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DAVID A. DALTON AND SASHA KRAMER 

NITROGEN-FIXING BACTERIA IN NON-LEGUMES 

Abstract. The process of biological nitrogen fixation, in which bacteria pass fixed nitrogen on to a plant 
host, is well known in the legume-rhizobia system. Less well known, but equally intriguing, is the 
ability of some grasses to harbor nitrogen-fixing bacteria. The plant-bacteria association is less distinct 
in the case of grasses, since the bacteria may be dispersed in low numbers in or near roots (associative 
fixation) or ensconced within cell walls inside the plant (endophytic fixation). It has been difficult to 
define the significance of nitrogen fixation in these systems. The most studied system in this regard is 
the association between sugarcane and endophytic bacteria such as Gluconoacetobacter diazotrophicus. 
This association appears to be responsible for the ability of sugarcane to produce large crops for many 
years without the addition of nitrogen fertilizers. Experiments comparing inoculated and uninoculated 
sugarcane plants show that nitrogen-fixing bacteria provide a strong benefit for the host plant. However, 
some of those benefits may arise from the ability of the bacteria to produce phytohormones. Other 
similar systems include: 1) various tropical grasses such as Digitaria and Paspalum with bacteria such 
as Azospirillum; 2) Kallar grass (Leptochloa fusca) with Azoarcus; and 3) a wide range of host plants 
(coffee, maize, dune grasses) with the widespread bacteria Burkholderia. PCR-based screens of DNA 
isolated directly from environmental samples suggest that associative/endophytic nitrogen fixation is 
more widespread than generally acknowledged.  

1. INTRODUCTION 

1.1. Biological Nitrogen Fixation 

Despite the fact that 78% of the earth’s atmosphere is composed of nitrogen, it is 
often a limiting factor in plant growth. This is because atmospheric nitrogen exists 
as dinitrogen (N2),  a form of the element that is inaccessible to all but a handful of 
specially adapted prokaryotic organisms including some eubacteria, cyanobacteria, 
and actinomycetes. For nitrogen to be incorporated into living organisms it must 
first be converted to ammonia or nitrate, a process that cannot be carried out by 
higher plants and animals in the absence of endosymbiotic bacteria. 

 Biological nitrogen fixation is the process by which dinitrogen is reduced to 
ammonia by a specialized group of prokaryotic organisms called diazotrophs. The 
nitrogen fixation reaction is catalyzed by the nitrogenase enzyme. 

 N2  + 8e- + 8H+ + 16ATP  2NH3  + H2  + 16ADP + 16 Pi  

This reaction is energetically demanding, requiring 16 molecules of ATP for 
each molecule of N2 reduced. Additional energy is required to elevate the electrons 
for nitrogenase to a sufficiently large redox potential, so the actual energy 
requirement for this reaction is in the range of 25 molecules of ATP per molecule 
of N2 fixed. In terms of overall cellular energy the energetic requirements are 
exacerbated by the fact that the ATP used for nitrogen fixation would otherwise 
have been available for other energy-requiring processes. Microbial nitrogen 
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fixation rates are highest in carbon rich environments and many diazotrophs are 
frequently concentrated in the rooting zone of plants. 

 Environmental restrictions on nitrogen fixation are largely governed by the 
physiological properties of the enzyme nitrogenase. Nitrogenase is a large enzyme 
that requires a considerable investment on the part of the organism, up to 30% of 
total cell protein (Haaker and Klugkist, 1987). This also contributes to the need for 
available carbon for efficient diazotrophy. 

 Nitrogen fixation is complicated by the complex nature of nitrogenase that 
simultaneously requires and is inactivated by oxygen. Oxygen is required for the 
process of oxidative phosphorylation that is responsible for the production of ATP 
needed to fuel nitrogen fixation. Both protein components of the nitrogenase 
enzyme are inactivated in the presence of atmospheric oxygen levels, with half 
lives of 4.5 seconds to 60 minutes (Robeson and Postgate, 1980). In order for 
nitrogen fixation to proceed at optimal efficiency it is necessary that very low 
levels of oxygen be maintained in the vicinity of nitrogenase at all times. 

 Diazotrophic organisms have developed a wide variety of strategies for 
overcoming the sensitivity of nitrogenase as well as the energy intensive nature of 
nitrogen fixation. This chapter will focus on nitrogen-fixing organisms that 
associate with plants as a strategy for addressing their physiological demands.  

1.2. Nitrogen-Fixing Organisms 

Diazotrophic organisms are loosely classified into three subgroups: symbiotic, 
free-living, and associative. The distinctions between these groups, particularly the 
free-living and associative diazotrophs, are not clearly delineated and several 
organisms could fall under the heading of more than one group. A symbiosis is 
defined as the living together in intimate association of two organisms, the 
collaboration being mutually beneficial (Paul and Clark, 1989). The most well-
studied diazotrophs are those that have formed a tight symbiotic relationship with 
host plants from the legume family. These organisms are valued for their 
importance for agricultural fertility. This chapter will focus explicitly on another 
group of diazotrophs that live in close association with plants but do not inhabit 
specialized growth structures on their host plants.  

 The distinction between associative and symbiotic diazotrophs is a question of 
the degree of association. Associative nitrogen fixation is commonly defined as 
nitrogen fixation by a free-living diazotroph under the direct influence of a host. 
Associative nitrogen-fixers engage in a protocooperative relationship with a plant 
host in which some exchange of nutrients takes place but no differentiated root 
structures are formed (Elmerich et al., 1992; You and Zhou, 1989). Plants are 
provided with some excess nitrogen and the microbes can utilize plant derived 
carbon compounds to fuel the nitrogen fixation reaction. In an associative 
relationship both partners benefit but the relationship is more casual than 
cooperative (Klucas, 1991).   
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 Associative nitrogen fixation constitutes an ecological niche midway between 
symbiotic and asymbiotic diazotrophy. The organisms involved represent a 
continuum from free-living within the vicinity of the plant to endogenous 
colonization of plant tissue. In order for fixation to be termed associative the 
following requirements must be met: 1) a plant host; 2) a diazotroph; 3) an 
adequate supply of substrate provided by the plant; 4) an appropriate 
microenvironment for nitrogenase activity; and 5) a net transfer of fixed nitrogen 
from the diazotroph to the host (Klucas, 1991). Important bacterial genera that 
enter into associative relationships with plant hosts include Azospirillum, 
Burkholderia, Enterobacter, Gluconoacetobacter, Herbaspirillum, and Klebsiella. 

1.3. The Rhizosphere: A Solution to the Carbon and Oxygen Problems 

The soil under the immediate influence of a plant’s root system is called the 
rhizosphere (Döbereiner and Pedrosa, 1987). The rhizosphere is composed of soil 
particles, microorganisms, polymeric secretions, water-soluble exudates, lysates, 
and gases. Root effects are mainly due to the exudation of carbon substrate, 
creating a gradient that decreases with distance from the root (Rovira, 1969). Other 
factors that vary within the rhizosphere include pH and concentrations of CO2  and 
O2 . The outer edge is determined by the diffusion limits of water-soluble, plant-
derived compounds.  

 The availability of carbon exudates in the rhizosphere leads to the selective 
enrichment of diazotrophs, a phenomenon called the rhizosphere effect (Rovira, 
1965, 1969; Kuzyakov 2002). Enrichment of diazotrophs in rhizosphere soil as 
compared to non-rhizosphere soil is termed the R/S ratio and is generally 
calculated to be between 1 and 20 (Balandreau et al., 1978). This preferential 
enrichment of diazotrophs is influenced by the following selective factors: 
competitive advantage in carbon-rich, nitrogen-poor soil, chemotactic attraction to 
root exudates, and aerotactic attraction to decreased pO2  in the root zone. Reduced 
oxygen supply in the root zone has been shown to enhance nitrogenase activity in 
rhizosphere organisms (Döbereiner et al., 1972), and the highest levels of 
nitrogenase activity are achieved in soils with high water content, as this restricts 
oxygen diffusion. 

 The presence of microorganisms in the rhizosphere can enhance carbon 
exudation (Barber and Martin, 1977; Barber and Lynch, 1976; Kraffcyzk et al., 
1984; Heulin et al., 1987) and, in the case of Azospirillum, root permeability 
(Venkateswarlu and Rao, 1985). Other factors that influence carbon exudation 
include plant species, age, temperature, light intensity, nutrition, soil moisture, and 
root damage (Rovira, 1969). Studies indicate that from 14-25% of carbon 
assimilated by wheat and barley is released into the soils (Martin, 1977), and 
values as high as 80-90% have been obtained for some species (Lynch, 1990). The 
amount of exudate is regulated by the rate of photosynthesis and, in several studies, 
nitrogenase activity of rhizosphere diazotrophs has been shown to be tightly 
correlated to the photosynthetic activity of the host plant (Dommergues et al., 
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1973; Day et al., 1975). The correlation of nitrogenase activity and photosynthate 
flux indicates that carbon exudates are a major regulatory factor in diazotrophic 
activity in the rhizosphere.  

