. leguminosarum. Appl. Environ. Microbiol.
57:426-433.

Sessitsch, A., J. G. Howieson, X. Perret, H. Antoun, and E.
Marthez-Romero. 2002. Advances in Rhizobium
research. Crit. Rev. Plant Sci. 21:323-378.

Sevilla, M., A. De Oliveira, I. Baldani, and C. Kennedy. 1998.
Contributions of the bacterial endophyte Acetobacter
diazotrophicus to sugarcane nutrition: A preliminary
study. Symbiosis 25:181-191.

Sevilla, M., S. Lee, D. Meletzus, R. Burris, and C. Kennedy.
1999. Genetic analysis and effect on plant growth of the
nitrogen-fixing sugarcane endophyte Acetobacter diaz-
otrophicus. In: F. O. Pedrosa, M. Hungria, et al. (Eds.)



CHAPTER 1.24

12th International Congress on Nitrogen Fixation, Book
of Abstracts. Universidade Federal do ParandParana
Brazil. 12.

Shen, J., D. R. Dean, and W. E. Newton. 1997. Evidence for
multiple substrate-reduction sites and distinct inhibitor-
binding sites from an altered Azotobacter vinelandii
nitrogenase MoFe protein. Biochemistry 36:4884-4894.

Siemann, S., K. Schneider, M. Oley, and A. Mueller. 2003.
Characterization of a tungsten-substituted nitrogenase
isolated from Rhodobacter capsulatus. Biochemistry
42:3846-3857.

Silver, W. S., J. R. Postgate. 1973. Evolution of asymbiotic
nitrogen fixation. J. Theor. Biol. 40:1-10.

Simon, H. M., M. M. Gosink, and G. P. Roberts. 1999. Impor-
tance of cis determinants and nitrogenase activity in
regulated stability of the Klebsiella pneumoniae
nitrogenase structural gene mRNA. J. Bacteriol.
181:3751-3760.

Singleton, P. W., and J. W. Tavares. 1986. Inoculation response
of legumes in relation to the number and effectiveness
of indigenous Gluconoacetobacter diazotrophicus
obium populations. Appl. Environ. Microbiol. 51:1013—
1018.

Smith, D. R., L. A. Doucette-Stamm, C. Deloughery, H. Lee,
et al. 1997. Complete genome sequence of Methanobac-
terium thermoautotrophicum deltaH: Functional analy-
sis and comparative genomics. J. Bacteriol. 179:7135-
7155.

Socolow, R. H. 1999. Nitrogen management and the future
of food: Lessons from the management of energy and
carbon. Proc. Natl. Acad. Sci. USA 96:6001-6008.

Souza, E. M., F. O. Pedrosa, H. B. Machado, M. Drummond,
and M. G. Yates. 1995. The N-terminus of the Nifa pro-
tein of Herbaspirillum seropedicae is probably involved
in sensing of ammonia. /n: 1. A. Tikhonovich, N. A.
Provorov, V. I. Romanov, and W. E. Newton (Eds.)
Nitrogen Fixation: Fundamentals and Applications. Klu-
wer Academic Publishers. Dordrecht, The Netherlands.
260.

Staal, M., F. J. R. Meysman, and J. J. Stal. 2003. Temperature
excludes N,-fixing heterocystous cyanobacteria in the
tropical oceans. Nature 425:504-507.

Stevens, C. I, N. B. Dise, J. O. Mountford, and D. J. Gowing.
2004. Impact of nitrogen deposition on the species rich-
ness of grasslands. Science 303:1876-1879.

Steward G. F., B. D. Jenkins, B. B. Ward, and J. P. Zehr. 2004.
Development and testing of a DNA macroarray to
assess nitrogenase (nifH) gene diversity. Appl. Environ.
Microbiol. 70:1455-1465.