 Certain diazotrophs are capable of endogenous colonization of plant tissue, 
called the histosphere or endorhizosphere (Watanabe et al., 1979; Patriquin and 
Döbereiner, 1978). Endophytic diazotrophs tend to colonize the intercellular spaces 
of the inner cortex, stele, and lumen of xylem vessels without disrupting the 
outermost cortex of the endodermis. Initial entry into the roots probably occurs 
through disrupted cortical tissues where lateral branches emerge from the main 
roots (Döbereiner and Pedrosa, 1987). The infection then proceeds via active 
penetration of the middle lamella and through lytic holes in the cell wall (Patriquin 
et al., 1983).  

 Endophytic bacteria such as Gluconoacetobacter, Azoarcus, and Alcaligenes 
exhibit high densities in or surrounding the xylem in grasses, rice and sugarcane 
(Hurek et al., 1994; You and Zhou, 1989; Oliveira et al., 2002). Vascular tissue 
provides an ideal environment for colonization because it has a relatively low pO2  
(Crawford, 1976) and high concentrations of photosynthate (Butz and Long, 1979). 
Association within the vascular elements (both xylem and phloem) facilitates 
nutrient exchange between the diazotroph and the host plant (Patriquin et al., 
1983). Additionally, the xylem can provide a means of bacterial transport via the 
transpiration stream, which allows for the longitudinal and lateral spread of non-
pathogenic diazotrophs without repeated ingress via the rhizoplane (root surface) 
(James et al., 1994; Hurek et al., 1994).  Once the diazotrophic infection is 
established the bacteria can be transmitted via an insect vector, vesicular-
arbuscular mycorrhizae (Varma et al., 1981), or normal vegetative reproduction of 
the host plant (Vose, 1983).  

 Originally it was believed that associative nitrogen fixers were confined to 
intercellular spaces, with no observed colonization of healthy plant cells 
(Döbereiner and Pedrosa, 1987). In 1989 You and Zhou reported the first evidence 
of intracellular colonization by Alcaligenes faecalis in rice seedlings. Further 
support for the role of intracellular colonization in associative nitrogen fixation 
was provided by Hurek et al. (1994) who reported that Azoarcus is able to colonize 
roots of gnotobiotically grown Kallar grass both intra- and intercellularly.  

 It is estimated that endorhizosphere contributions to plant nitrogen are more 
substantial than rhizosphere contributions due to the lack of competition from other 
rhizosphere organisms and the increased availability of carbon substrate. 
Endogenous bacteria also have the benefit of relatively small fluctuations in pO2  
when compared to rhizosphere fluctuations caused by changes in soil moisture 
(Boddey and Döbereiner, 1995). 

 There are several other ways in which diazotrophic associations can enhance 
plant productivity such as the role of bacterial nitrate reductase in enhanced nitrate 
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assimilation by the host plant (Boddey et al., 1986) and the softening of the cell 
walls which can facilitate germination of spores of vesicular-arbuscular 
mycorrhizae (VAM) fungi, stimulating hyphal extension and enhancing subsequent 
colonization (Will and Sylvia, 1990).  VAM fungi have numerous functions in 
plant growth the most important of which is enhancing nutrient uptake. Many 
rhizosphere bacteria are also able to solubilize phosphorous making it more readily 
available to plants.  

1.4. Seasonal and Diurnal Variations in Nitrogenase Activity 

Nitrogen fixation by associative diazotrophs appears to be highly regulated by 
factors such as host plant life cycle, temperature, moisture, and availability of 
photosynthate. In some plants, microbial nitrogenase activity is either absent or 
very low during early vegetative growth and reaches a maximum at some stage 
during reproductive development, a period when physiological N demands are 
highest but when root growth has slowed or stopped (Evans and Wardlaw, 1976). 
This tends to vary from system to system and is not a general rule.  

 Seasonal variation is well documented and appears to be similar for all 
associative systems studied. In general, the highest rates of fixation are obtained in 
moist soil during the warm summer months (Döbereiner and Day, 1975). 
Nitrogenase activity becomes insignificant when night temperatures drop below 
15°C for a prolonged period. This effect could be due to insufficient 
photosynthesis and lack of growth during the winter or the result of decreased 
photosynthesis due to chloroplast damage (Döbereiner and Day, 1975). As a result 
of these general requirements for optimal nitrogenase activity, the tropics are much 
more likely to benefit from associative nitrogen fixation than temperate zones, 
although surprisingly little research has been conducted in temperate zones (Nelson 
et al., 1975; Dalton et al., 2004). The tropics are more conducive to associative 
nitrogen fixation because of optimal temperatures, high light intensity resulting in 
an increased supply of photosynthate, and efficient use of the C4-dicarboxylic acid 
photosynthetic pathway by most grasses (Döbereiner et al., 1972).  

 Diurnal variations are also frequently observed in associative fixation systems 
and can in fact be used to determine the extent of the association. Generally, it is 
observed that nitrogenase activity is substantially reduced several hours after 
cessation of photosynthesis (Nelson et al., 1975).  Azotobacter paspali actually 
shows two peaks in nitrogenase activity, one at midday and one during the night 
(Döbereiner and Day, 1975).  These diurnal variations could be due to either the 
availability of carbohydrate or changes in stomatal conductance, probably a 
combination of both factors is involved (Vose, 1983). 

1.5. Agricultural Significance 

For many years the main goal of nitrogen fixation research has been the 
manipulation of biological diazotrophy to benefit agricultural systems. Numerous 
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strategies have been suggested but in terms of associative nitrogen fixation the two 
main approaches are enhancement of natural diazotrophic associations with crop 
species and inoculation with non-native diazotrophs in an attempt to induce novel 
associations. The importance of associative nitrogen fixation to agriculture remains 
controversial, due in part to methodological limitations. The benefits of associative 
nitrogen fixation to agriculture are largely confined to the tropics where the 
environment is more conducive to optimal levels of nitrogenase activity. 
Additionally associative nitrogen fixation is only beneficial to plants in nitrogen-
stressed environments, otherwise there can be decreases in crop yield due to 
substrate diversion (Klucas, 1991).   

 Diazotrophs, both endogenous and rhizospheric, have been found in association 
with most tropical crop species.  Certainly the most well-studied system is that of 
sugar cane, a crop species that has an integral system of associated bacteria 
including: Azotobacter, Beijerinckia, Clostridium, Azospirillum, Klebsiella, Bacillus, 
Derxia, Pseudomonas, Vibrio, and. most importantly, Gluconoacetobacter (Cavalcante 
and Döbereiner, 1988; Döbereiner, 1961; Ruschel, 1981). Bacteria associated with 
the root systems of sorghum and millet include: Klebsiella, Azospirillum, Bacillus, 
Derxia, and Erwinia (Dart and Wani, 1982). Additionally, 29 bacterial genera have 
been isolated from stems and roots of field-grown maize of which the following 
were found to exhibit diazotrophy: Bacillus, Enterobacter, Erwinia, Klebsiella, 
Herbaspirillum, and Xanthobacter (Young, 1992; McInroy and Kloepper, 1995; 
Baldini et al., 1986, 1992). Corn tissue is estimated to contain 104  bacterial cells 
per gram fresh weight (Triplett, 1996). Collectively these data indicate that many 
natural diazotrophic associations are present in crop species and further research in 
this area could provide the knowledge base necessary for enhancement of 
diazotrophy.   

 Many attempts have been made to inoculate crop species with non-native 
diazotrophs in an effort to establish new associations. The most frequently used 
organism for inoculation studies has been Azospirillum. Results of inoculation 
trials have been variable and will be discussed in more detail in a later section. 
Successful inoculation results are difficult to interpret as they are complicated by 
the contribution of factors other than nitrogen fixation, which promote increased 
growth and yield. The major growth-promoting factor in plant-microbe interactions is 
bacterial production of substances, which resemble plant hormones (Döbereiner 
and Pedrosa, 1987). This phenomenon will also be covered in detail in later 
sections.  

2. METHODOLOGY 

2.1. Overview 

Several different methods have been used verify the presence of nitrogen-fixing 
bacteria associated with plants. It is important to understand the significance as 
well as the limitations of each of these various methods to avoid overly optimistic  
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or misleading interpretations. The most compelling studies often involve a synthesis 
of methodological approaches that provide independent evidence of diazotrophy. 
While it may be relatively straightforward to find evidence of nitrogen accretion in 
a system, it is considerably more challenging to demonstrate that 1) the “new” 
nitrogen has come from fixation; 2) the fixing organism is properly identified; and 
3) the amounts of nitrogen fixed are ecologically relevant.  

2.2. Nitrogen budget studies 

Carefully crafted experiments in which the total nitrogen content of all plant 
components is monitored over time can produce strong evidence for the presence 
of biological nitrogen fixation (BNF). The technique is most often applied in a 
large scale, ecological setting, but it can also be useful for smaller, greenhouse 
experiments. Quantification of total nitrogen regardless of its chemical form is 
routinely achieved with the Kjeldahl procedure that requires only modest 
equipment and expertise. While straightforward in concept, it is difficult to control 
and measure all the diverse forms of transfer and flow of components within the 
nitrogen budget. Inputs that may be particularly difficult to measure include uptake 
from surface flow and wet and dry N deposition. Losses may occur from removal 
of plant or animal material, denitrification (loss of NOx  and N2), volatilization of 
NH3, soil erosion, and leaching.  