Stewart, W. D. P. 1974. Blue-green algae. In: A. Quispel (Ed.)
The Biology of Nitrogen Fixation Research. North-
Holland Publishing Company. Amsterdam, The Nether-
lands. 202-237.

Suh, M., L. Pulakat, and N. Gavini. 2003. Functional expres-
sion of a fusion-dimeric MoFe protein of nitrogenase in
Azotobacter vinelandii. J. Biol. Chem. 278:5353-5360.

Sullivan, J. T., H. N. Patrick, W. L. Lowther, D. B. Scott, and
C. W. Ronson. 1995. Nodulating strains of R. loti arise
through chromosomal symbiotic gene transfer in the
environment. Proc. Natl. Acad. Sci. USA 92:8985-8989.

Sullivan, J. T., B. D. Eardly, P. van Berkum, and C. W. Ronson.
1996. Four unnamed species of nonsymbiotic rhizobia
isolated from the rhizosphere of Lotus corniculatus.
Appl. Environ. Microbiol. 62:2818-2825.

Sullivan, J. T., and C. W. Ronson. 1998. Evolution of rhizobia
by acquisition of a 500kb symbiosis island that integrates

Dinitrogen-Fixing Prokaryotes 815

into a phe-tRNA gene. Proc. Natl. Acad. Sci. USA
95:5145-5149.

Sullivan, J. T., J. R. Trzebiatowski, R. W. Cruickshank, J.
Gouzy, S. D. Brown, R. M. Elliot, D. J. Fleetwood, N. G.
McCallum, U. Rossbach, G. S. Stuart, J. E. Weaver, R. J.
Webby, F. J. de Bruijn, and C. W. Ronson. 2002. Com-
parative sequence analysis of the symbiosis island of
Mesorhizobium loti strain R7A. J. Bacteriol. 184:3086—
3095.

Suominen, L., M. M. Jussila, K. Makelainen, M. Romants-
chuk, and K. Lindstrom. 2000. Evaluation of the Galega-
Gluconoacetobacter diazotrophicus obium galegae
system for the bioremediation of oil-contaminated soil.
Environ. Pollut. 107:239-244.

Sy, A., E. Giraud, P. Jourand, N. Garcia, A. Willems, P. de
Lajudie, Y. Prin, M. Neyra, M. Gillis, C. Boivin-Masson,
and B. Dreyfus. 2001. Methylotrophic Methylobacte-
rium bacteria nodulate and fix nitrogen in symbiosis with
legumes. J. Bacteriol. 183:214-220.

Tan, Z., T. Hurek, and B. Reinhold-Hurek. 2003. Effect of
N-fertilization, plant genotype and environmental
conditions on nifH gene pools in roots of rice. Environ.
Microbiol. 5:1009-1015.

Thiel, T., E. M. Lyons, J. C. Erker, and A. Ernst. 1995. A
second nitrogenase in vegetative cells of a heterocyst-
forming cyanobacterium. Proc. Natl. Acad. Sci. USA
92:9358-9362.

Tra Van, V., P. Mavingui, O. Berge, J. Balandreau, and T.
Heulin. 1994. Promotion de croissance du riz inoculgar
une bactéie fixatrice d’azote, Burkholderia vietnamien-
sis, isolé d’un sol sulfatécide du Viet-nam. Agronomie
14:697-707.

Tra Van, V., O. Berge, J. Balandreau, S. NgoK¢ and T.
Heulin. 1996. Isolement et activiténitrogdasique de
Burkholderia vietnamiensis, bacterie fixatrice d’azote
associé au riz (Oryza sativa L) cultivéur un sol sulfaté
du Vietnam. Agronomie 16:479-491.

Triplett, E. W. 1996. Diazotrophic endophytes: Progress and
prospects for nitrogen fixation in monocots. Plant Soil
186:29-38.

Turner, S. L., X. X. Zhang, FE. D. Li, and J. P. Young. 2002.
What does a bacterial genome sequence represent?
Mis-assignment of MAFF 303099 to the genospecies
Mesorhizobium loti. Microbiology (Reading, UK)
148:3330-3331.