 App et al. (1984) provided a particularly useful demonstration of the N balance 
method for evaluation of BNF by rice under field conditions. After accounting for 
inputs and outputs, the accretion of N was determined to be as much as 103 kg N. 
ha-1  . yr -1 , an amount comparable to that observed in a typical legume crop. A 
later study (App et al., 1986) extended these observations to rice grown in pots in a 
greenhouse. Nitrogen accretion varied substantially depending on the variety of 
rice and was also observed for two aquatic weeds. The rates observed were 
estimated to be equivalent to up to 70 kg N . ha-1, thus roughly supporting the 
conclusions from the earlier field study. Similar results were obtained with long-
term experiments with sugar cane (Oliveira et al., 1994) where the total N gain in 
the soil and plant was estimated to be 38 kg N ha-1  yr -1.  

 The N balance method can also be used in greenhouse experiments with plants 
in pots. This has the advantage of increased control of inputs and outputs so that 
subsequent results are more reliable. Iniguez et al. (2004) used such an approach 
with wheat plants to show that inoculation with nitrogen-fixing Klebsiella led to a 
greater than 300% increase in total N concentration in roots and shoots compared 
to uninoculated controls.  

2.3. Acetylene reduction assay 

The study of nitrogen fixation was revolutionized by the discovery of Schollhorn 
and Burris (1967) that nitrogenase reduces acetylene to ethylene as shown in the 
following reaction: 

. .



DAVID A. DALTON AND SASHA KRAMER 112

C2H2 + 2e- + 2H+  C2H4 

Acetylene can be conveniently generated by reacting calcium carbide with water. 
Ethylene can be easily detected with a gas chromatograph equipped with a flame 
ionization detector. The technique is extremely sensitive and adaptable to a range 
of applications both in the field and the laboratory. This technique has been used 
successfully to detect nitrogen fixation in hundreds of biological systems. It 
remains as one of the most valuable techniques in this regard, but it does have 
some substantial limitations.  

 One drawback arises from the difficulty of converting the rates of acetylene 
reduction to rates of dinitrogen reduction. The equation for nitrogen fixation shown 
below suggests a theoretical ratio of 4:1 based on the number of electrons involved  

N2 + 8e- + 8H+  2NH3 + H2 

(i.e. it takes 4 times as many electrons to reduce one mole of N2 as it does to reduce 
one mole of acetylene.) However, many factors, both physiological and ecological, 
can severely influence the actual ratio. Values have been reported to range from as 
high as 20:1 to as low as 0.3:1 (Liengen, 1999, Nohrstedt, 1983). Consequently, it 
is generally unreliable to try to make such a conversion unless the ratio is 
confirmed experimentally with 15N. The technique is even less reliable in 
predicting nitrogen accretion over time (e.g. kg N fixed . ha-1.yr-1) since the 
additional factors of spatial, diurnal, and seasonal variation in rates of acetylene 
reduction introduce so much uncertainty that any calculations are essentially 
worthless.  

 Another issue of concern is the long lag period before acetylene reduction fully 
develops. A common practice in dealing with grass-bacteria symbioses is to seal 
the plant and/or soil material in an airtight chamber for 8-24 hours before the 
addition of acetylene (Bergersen, 1980; Giller, 1987). This has been generously 
been interpreted as allowing the bacteria to re-adjust to disturbances (especially in 
oxygen tension) resulting from digging or agitation as the samples are inserted into 
a chamber. However, it is equally likely that such long “pre-incubation” allows for 
bacteria to benefit from fermentation of roots or soil carbon and thus to proliferate 
to artificially high numbers. A related complication is how to best regulate the 
oxygen level during incubation since rates of nitrogen fixation are highly sensitive 
to oxygen, with the highest activity usually observed at O2 levels < 0.05 atm. Fig. 1 
shows typical data in which a pre-incubation without acetylene and low oxygen 
tensions were used to generate substantial activity.  
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Fig. 1. Effect of varying pO2 on acetylene reduction activity by roots of Paspalum 
notatum. The roots were pre-incubated under N2  for 6 h without acetylene at pO2 
0.04 atm. From Döbereiner et al., 1972.  
 

 Traces of “endogenous” ethylene may be produced in the soil or by plant 
material. Acetylene has variously been reported to block the production of this 
ethylene or to inhibit the oxidation of it. (Giller 1987, Giller and Merckx, 2003). 
These concerns are less troublesome than those described earlier because they can 
be minimized by use of proper controls, but such precautions are frequently 
ignored.  
 In conclusion, the acetylene reduction technique is highly useful due to its 
simplicity and flexibility. It is generally reliable as a qualitative or relative 
indicator of nitrogen fixation, but is of dubious merit for quantitative 
determinations.  
 
2.4. 15N studies 
 
15N is a stable isotope of nitrogen that provides an extremely reliable marker for 
nitrogen fixation. There are at least four different approaches to using this isotope 
in  such studies: direct use of 15N2, isotope dilution, natural abundance and 15N-
aided N balances. The simplest method is to expose the plant material to an 
atmosphere enriched with 15N2 gas and to use a mass spectrometer to check for 
incorporation of labeled nitrogen into plant-derived compounds. This has worked 
well to demonstrate N2 fixation in sugar cane (Ruschel et al., 1975), rice (Eskew   
et al., 1981), and sorghum and millet (Giller et al., 1988.) Care must be taken to 
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insure that all traces of contaminating 15NH3 are removed from the 15N2 gas source. 
Other drawbacks include the high cost of 15N2 gas and the technical challenges of 
growing plants in a sealed atmosphere, but there are many successful applications 
of this technique.  

 The next two 15N2-based techniques are based on the principle that atmospheric 
N2 has an isotopic signature that distinguishes it from other forms of N that are 
available to the plant. These techniques have been reviewed in detail by Boddey 
(1987). Although the principle of these techniques is sound there are many 
potential complications, mostly having to do with incomplete control and 
understanding of 15N distribution, the difficulty in selecting an appropriate control 
(non-fixing) plant for reference., and the fact that 15N cycling in any system is 
controlled by many other factors besides just N2 fixation. The natural abundance 
technique has been used to suggest that sugar cane in commercial plantations may 
obtain between 0 and 60% of its total N from plant-associated nitrogen fixation 
(Boddey et al., 2003). 

 The fourth application of 15N involves using 15N to label the soil over long 
periods in order to reach a stable background level of enrichment. Any deviation of 
the 15N content of plant N below that of the labeled soil indicates a contribution 
from BNF. This technique also suffers from complications relating to possibly 
unidentified sources of N from irrigation water or from deep soil sources, but in 
general the data are reliable. It has been used most successfully to demonstrate 
BNF in sugarcane (Boddey et al., 2003).  

 One particular concern with using 15N analysis of material from grasses with 
putative endophytic nitrogen-fixing bacteria is the difficulty in establishing that the 
isotope signature is actually a feature of a plant compound and not simply present 
in the contaminating bacteria that is intermixed with plant material. In other words, 
the bacteria may be endophytic and they may be fixing N2, but how is one to know 
that this N is actually making it to the plant? This problem was solved elegantly by 
Iniguez et al. (2004) by measuring incorporation of fixed 15N into chlorophyll of 
wheat plants that had been inoculated with N2-fixing Klebsiella.  

Unfortunately, there are no convenient radioisotopes of nitrogen. In theory 13N2 
could be used in radiotracer studies but this isotope has a half-life of only 10 min. 
and so is of no practical use for studying nitrogen fixation in grasses where the 
rates are likely to be low and detectable only by long-running experiments.  

2.5. PCR-based techniques 

The hunt for N2 fixation in grasses has a long history based on culturing and 
identification of putative N2-fixing bacteria isolated from plant material. Indeed  
the modern burst of research activity on this subject was instigated by the 
discovery of N2-fixing bacteria such as Azospirillum from tropical grasses in Brazil 
by Döbereiner and associates in the early 1970’s.   This approach continues to be  
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valuable but it is limited by the prerequisite for proper knowledge of culture media 
and conditions. It is seldom appreciated that the vast majority of bacterial species 
in many natural ecosystems can not be cultured by known techniques and thus 
these bacteria remain essentially unknown to microbiologists. For the skeptic 
trained in Koch postulates, this always leaves open the possibility that any genuine 
agent of BNF might avoid detection and identification. This problem has been 
somewhat ameliorated by the application of PCR-based techniques in which genes 
for nitrogenase (usually nifH or nifK) can be screened for in samples without the 
need for culturing. DNA is first isolated directly from soil or from plant material 
and then screened with the proper nif primers. PCR products are cloned and 
sequenced to confirm that these correspond to authentic nif genes. The sequences 
can then be compared with known sequences to assign a tentative taxonomic 
affiliation for the bacteria. Despite the great number of known nif sequences, those 
sequences obtained by this technique often do not match any known sequence, thus 
indicating the presence of unknown (and perhaps unculturable) bacterial taxa. The 
most relevant application of this technique to grass-bacteria associations was its 
use with rice roots to detect 23 nif clones, none of which was identical to any 
known published sequence (Ueda et al., 1995). This implies that natural 
populations of N2-fixating bacteria associated with rice may be much larger and 
diverse than previously thought and that the bacteria are largely unidentified.  