Ueda, T., Y. Suga, N. Yahiro, and T. Matsuguchi. 1995.
Remarkable N,-fixing bacterial diversity detected in rice
roots by molecular evolutionary analysis of nifH gene
sequences. J. Bacteriol. 177:1414-1417.

Urquiaga, S., P. B. L. Botteon, and R. M. Boddey. 1989.
Selection of sugar cane cultivars for associated biologi-
cal nitrogen fixation using “N-labelled soil. In: F. A.
Skinner, et al. (Eds.) Nitrogen Fixation with Non-
legumes. Kluwer Academic Publishers. Dordrecht, The
Netherlands. 311-319.

Urquiaga, S., K. H. S. Cruz, and R. M. Boddey. 1992. Contri-
bution of nitrogen fixation to sugar cane: Nitrogen-15
and nitrogen-balance estimates. Soil Sci. Soc. Am. J.
56:105-114.

Vaisanen, O. M., A. Weber, A. Bennasar, F. A. Rainey, H. J.
Busse, and M. S. Salkinoja-Salonen. 1998. Microbial
communities of printing paper machines. J. Appl. Micro-
biol. 84:1069-1084.

Valderrama, B., A. Davalos, L. Girard, E. Morett, and J.
Mora. 1996. Regulatory proteins and cis-acting elements
involved in the transcriptional control of Gluconoaceto-



816 E. Martinez-Romero

bacter diazotrophicus obium etli reiterated nifH genes.

J. Bacteriol. 178:3119-3126.

Van Breemen, N., E. Boyer, C. Goodale, N. Jaworski, K.
Paustian, S. Seitzinger, K. Lajtha, B. Mayer, D. van Dam,
R. Howarth, K. Nadelhoffer, M. Eve, and G. Billen.
2002. Where did all the nitrogen go? Fate of nitrogen
inputs to large watersheds in the northeastern U.S.A.
Biogeochemistry 57:267-293.

Vance, C. P. 1998. Legume symbiotic nitrogen fixation:
Agronomic aspects. /n: H. P. Spaink, A. Kondorosi, and
P. J. J. Hooykaas (Eds.) The Gluconoacetobacter
diazotrophicus obiaceae. Kluwer Academic Publishers.
Dordrecht, The Netherlands. 509-530.

Vandamme, P., J. Goris, W.-M. Chen, P. De Vos, and A.
Willems. 2002. Burkholderia tuberum sp. nov. and
Burkholderia phymatum sp. nov., nodulate the roots
of tropical legumes. Syst. Appl. Microbiol. 25:507-
512.

Vaneechoutte, M., P. Kinpfer, T. De Baere, E. Falsen, and
G. Verschraegen. 2004. Wautersia gen. nov., a novel
genus accommodating the phylogenetic lineage in-
cluding Ralstonia eutropha and related species, and
proposal of Ralstonia [Pseudomonas] syzygii (Roberts
et al. 1990) comb. nov. Int. J. Syst. Evol. Microbiol.
54:317-3217.

Ventura, T. S., M. Bravo, C. Daez, V. Ventura, 1. Watanabe,
and A. App. 1986. Effects of N-fertilizers, straw, and dry
fallow on the nitrogen balance of a flooded soil planted
with rice. Plant Soil 93:405-411.

Vermeiren, H., W.-L. Hai, and J. Vanderleyden. 1998. Colo-
nisation and nifH expression on rice roots by Alcali-
genes faecalis Al5. In: K. A. Malik, M. S. Mirza, and
J. K. Ladha (Eds.) Nitrogen Fixation with Non-legumes.
Kluwer Academic Publishers. Dordrecht, The Nether-
lands. 167-177.

Vermeiren, H., A. Willems, G. Schoofs, R. de Mot, V. Keijers,
W. Hai, and J. Vanderleyden. 1999. The rice inoculant
strain Alcaligenes faecalis Al5 is a nitrogen-fixing
Pseudomonas stutzeri. System. Appl. Microbiol. 22:215-
224.

Vlassak, K. M., and J. Vanderleyden. 1997. Factors influenc-
ing nodule occupancy by inoculant rhizobia. Crit. Rev.
Plant Sci. 16:163-229.

Von der Weid, 1., G. E. Duarte, J. D. van Elsas, and L. Seldin.
2002. Paenibacillus brasilensis sp. nov., a novel nitrogen-
fixing species isolated from the maize rhizosphere in
Brazil. Int. J. Syst. Evol. Microbiol. 52:2147-2153.

Waelkens, F.,, A. Foglia, J.-B. Morel, J. Fourment, J. Batut, and
P. Boistard. 1992. Molecular genetic analysis of the
R. meliloti fixK promoter: Identification of sequences
involved in positive and negative regulation. Molec.
Microbiol. 6:1447-1456.

Walcott, J. J., M. Chauviroj, A. Chinchest, P. Choticheuy, R.
Ferraris, and B. W. Norman. 1977. Long term productiv-
ity of intensive rice cropping systems on the central
plains of Thailand. Exp. Agric. 13:305-316.

Wang, E. T., M. A. Rogel, A. Garcia-de los Santos, J.
Marthez-Romero, M. A. Cevallos, and E. Marthez-
Romero. 1999. Rhizobium etli bv. mimosae, a novel bio-
var isolated from Mimosa affinis. Int. J. Syst. Bacteriol.
49:1479-1491.

Wang, E. T., P. van Berkum, X. H. Sui, D. Beyene, W. X.
Chen, and E. Marthez-Romero. 1999. Diversity of
rhizobia associated with Amorpha fructicosa isolated
from Chinese soils and description of Mesorhizobium
amorphae sp. nov. Int. J. Syst. Bacteriol. 49:51-65.

CHAPTER 1.24

Wang, E. T., and E. Marthez-Romero. 2000a. Phylogeny of
root- and stem-nodule bacteria associated with
legumes. In: E. W. Triplett (Ed.) Prokaryotic Nitrogen
Fixation. Horizon Scientific Press. Wymondham, UK.
177-186.

Wang, E., and E. Marthez-Romero. 2000. Sesbania herba-
cea-Rhizobium huautlense nodulation in flooded soils
and comparative characterization of S. herbacea-
nodulating rhizobia in different environments. Microb.
Ecol. 40:25-32.

Watanabe, 1., R. So, J. K. Ladha, Y. Katayama-Fujimura, and
H. Kuraishi. 1987. A new nitrogen-fixing species of
pseudomonad: Pseudomonas diazotrophicus sp. nov.
isolated from the root of wetland rice. Can. J. Microbiol.
33:670-678.

Watanabe, I., T. Yoneyama, B. Padre, and J. K. Ladha. 1987.
Difference in natural abundance of N in several rice
(Oryza sativa L.) varieties: Applications for evaluating
N, fixation. Soil Sci. Plant Nutr. 33:407-415.

Waters, J. K., B. L. Hughes, 2nd, L. C. Purcell, K. O. Ger-
hardt, T. P. Mawhinney, and D. W. Emerich. 1998. Ala-
nine, not ammonia, is excreted from N,-fixing soybean
nodule bacteroids. Proc. Natl. Acad. Sci. USA 95:12038-
12042.

Webster, G., V. Jain, M. R. Davey, C. Gough, J. Vasse, J.
Denarie, and E. C. Cocking. 1998. The flavonoid narin-
genin stimulates the intercellular colonization of wheat
roots by Azorhizobium caulinodans. Plant Cell Environ.
21:373-383.