 It is also possible to use a wider PCR screen based on 16S rDNA primers in 
order to identify bacteria (nitrogen-fixing or not) associated with plant tissue. 
Chelis and Triplett (2001) used this approach to identify 74 phylotypes of bacteria 
associated with Zea mays roots. Although some of these bacteria resembled the 
proteobacterial population of a typical soil community, there was also a high 
number of potential diazotrophs such as Rhizobium-, Burkholderia- and 
Herbaspriliium-related phylotypes. In addition, a range of other phylotypes with 
surprisingly diversity was also detected, including representatives from uncultured 
hot spring communities and marine archaea. Thus the situation with maize is 
similar to that of rice (and presumably other grasses) in that the plant harbors a 
diverse and highly complex microbial community that is poorly understood.  

3. PHYTOHORMONES AND ASSOCIATIVE BACTERIA 

Once a putative N2-fixing grass symbiosis has been identified and the bacterial 
symbiont cultured, a common next step has been to link the two partners together 
under carefully-controlled conditions in order to demonstrate a beneficial effect. 
Does the plant+bacteria combination do better than the plant alone? However, an 
answer in the affirmative does not always mean that BNF is involved because 
bacteria are capable of interacting with plants in many ways besides simply BNF. 
Of special concern is the ability of many bacteria to produce phytohormones such 
as indole-3-acetic acid (IAA), gibberellins, or cytokinins all of which could have 
positive effects on associated plants. This complication has been demonstrated 
particularly well with two examples: Azoarcus/Kallar grass and Glucono- 
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acetobacter/sugar cane. Mutants of Azoarcus unable to fix N2  (nif -) can still 
stimulate the growth of rice plants to an extent equal to that of the wild type nif + 
(Hurek et al., 1994). Similarly, nif - mutants of Gluconoacetobacter can stimulate 
growth of sugarcane as long as N is not limiting (Sevilla et al., 2001). Under N-
limiting conditions, only the wild type can stimulate growth, an observation 
consistent with the central role of nitrogen fixation. The strain of 
Gluconoacetabacter used (PA15) was found by Fuentes-Ramirez et al., (1993) to 
produce large amounts of IAA, thus providing the likely explanation for the 
stimulating effect of the nif - mutant. The production of IAA appears to be widespread 
in associative nitrogen-fixing bacteria and has since been confirmed in a number of 
other genera including Azospirillum, Herbaspirillum, and Pseudomonas (Radwan 
et al., 2002; Pderaza et al., 2004). In addition to hormone production, associative 
bacteria may also benefit hosts plants in a variety of ways including improved 
nutrient cycling or uptake (especially through production of siderophores for iron 
uptake) or by inhibition of potential pathogenic or competing microorganisms 
(Dobbelaere et al., 2003). 

4. AZOSPIRILLUM 

Azospirillum is one of the most extensively studied genera of diazotrophs. It was 
first isolated in the Netherlands in 1925 (Beijerinck, 1925) but its potential 
significance to plant growth was not appreciated until half a century later when 
Döbereiner and Day (1975) noted that grasses associated with Azospirillum were 
not as nitrogen deficient as neighboring grasses that lacked Azospirillum. Many 
bacterial members of this genus are capable of fixing nitrogen and promoting plant 
growth through a variety of other mechanisms, stimulating extensive physiological, 
genetic, and ecological research (Michiels et al., 1989; Holguin et al., 1999; Vande 
Broek and Vanderleyden, 1995; Somers et al., 2004). Seven species have been 
characterized within the genus:  A. brasilense,  A. lipoferum,  A. amazonense, A. 
halopreferens, A. irakense, and A. doebereinerae (Tarrand et al., 1978; Magalhaes 
et al., 1984; Reinhold et al., 1987; Khammas et al., 1989; Sly and Stackebrandt, 
1999; Eckert et al., 2001).  

 Although the growth promoting effects of Azospirillum have been well 
documented, the exact mechanism of growth promotion goes beyond nitrogen 
fixation to include nitrate reduction, phytohormone production, production of 
undefined signal molecules that can interfere with plant metabolism and 
enhancement of mineral uptake by plants in response to root elongation (Okon and 
Itzigsohn, 1995). All of these mechanisms interact to promote plant growth and the 
relative contribution of each process is influenced by soil environmental 
parameters, plant and bacterial growth phases, and bacterial interactions (Bashan 
and Holguin, 1997; Okon and Labandera-Gonzalez, 1994).  

 Azospirillum survives as a typical aerobe in the presence of combined nitrogen. 
Its capacity as a diazotroph only emerges in microaerobic, N-deficient conditions. 
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It appears that microaerobic conditions are maintained in part by encapsulation, 
which provides a barrier to O2  diffusion (Berg et al., 1980). Azospirillum is 
preferentially enriched in the rhizosphere because of its ability to fix nitrogen, 
reduce nitrate, produce plant hormones and siderophores and its ability to anchor 
itself to roots with fibrillar material (Patten and Glick, 1996; Bashan and Holguin, 
1997). Following a field inoculation trial, 10 to 100 times more cells of 
Azospirillum were found in rhizosphere soil as compared to surrounding bulk soil 
(De Connick et al., 1988).   

 Azospirillum has been isolated from the roots of numerous wild and cultivated 
plants around the world, from the moist tropics to temperate regions (Döbereiner et 
al., 1976; Bally et al., 1983; Ladha et al., 1987; Kirchhof et al., 1997; Gunarto et 
al., 1999). This genus is essentially ubiquitous in tropical ecosystems and is 
associated with the roots of 50% of crop plants and grasses studied, including sugar 
cane, corn, Kallar grass, and many others. It is found at densities as high as 105-107 
bacteria per gram soil or root in the tropics (Döbereiner and Pedrosa, 1987), though 
it is also found in temperate zones at lower densities (De Connick et al., 1988). 
Azospirillum has also been described as a facultative endophyte, capable of 
inhabiting living plant tissue (Döbereiner et al., 1995). It is presumed to enter the 
plant through cortical wounds and cracks (Ramos et al., 2002) although entrance 
into plant tissue may be facilitated by pectinolytic activity as well (Faure et al., 
1999; Faure et al., 2001; Bekri et al., 1999).   

 Its widespread distribution and ability to persist in appreciable numbers in 
association with a host plant make Azospirillum an attractive candidate for 
inoculation studies, and indeed many attempts have been made. Results of 
inoculation trials have been variable although there have been multiple reports of 
significant increases in crop yields of 20-60% following inoculation with 
Azospirillum (Bouton, 1979; Baldini et al., 1983; Okon and Vanderleyden, 1997; 
Okon and Itzigsohn, 1995; Dobbelaere et al., 2001). There have also been reports 
of no significant increase in yield following inoculation (Barber et al., 1976) or 
even reduced yield when Azospirillum is applied with organic matter (Freitas and 
Stamford, 2002). Generally inoculations have been reported to be most successful 
when the plants were supplemented with intermediate levels of fertilizer (Smith  
et al., 1976, Nath et al., 2002). Most inoculation studies are carried out in the 
greenhouse and extrapolations to field conditions are difficult because of abnormal 
restrictions imposed on the plants during the trials, such as severe nitrogen 
deficiency (Klucas, 1991).  

 Root segments inoculated with Azospirillum show enhanced uptake of NO3
-, 

P2O5, and K+ (Jain and Patriquin, 1984). This is likely a combined effect of 
Azospirillum’s ability to soften the middle lamella using pectinolytic enzymes 
thereby promoting mineral uptake (Tien et al., 1981; Umali-Garcia et al., 1980) 
and the production of root-elongating hormones like cytokinins, gibberellins, and 
auxins (Tien et al., 1979; Bottini et al., 1989; Somers et al., 2004). Azospirillum 
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has also been shown to enhance colonization of vesicular arbuscular mycorrhizae 
in chickpea and sorghum (Saini et al., 2004).  

5. GLUCONOACETOBACTER AND SUGAR CANE 

Of the various grass/bacteria systems suspected of N2 fixation, the sugarcane 
/Gluconoacetobacter team has probably attracted the most attention. There are 
several reasons for this, the primary one being that the evidence for a positive 
effect due to N2 fixation is compelling, much more so than for other grass crops 
such as rice, maize, or wheat. Second, sugarcane is a very valuable and profitable 
crop.  

 The original discovery of N2 fixation in sugarcane was precipitated by the 
observation that high yields of this crop have been obtained for many years in 
Brazil without the use of any N fertilizer. Brazil is the world’s leading produced of 
sugarcane. Not only is sugarcane an export commodity in high demand, but it is 
also used to produce ethanol to fuel about one half of the automobiles in Brazil 
(Triplett, 1996). Early work by Cavalcante and Döbereiner (1988) and Gillis et al., 
(1989) led to the isolation of a novel diazotrophic bacteria from surface-sterilized 
stem and root tissue of sugarcane. This bacterium, originally called Acetobacter 
(now Gluconoacetobacter) diazotrophicus, has a number of features that make it 
well-suited for its role as a plant-associated diazotrophic. It can use sucrose, which 
is abundant in sugarcane stems, as its sole carbon source. Second, it can grow at 
the low pH values likely to be present in plant tissues. This bacterium is an aerobe, 
but is capable of N2 fixation under microaerobic conditions. Lastly, NO3

- and NH4
+ 

show little or no inhibition of nitrogenase activity thus allowing the bacteria to 
remain a potentially unending source that leaks out fixed N that is not subject to 
any inherent down regulation.  