Wei, T.-F., T. S. Ramasubramanian, and J. W. Golden. 1994.
Anabaena sp. strain PCC 7120 ntcA gene required for
growth on nitrate and heterocyst development. J. Bacte-
riol. 176:4473-4482.

Welbaum, G. E., F. C. Meinzer, R. L. Grayson, and K. T.
Thornham. 1992. Evidence for and consequences of a
barrier to solute diffusion between the apoplast and vas-
cular bundles in sugarcane stalk tissue. Australian J.
Plant. Physiol. 19:611-623.

Wernegreen, J. J., and M. A. Riley. 1999. Comparison of the
evolutionary dynamics of symbiotic and housekeeping
loci: A case for the genetic coherence of rhizobial lin-
eages. Molec. Biol. Evol. 16:98-113.

Wolk, C. P. 1996. Heterocyst formation. Ann. Rev. Genet.
30:59-78.

Yamada, Y., K. Hoshino, and T. Ishikawa. 1997. The phylog-
eny of acetic acid bacteria based on the partial
sequences of 16S ribosomal RNA: The elevation of the
subgenus Gluconoacetobacter to the generic level. Bio-
sci. Biotechnol. Biochem. 61:1244-1251.

Yanni, Y. G., R. Y. Rizk, V. Corich, A. Squartini, et al. 1997.
Natural endophytic association between R. legumi-
nosarum bv. trifolii and rice roots and assessment of its
potential to promote rice growth. Plant Soil 194:99-
114.

Yoneyama, T., T. Muraoka, T. H. Kim, E. V. Dacanay, and Y.
Nakanishi. 1997. The natural N abundance of sugar-
cane and neighbouring plants in Brazil, the Philippines
and Miyako (Japan). Plant Soil 189:239-244.

Young, J. P. W. 1992. Phylogenetic classification of nitrogen-
fixing organisms. /n: G. Stacey, R. H. Burris, and H. J.
Evans (Eds.) Biological Nitrogen Fixation. Chapman
and Hall. New York, NY. 43-86.

Youzhong, L., R. Parsons, D. A. Day, and F. J. Bergersen.
2002. Reassessment of major products of N sub(2) fixa-
tion by bacteroids from soybean root nodules. Microbi-
ology 148:1959-1966.



CHAPTER 1.24

Zahran, H. H. 1999. Rhizobium-legume symbiosis and nitro-
gen fixation under severe conditions and in an arid cli-
mate. Microbiol. Molec. Biol. Rev. 63:968-989.

Zanetti, S., U. A. Hartwig, A. Luescher, T. Hebeisen, M.
Frehner, B. U. Fischer, G. R. Hendrey, H. Blum, and J.
Noesberger. 1996. Stimulation of symbiotic N, fixation
in Trifolium repens L. under elevated atmospheric pCO,
in a grassland ecosystem. Plant Physiol. 112:575-583.

Zehr, J. P, M. Mellon, S. Braun, W. Litaker, T. Steppe, and
H. W. Paerl. 1995. Diversity of heterotrophic nitrogen
fixation genes in a marine cyanobacterial mat. Appl.
Environ. Microbiol. 61:2527-2532.

Dinitrogen-Fixing Prokaryotes 817

Zehr, J. P, M. T. Mellon, and S. Zani. 1998. New nitrogen-
fixing microorganims detected in oligotrophic oceans by
amplification of nitrogenase (nifH) genes. Appl. Envi-
ron. Microbiol. 64:3444-3450.

Zehr, J. P., B. D. Jenkins, S. M. Short, and G. F. Steward. 2003.
Nitrogenase gene diversity and microbial community
structure: A cross-system comparison. Environ. Micro-
biol. 5:539-554.

Zhang, Y., E. L. Pohlmann, P. W. Ludden, and G. P. Roberts.
2003. Regulation of nitrogen fixation by multiple Py
homologs in the photosynthetic bacterium Rhodospiril-
lum rubrum. Symbiosis 35:85-100.