 Prior to this time, plant associated diazotrophs were assumed to be located 
primarily in the rhizosphere i.e., on the surface of roots or in nearby soil. In 
contrast, Gluconoacetobacter is present in large numbers (up to 107 cfu per g fresh 
weight) within the root and stem tissues. It first colonizes the epidermis of stems 
and roots and then becomes established in xylem vessels (James et al., 1994, Fig. 
2). In addition to Gluconoacetobacter, several other endophytic diazotrophic 
bacteria – including Herbaspirillum seropedicae, H. rubrisubalbicans, and 
Burkholderia sp. – have also been discovered in sugarcane and it is not clear what 
the relative contributions of each of there bacteria might be to BNF within the plant 
(Boddey et al., 2003). The complexity of BNF in sugarcane is further evidenced by 
the range of diazotrophic bacteria associated with the surface of roots. These 
include species of Beijerinckia, Azospirillum, Azotobacter, Bacillus, Derxia, 
Enterobacter, and Erwinia and Pantoea (Boddey et al., 2003; Loiret et al., 2004).  
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Fig. 2. A) Scanning electron micrograph of a sugarcane stem and Glucono-
acetobacter diazotrophicus colonization. B) SEM of A. diazotrophicus cells held 
together by a mucilage-type material inside the sugarcane tissue. Photos provided 
by Christina Kennedy, University of Arizona.  
 

 Numerous studies have shown that sugarcane obtains substantial N from 
fixation, although it is not always clear which bacteria are involved. For instance, a 
survey of 10 different varieties of sugarcane showed that between 35 to 79% of the 
total N needs of the plant came from fixation in field situations relying entirely 
upon indigenous populations of bacteria (Boddey and Döbereiner, 1995). In the 
best performing varieties, N accumulated in the soil at over 230 kg N ha-1 year-1 
even though all plant material was removed at harvest and no N fertilizer was used 
at all during the 3-year duration of the experiment. These are impressive rates that 
would seldom be matched even by a prolific legume crop. In carefully controlled 
greenhouse with axenic sugarcane plants, inoculation with Gluconoacetobacter led 
to significant increases in weight and in N content and in weight of both shoots and 
roots (Sevilla et al., 2001).  The inoculated plants showed uptake of 15N2 after 24 
hours incubation, whereas uninoculated or Nif --inoculated plants did not.   

 Nitrogenase contains molybdenum and the supply of this element in soils is 
sometimes insufficient to fully support BNF. In such cases, fertilization with Mo 
might be expected to enhance crop performance by facilitating BNF. This was 
demonstrated convincingly by field studies in Brazil in which soils were treated 
with 4 levels of Mo (0, 100, 200, and 400 g ha-1, Boddey et al., 2003). The yield of 
sugarcane responded proportionally to the amount of Mo added. The highest 
treatment (400 g Mo ha-1) actually yielded more fresh cane than did the treatment 
receiving 120 kg N ha-1, but no Mo. This ability of Mo to stimulate yields is an 
independent confirmation that BNF is important in this crop.  

6. AZOARCUS AND KALLAR GRASS 

 Another endophytic association that has received considerable attention is the 
association between Azoarcus, a member of the β-subclass of proteobacteria, and 
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Kallar grass (Leptochloa fusca),  a C4 grass that is pervasive in nutrient-deficient, 
waterlogged, or alkaline soils in Pakistan (Reinhold et al., 1986; Reinhold-Hurek 
and Hurek, 1993; Reinhold-Hurek et al., 1993b). Kallar grass also contains a 
variety of well-known rhizoplane-based diazotrophic bacteria, including Klebsiella, 
Beijerinckia, and Azospirillum but the discovery of Azoarcus in 1993 was 
distinctive because the bacteria were endophytic and the first representatives of a 
new genus (Reinhold-Hurek and Hurek, 1997). Other species of Azoarcus have 
since been isolated from various (often polluted) soils (Hurek and Reinhold-Hurek, 
1995). The ability of these species to degrade aromatic hydrocarbons anaerobically 
with nitrate as an electron acceptor has generated interest in their potential for 
bioremediation.  

 Azoarcus is able to colonize both inter- and intracellularly and populations are 
preferentially localized in stellar tissue (Hurek et al., 1994). Azoarcus is also able 
to colonize rice where colonization has been observed to be concentrated in the 
lower parts of the roots, especially the zone of elongation and differentiation just 
above the root tips (Reinhold-Hurek and Hurek, 1998). The plant-associated 
species of Azoarcus are unusual in that they are unable to utilize carbohydrates; 
however, they do possess enzymes that degrade cellulose, an ability, which may 
facilitate the infection process by localized digestion of plant cell walls (Reinhold-
Hurek et al., 1993).  

 The oxygen metabolism of endophytic diazotrophic bacteria is critical because 
of the rapid inactivation of nitrogenase by oxygen. Azoarcus is an aerobe that fixes 
nitrogen only under low (µM) concentrations of oxygen. If the oxygen concentration 
should decline to the nM range, the cells of Azoarcus enter a “hyperinduced” state 
in which a complex of intracytoplasmic membranes is formed (Hurek et al., 1995). 
Immunohistochemical studies show that the iron protein of nitrogenase is highly 
enriched on these membranes. It is likely that these “diazosomes” concentrate 
components of the respiratory electron transport to facilitate nitrogen fixation.  

 The ability of Azoarcus to contribute fixed nitrogen to the host plant has been 
examined in careful greenhouse experiments (Hurek et al., 2002). In nitrogen-
deficient conditions, inoculated plants grew better and accumulated more nitrogen 
than did plants inoculated with a nifK- mutant. The inability of researchers to re-
isolate Azoarcus from infected plants has long been an issue that raises uncertainty 
about the significance of the relationship. However, in this study abundant PCR-
amplified nif transcripts were retrieved from test (but not control plants) even 
though it was not possible to reisolate the bacteria from infected plants. Abundant 
Azoarcus nifH transcripts were detected also in uninoculated plants taken from the 
natural environment, from which Azoarcus also could not be isolated. The 
implications of this are significant since the results indicate that bacteria in an 
unculturable state can contribute combined nitrogen to the plant. The extent to 
which this applies in the other systems is unknown, but it is likely a major, 
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complicating factor that has contributed to the uncertainties surrounding our 
understanding of endophytic nitrogen fixation in general.  

7. BURKHOLDERIA 

Burkholderia is one of the more intriguing genera of diazotrophic plant-associated 
bacteria. There are at least 19 recognized species of Burkholderia most of which 
are normally present in soil and rhizosphere (Estrada-de Los Santos et al., 2001). 
Some species are pathogens of plants and are also opportunistic pathogens of 
humans. Agronomic interest in this genus began to emerge in 1995 with its 
detection as a diazotroph associated with rice roots and has since expanded 
considerably (Gillis et al., 1995). It appears to be widely distributed in a number of 
plants including maize (Zea), coffee (Coffea), pineapple (Ananas), sorghum, dune 
grasses (e.g. Ammophila arenaria), and almost certainly many others that have not 
yet been described. The type genus, B. cepacia, is especially common and is 
recognized for its ability to promote growth and suppress pathogens of maize and 
other crops (Estrada-De Los Santos et al., 2001).  

 The extent of distribution of Burkholderia was recently verified by an extensive 
survey in which 51 nitrogen-fixing strains representing 15 different 16s rDNA 
genotypes were isolated from coffee and maize plants from throughout Mexico 
(Estrada-De Los Santos et al., 2001). There is nothing particularly unique about 
Mexico in this regard as Burkholderia has been found from many parts of the 
world, often but not necessarily from tropical latitudes. In the study by Estrada-De 
Los Santos, Burkholderia was readily recovered from the rhizospheres and root 
surfaces of maize and coffee plants, as well as from within the tissue (endophytically) 
of maize. The occurrence of Burkholderia in maize raises some interesting 
questions with respect to the potential contribution of BNF towards maize yield, 
particularly in remote parts of Mexico such as in the state of Oaxaca where native 
peoples have grown maize for centuries with high yields and no N input (Estrada  
et al., 2002; Fig. 3A and B). Although it is clear that Burkholderia is a common 
endophyte in maize (at least in Mexico), the evidence for any substantial 
contribution to the N needs of the plant is largely anecdotal. This situation will 
likely remain ambiguous until comprehensive N budget and 15 N studies are 
applied to this system. Burkholderia has also been found in teosinte, the wild 
ancestor of maize that still grows wild in Oaxaca. This has led to the suggestion 
that Burkholderia may have established an early symbiosis with teosinte that has 
persisted in modern varieties of maize in the region (Estrada et al., 2002). Even if 
true, this proposed symbiosis is probably not present in areas of intensive maize 
cultivation in developed nations because of the heavy use of chemical fertilizers 
and the inadvertent selection of varieties that lack the ability. Maize responds very 
well to massive fertilization with N and this remains the standard practice in most 
areas.  

 Burkholderia also holds the distinction of being able to form nitrogen-fixing 
nodules on at least some legumes (Moulin et al., 2001). This is surprising 
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considering that Burkholderia is a member of the β-subclass of Proteobacteria, 
whereas traditional rhizobia (Rhizobium, Bradyrhizobium and close relatives) are 
members of the α-subclass of Proteobacteria. This ability to nodulate legumes is 
made possible by the presence in some isolates of Burkholderia of the nod genes 
that code for Nod factors that act as molecular signals involved in host-bacteria 
recognition. To date only a few tropical legumes (such as Macroptilium 
atropurpureum) have been shown to nodulate with Burkholderia. 

Fig. 3A. Typical landscape in the Mexican state of Oaxaca where primitive land 
races of maize are grown on subsistence farms throughout remote mountainous 
regions. Most of the fields visible in this view are maize. B. Oaxacan maize plants 
in excess of 4 meters high, grown without addition of N fertilizer.  
 

 Burkholderia also appears to be a factor in BNF in natural ecosystems but here 
the situation is even less well understood than is the case in crops. One of the more 
studied examples involves sand dune grasses such as European beach grass 
(Ammophila arenaria) and American dune grass (Elymus mollis) that harbor 
endophytic, diazotrophic Burkholderia (Dalton et al., 2004). These grasses 
(especially A. arenaria) are very prolific on bare sand on the Pacific Northwest 
coast of the United States. The rhizomes and other plant tissues harbor a large and 
complex bacterial community of up to 108 cfu g-1 FW. These bacteria have been 
cultured and identified by 16S rRNA gene sequence. In addition to Burkholderia, 
other genera identified included Allorhizobium, Enterobacter, Hydrocarbophaga, 
Ochrobactrum, Pantoea, Pseudomonas, Sphingomonas, and Stenotrophomonas. 
Shoots and rhizomes reduced acetylene at rates comparable to those reported for 
tropical grasses such as Digitaria and Paspalum. The Burkholderia isolate (but 
none of the other isolates) reduced acetylene in culture under microaerobic 
conditions and contained nifH and nifD genes. Immunolocalization with fluore-
scent antibodies to nitrogenase indicated that the bacteria were present within the 
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cell walls of rhizomes and shoots (Fig. 4). It is likely that similar symbioses remain 
to be discovered in other grasses, particularly those growing on nutrient-poor sand.  

 
Fig. 4. A. Fluorescence immunolocalization of nitrogenase in the cell walls of 
rhizomes of Elymus mollis. Bar = 5 µm. B. Negative control with rabbit normal 
serum. Bar = 10 µm. From Dalton et al., 2004.  
 

8. CONCLUSIONS 

Plants do not exist in a sterile environment. Plants share their environment as well 
as their own tissues with a host of microorganisms, often in prolific numbers of 
staggering diversity. Some of these microorganisms appear to benefit the plant in a 
number of ways, including especially nitrogen fixation. The important genera of 
bacteria in this regard include Azoarcus, Azospirillum, Burkholderia, Glucono-
acetobacter, Klebsiella, and Herbaspirillum, though there are probably many 
others that have not been cultured and are perhaps unculturable by known methods.  
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 The field of associative and endophytic nitrogen fixation is both contentious 
and elusive because the evidence for significant contribution of fixed nitrogen to 
the host plant is difficult to obtain. With respect to plant-bacteria interactions, there 
is a gradient from symbiotic to associative to commensal to coincidental with 
boundaries that are difficult to establish. At one extreme is the legume-rhizobia 
symbiosis in which the benefits of the symbiosis have been obvious to researchers 
for over 100 years. However, this is a poor model for the less rigorous associations 
between grasses and various diazotrophic bacteria. In the latter case, the processes 
are diffused throughout the plant body and not localized into concentrated 
packages of metabolic industry (nodules). Furthermore, the exchange of materials 
(especially carbon and nitrogen) may be of a  smaller  scale that is difficult to quantify.  
Although the amounts of nitrogen accrued in a system may be small (< 5 kg N ha-1 
yr-1) compared to legumes, they could be significant in the long term, especially in 
natural ecosystems with nitrogen-deficient conditions. For crop plants, in which 
high yields and short growth cycles are the norm, associative and endophytic 
nitrogen fixation has not yet been shown to have a significant impact. The major 
exception to this is the Gluconoacetobacter/sugar cane system for which a 
preponderance of evidence indicates that substantial nitrogen fixation occurs. The 
potential for other crops remains as an area of active research worldwide.  

 
9. REFERENCES 

 
App, A., Watanabe, I., Ventura, T., Bravo, M., & Jurey, C.D. (1986). The effect of cultivated and wild 

rice varieties on the nitrogen balance of flooded soil. Soil. Sci. , 141, 448-452. 
App, A., Santiago, T., Daez, C., Menguito, C., Ventura, W., Tirol, A., Po, J., Watanabe, I., De Datta, 

S.K. & Roger, P. (1984). Estimation of the nitrogen balance for irrigated rice and the contribution 
of phototrophic nitrogen fixation. Field Crops Res., 9, 17-27. 

Bally, R.D. Thomas-Bauzon, Heulin, T. & Balandreau, J. (1983). Determination of the frequent N2-
fixing bacteria in a rice rhizosphere. Can. J. Microbiol., 29, 881-887. Barber, D.A. & Martin, J.K. 
(1976). The release of organic substances by cereal roots into soil. New Phytol., 16, 69-80. 

Barber, D.A., & Lynch, J.M. (1977). Microbial growth in the  rhizosphere. Soil Biol. Biochem., 9,  
305-308. 

Barber, L.E., Tjepkema. J.D., Russell, S.A., & Evans, H.J. (1976). Acetylene reduction associated with 
corn inoculated with Spirillum. Appl. Environ. Microbiol., 32, 108-113. Balandreau, J. (1986). 
Ecological factors and adaptive processes in N2-fixing bacterial populations of the plant 
environment. Plant & Soil, 90, 73-92. 

Balandreau, J., Ducerf, P., Hamad-Fares, P., Weinhard, G., Rinaudo, G., Miller, C., & Dommergues, Y. 
(1978). Limiting factors in grass nitrogen fixation. pp. 275-302. In: Limitations and Potentials for 
Biological Nitrogen Fixation in the Tropics, Döbereiner, J., Burris, R.H., & Hollaender, A., (Eds.), 
New York and London: Plenum Press. 

Baldini, J.I., Baldini, V.L.D., Seldin, L., & Döbereiner, J. (1986). Characterization of Herbaspirillum 
seropedicae gen. nov. sp. nov. a root-associated, nitrogen-fixing bacterium. Internat. J. Systematic 
Bacteriol., 36, 86-93. Baldini, V.L.D., Baldini, J.I., & Döbereiner, J. (1983). Effects of Azospirillum     
inoculation on root infection and nitrogen incorporation in wheat. Can. J. Microbiol., 29, 924-929. 

Baldini, V.L.D., Baldini, J.I., Olivares, F., & Döbereiner, J. (1992). Identification and ecology of 
Herbaspirillum seropedicae and the closely related Pseudomonas rubrisubalbicans. Symbiosis, 13, 
65-73. 



NITROGEN-FIXING BACTERIA IN NON-LEGUMES 125

Bashan, Y. & Holguin, G. (1997). Azospirillum/plant relationships: environmental and physiological 
advances (1990-1996). Can. J. Microbiol., 43, 103-121. Beijerinck, M.W. (1925). Uber ein 
Spirillum, welches freien Stickstoff bindin kann? Zentralb l Bakteriol Parasitenkd Infektionskr Abt, 
63, 353-359. 

Bekri, M.A., Desair, J., Keijers, V., Proost, P., Searle-van Leeuwen, M., Vanderleyden, J. & Vande 
Broek, A. (1999). Azospirillum irakense produces a novel type of pectate lyase. J. Bacteriol., 181, 
2440-2447. 

Berg, R.H., Tyler, M.E., Novick, N.J., Vasil, V., & Vasil, I.K. (1980). Biology of Azospirillum-
sugarcane association: enhancement of nitrogenase activity. Appl. Environ, Microbiol., 39, 642-649. 

Boddey, R.M. (1987). Methods for quantification of nitrogen fixation associated with gramineae. Crit. 
Rev. Plant Sci., 6, 209-266. 

Boddey, R.M. & J. Döbereiner. (1995). Nitrogen fixation associated with grasses and cereals: recent 
progress and perspectives for the future. Fert. Res., 42, 241-250. 

Boddey, R.M., Urquiaga, S.B., Alves, J.R., & Reis, V. (2003). Endophytic nitrogen fixation in 
sugarcane: present knowledge and future applications. Plant & Soil, 252, 139-149. 

Boddey, R.M., Chalk, P.M., Victoria, R.L., Matsui, E., & Döbereiner, J. (1983). The use of the 15N 
isotope dilution technique to estimate the contribution of associated nitrogen fixation nutrition of 
Paspalum notatum cv. batatais. Can. J. Microbiol., 29, 1036-1045. 
Boddey, R.M., Baldini, V.L.D., Baldini, J.I., & Döbereiner, J. (1986). Effect of inoculation of 
Azospirillum spp. on the nitrogen assimilation of field grown wheat. Plant & Soil, 95, 109-121. 

Bottini, R., Fulchieri, M., Pearce, D., & Pharis, R.P. (1989). Identification of gibberellins A1, A3, and 
iso-A3 in cultures of Azospirillum lipoferum. Plant Physiol., 90, 45-47. 

Bouton, J.H., Smith, R.L., Schank, S.C., Burton, G.W., Tyler, M.E., Littell, R.C., Gallaher, R.N., & 
Queensberry, K.H. (1979). Responses of pearl millet inbreds and hybrids to inoculation with 
Azospirillum brasilense. Crop Science, 19, 12-16. 

Butz, R.G., & Long, R.C. (1979). L-malate as an essential component of the xylem fluid of corn 
seedling roots. Plant Physiol., 64, 684-689. 

Cavalcante, V.A., & Döbereiner, J. (1988). A new acid-tolerant nitrogen-fixing bacterium associated 
with sugarcane. Plant Soil, 108, 23-31. 

Chelius, M. K., & Triplett, E.W. (2001). The diversity of archaea and bacteria in association with the 
roots of Zea mays L. Microb. Ecol., 41, 252-263. 

Crawford, R.M.M. (1976). Mineral nutrition. pp. 197-253. In: Plant, Function, Structure, and 
Adaptation, Hall, M.A. (Ed.). London: MacMillan. 

Dalton, D.A., Kramer, S.B., Azios, N., Fusaro, S., Cahill, E. & Kennedy, C. (2004). Endophytic 
nitrogen fixation in dune grasses (Ammophila arenaria and Elymus mollis) from Oregon. FEMS 
Microbiol. Ecol., 49, 469-479. 

Dart, P.J., & Wani, S.P. (1982). Non-symbiotic nitrogen fixation and soil fertility. pp.3-27. In: 
Proceedings of the 12

th
 International Congress on Soil Science, Symposium papers. Vol 1. New 

Delhi: International Society of Soil Science. 
Day, J.M., Neves, M.C.P., & Döbereiner, J. (1975). Nitrogenase activity on the roots of tropical forage 

grasses. Soil Biol. Biochem., 7, 107-112. 
DeConnick, K., Horemans, S., Randombage, S., & Vlassak, K. (1988). Occurrence and survival of 

Azospirillum spp. in temperate regions. Plant & Soil, 110, 213-218. 
Döbereiner, J. (1961). Nitrogen-fixing bacteria of the genus Beijerinckia in the rhizosphere of 

sugarcane. Plant & Soil, 15, 211-216. 
Döbereiner, J., & Day, J.M. (1975). Nitrogen fixation in the rhizosphere of tropical grasses. pp. 39-55. 

In: Nitrogen Fixation by Free-living Microorganisms, Stewart, W.D.P., (Ed.), Cambridge: 
Cambridge University Press. 

Döbereiner, J., & Pedrosa, F.O. (1987). Nitrogen-Fixing Bacteria in Nonleguminous Crop Plants. 
Madison, Wisconsin: Science-Tech Publishers. 



DAVID A. DALTON AND SASHA KRAMER 126

Döbereiner, J., Day, J.M., & Dart, P.J. (1972). Nitrogenase activity and oxygen sensitivity of the 
Paspalum notatum-Azotobacter paspali association. J. Gen. Microbiol., 71, 103-116. 

Döbereiner, J., Marriel, I.E., & Nery, M. (1976). Ecological distribution of Spirillum lipoferum 
Beijerinck. Can. J. Microbiol., 22, 1464-1474. 

Döbereiner, J., Baldini, V.L.D., & Reis, V.M. (1995). Endophytic occurrence of diazotrophic bacteria in 
non-leguminous crops in Azospirillum VI and Related Microorganisms: Genetics, Physiology, 
Ecology, Fendrick, I., Del Gallo, M., Vanderleyden, J. & de Zamoroczy, M. (Eds.). Berlin 
Heidelberg. 

Dobbelaere, S., Croonenborghs, A., Thys, A., Ptacek, D., Vanderleyden, J., Dutto, P., Labandera-
Gonzalez, C., Caballero-Mellado, J., Aguirre, J.F., Kapulnik, Y., Brener, S., Burdman, S., Kadouri, 
D., Sarig, S. & Okon, Y. (2001). Responses of agronomically important crops to inoculation with 
Azospirillum. Austr. J. Plant Physiol., 28, 871-879.  

Dobbelaere, S., Vanderleyden, J. & Okon, Y. (2003). Plant growth-promoting effects of diazotrophs in 
the rhizosphere. Crit. Rev. Plant Sci. 22, 107-149. Dommergues, J., Balandreau, J., Rinaudo, G., & 
Weindard, P. (1973). Non-symbiotic nitrogen fixation in the rhizospheres of rice, maize, and 
different tropical grasses. Soil Biol. Biochem., 5, 83-89. 

Eckert, B., Weber, O.B., Kirchhof, G., Halbritter, A., Hartmann, A., & Hartmann, A. (2001). 
Azospirillum doebereinerae sp. nov., a nitrogen-fixing bacterium associated with the C4-grass 
Miscanthus. Int. J. Syst. Evol. Microbiol., 51, 17-26. 

Elmerich, C., Zimmer, W., & Vieille, C. (1992). Associative nitrogen-fixing bacteria. pp. 212-245. In: 
Biological Nitrogen Fixation, Stacey, G., Burris, R.H., & Evans, H. J. (Eds.). New York: Chapman 
and Hall. 

Eskew, D.L., Eaglesham, A.R.J. & App, A.A. (1981). Heterotrophic 15 N2 fixation and distribution of 
newly fixed nitrogen in a rice-flooded soil system. Plant Physiol., 68, 48-52. 

Estrada-De Los Santos, P., Bustillos-Cristales, R., & Caballero-Mellado, J. (2001). Burkholderia, a 
genus rich in plant-associated nitrogen fixers with wide environmental and geographic distribution. 
Appl. Environ. Microbiol., 67, 2790-2798. 

Estrada, P., Mavingui, P., Cournoyer, B., Fontaine, F., Balandreau, J. & Caballero-Mellado, J. (2002). A 
N2-fixing endophytic Burkholderia sp. associated with maize plants cultivated in Mexico. Can. J. 
Microbiol., 48, 285-294. 

Evans, L.T. & Wardlaw, I.F. (1976). Aspects of the comparative physiology of grain yields in cereals. 
Adv. Agron., 28, 301-359. 

Faure, D., Desair, J., Keijers, V., Bekri, M.A., Proost, P., Henrissat, B., & Vanderleyden, J. (1999). 
Growth of Azospirillum irakense KBC1 on the ary1 beta glucoside salicin requires either salA or 
salB. J. Bacteriol., 181, 3003-3009. 

Faure, D., Henrissat, B., Ptacek, D., Bekri, M.A., Vanderleyden, J. (2001). The celA gene, encoding a 
glycosyl hydrolase family 3 beta-glucosidase in Azospirillum irakense, is required for optimal 
growth on cellobiosides. Appl. Environ. Microbiol., 67, 2380-2383. 

Freitas, A.D.S. & Stamford, N.P. (2002). Associative nitrogen fixation and growth of maize in a 
Brazilian rainforest soil as affected by Azospirillum and organic materials. Tropical Grasslands, 36, 
77-82. 

Fuentes-Ramirez, L.E., Jiminez-Salgado, T., Abarca-Ocampo, I.R., & Caballero-Mellado, J. (1993). 
Acetobacter diazotrophicus, an indoleacetic acid producing bacterium isolated from sugarcane 
cultivars of Mexico. Plant & Soil, 154, 145-150. 

Giller, K.E. (1987). Use and abuse of the acetylene reduction assay for measurement of “associative” 
nitrogen fixation. Soil Biol. Biochem., 19, 783-784. 
 
 
 



NITROGEN-FIXING BACTERIA IN NON-LEGUMES 127

Giller, K.E., Wani, S.P., Day, J.M., & Dart, P.J. (1988). Short term measurements of uptake of nitrogen 
fixed in the rhizospheres of sorghum and millet using 15N2. Biol. Fert. Soil., 7, 11-15. 

Gillis, M., Kersters, K., Hoste, B., Janssens, D., Kroppenstedt, R.M., Stephan, M.P., Teizeira, K.R.S., 
Döbereiner, J. & De Lay, J. (1989) Acetobacter diazotrophicus sp. nov., a nitrogen-fixing acetic 
acid bacteria associated with sugarcane. Int. J. Syst. Bacteriol., 39, 361-364.  

Gillis, M., Tran Van, V., Bardin, R., Goor, M., Hebbar, P., Willems, A., Segers, P., Kersters, K., 
Heulin, T., & Fernandez, M.P. (1995). Polyphasic taxonomy in the genus Burkholderia leading to 
an emended description of the genus and proposition of Burkholderia vietnamiensis sp. nov. for 
N2-fixing isolates from rice in Vietnam. Internat. J. Syst. Bacteriol., 45, 274-289. 

Gunarto, L., Adachi, K., & Senboku, T. (1999). Isolation and selection of indigenous Azospirillum spp. 
From a subtropical island, and effect of inoculation on growth of lowland rice under several levels 
of N application. Biol Fertil. Soils, 28, 129-136. 

Haaker, H., & Klugkist, J. (1987). The bioenergetics of electron transfer to nitrogenase. FEMS 
Microbiol Rev. 46, 57-71. 

Heulin, T., Guckert, A. & Balandreau, J. (1987). Stimulation of root exudation of rice seedlings by 
Azospirillum strains: Carbon budget under gnotobiotic conditions. Biol. Fert. Soils, 4, 9-14. 

Hill,  S. (1978). Factors influencing the efficiency of nitrogen fixation in free-living bacteria. pp.  
130-136. In: Environmental Role of Nitrogen-Fixing Blue-Green Algae and Asymbiotic Bacteria, 
Granhall, U. (Ed.). Stockholm: Swedish Natural Science Research Council. 

Holguin, G., Patten, C.L. & Glick, B.R. (1999). Genetics and molecular biology of Azospirillum. Biol 
Fertil Soils, 29, 10-23. 

Hurek, T., Reinhold-Hurek, B., Van Montagu, M., & Kellenberger, E. (1994). Root colonization and 
systemic spreading of Azoarcus sp. strain BH72 in grasses. J. Bact. 176, 1913-1923. 

Hurek, T., & Reinhold-Hurek, B. (1995). Identification of grass-associated and toluene-degrading 
diazotrophs, Azoarcus spp., by analyses of partial 16S ribosomal DNA sequences. Appl. Environ. 
Microbiol. , 61, 2257-2261. 

Hurke, T., Van Montagu, M., Kellenberger, E., & Reinhold-Hurek, B. (1995). Induction of complex 
intracytoplasmic membranes related to nitrogen fixation in Azoarcus sp. BH72. Mol. Microbiol., 
18, 225-236. 

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

Iniguez, A. L., Doong, Y., & Triplett, E.W. (2004). Nitrogen fixation in wheat provided by Klebsiella 
pneumoniae 342. Mol. Plant-Microb Interact., 17, 1078-1085.Jain, D.K. & Patriquin, D.G. (1984). 
Root hair deformation, bacterial attachment, and plant growth in wheat-Azospirillum associations. 
Appl. Environ. Microbiol., 48, 1208-1213. 

James, E. K., Reis, V.M., Olivares, F.L., Baldani, J.I., & Döbereiner, J. (1994). Infection of sugar cane 
by the nitrogen-fixing bacterium Acetobacter diazotrophicus. J. Exp. Bot. , 45, 757-766. 

Khammas, K.M., Ageron, E., Grimont, P.A., & Kaiser, P. (1989). Azospirillum irakense sp. nov., a 
nitrogen-fixing bacterium associated with rice roots and rhizospheric soil. Res. Microbiol., 140, 
679-694. 

Kirchhof, G., Reis, V.M., Baldini, J.I., Eckert, B., Döbereiner, J., & Hartmann, A. (1997). Occurrence, 
physiological and molecular analysis of endophytic diazotrophic bacteria in graminaceous energy 
plants. Plant & Soil, 194, 45-55. 

Klucas, R.V. (1991) Associative nitrogen fixation in plants. pp. 187-198. In: Biology and Biochemistry 
of Nitrogen Fixation, Dilworth, M.J. & Glenn, A.R. (Eds.). New York: Elsevier. 

Kraffczyk, I., Trolldenier, G., & Beringer, H. (1984). Soluble root exudates of maize: influence of 
potassium supply and rhizospheric organisms. Soil Biol. Biochem., 16, 315-322. 

Kuzyakov, Y. (2002). Factors affecting rhizosphere priming effects. J. Plant Nutr. Soil Sci., 165,  
382-396. 



DAVID A. DALTON AND SASHA KRAMER 128

Ladha, J.K., So, R.B., Wattanabe, I. (1987). Composition of Azospirillum species associated with 
wetland rice plants grown in different soils. Plant & Soil, 102, 127-129. 

Liengen. T. (1999). Conversion factor between acetylene reduction and nitrogen fixation in free-living 
cyanobacteria from high arctic habitats. Can. J. Microbiol., 45, 223-229. 

Loiret, F. G., Ortega, E., Kleiner, D., Ortega-Rodes, P., Rodes, R., & Dong, Z. (2004). A putative new 
endophytic nitrogen-fixing bacterium Pantoea sp. from sugarcane. J. Appl. Microbiol., 97, 504-511. 

Lynch, J.M. (1990). The Rhizosphere. Chichester, England: John Wiley and Sons. 
Magalhaes, F.M., Baldini, J.I., Souto, S.M., & Döbereiner, J. (1984). A new-acid tolerant Azospirillum 

species. An. Acad. Brasil. Cienc., 55, 417. 
Martin, J.K. (1977). Factors affecting the loss of organic carbon from wheat roots. Soil Biol. Biochem., 

9, 1-8. 
McInroy, J.A., & Kloepper, J.W. (1995). Survey of indigenous bacterial endophytes from cotton and 

sweet corn. Plant & Soil, 173, 337-342. 
Michiels, K., Vanderleyden, J., & Van Gool, A. (1989). Azospirillum-plant root associations: A review. 

Biol Fertil Soils, 8, 356-368. 
Moulin, L., Munive, A., Dreyfus, B., & Boivin-Masson, C. (2001). Nodulation of legumes by members 

of the β-subclass of proteobacteria. Nature, 411, 948-950. 
Nath, D.J., Ahmed, A.A., Patgiri, S.R., & Bhattacharjee, R.N. (2002). Associative influence of 

Azospirillum lipferum and Azospirillum brasilense inoculation on rice (Oryza sativa) crop. Adv. 
Plant Sci., 15, 171-175. 

Nelson, A.D., Barber, L.E., Tjepkema, J., Russell, S.A., Powelson, R., Evans, H.J., & Seidler, R.J. 
(1975). Nitrogen fixation associated with grasses in Oregon. Can. J. Microbiol., 22, 523-530. 

Nohrstedt, H. (1983). Conversion factor between acetylene reduction and nitrogen fixation in soil: 
effect of water content and nitrogenase activity. Soil Biol. Biochem., 15, 275-279. 

Okon, Y., & Labandera-Gonzalez, C.A. (1994). Agronomic applications of Azospirillum: an evaluation 
of 20 years worldwide field inoculation. Soil Biol. Biochemg., 26, 1591-1601. 

Okon, Y., & Itzigsohn, R. (1995). The development of Azospirillum as a commercial inoculant for 
improving crop yields. Biotechnol. Adv., 13, 365-374. 

Okon, Y., & Vanderleyden, J. (1997). Root-associated Azospirillum species can stimulate plants. ASM 
News, 63, 366. 

Oliviera, A.L.M., Urquiaga, S., & Boddey, R.M. (1994). Burning cane: the long term effects. Int. Sug. 
J., 96, 272-275. 

Oliviera, A.L.M., Urquiaga, S., Döbereiner, J., & Baldini, J.I. (2002). The effect of inoculating 
endophytic N2-fixing bacteria on micropropagated sugarcane plants. Plant & Soil, 242, 205-215. 

Patten, C., & Glick, B.R. (1996). Bacterial biosynthesis of indole-3-acetic acid. Can. J. Microbiol., 42, 
207-220. 

Patriquin, D.G., & Döbereiner, J. (1978). Light microscopy observations of tetrazolium-reducing 
bacteria in the endorhizosphere of maize and other grasses in Brazil. Can. J. Microbiol., 24,  
734-742. 

Patriquin, D.G., Döbereiner, J., and Jain, D.K. 1983. Sites and processes of association between 
diazotrophs and grasses. Can. J. Microbiol., 29, 900-915. 

Paul, E.A., & Clark, F.E. (1989). Soil Microbiology and Biochemistry. San Diego: Academic Press. 
Pedraza, R.O., Ramirez, A., Xiqui, M.L., & Baca, B.E. (2004). Aromatic amino acid amino transferase 

activity and indole-3-acetic acid production by associative nitrogen-fixing bacteria. FEMS 
Microbiol. Lett., 233, 15-21.  

Radwan. T., Mohamed, Z.K., & Reis, V.M. (2002). Production of indole-3-acetic acid by different 
strains of Azospirillum and Herbaspirillum spp. Symbiosis, 32, 39-53. 
 



NITROGEN-FIXING BACTERIA IN NON-LEGUMES 129

Ramos, H.J., Roncato-Maccari, L.D., Souza, E.M., Soares-Ramos, J.R., Hungria, M. & Pedrosa, F.O. 
(2002). Monitoring Azospirillum-wheat interactions using gfp and gusA genes constitutively 
expressed from a new broad range host vector. J. Biotechnol. , 97, 243-252. 

Reinhold, B., Hurek, T., Niemann, E.G., & Fendrik, I. (1986). Close association of Azospirillum and 
diazotrophic rods with different root zones of Kallar grass. Appl. Environ. Microbiol., 52,  
520-526. 

Reinhold, B., Hurek, T., Fendrik, I., Pot, B., Gillis, M., Kesters, K., Thielemans, S., & De Ley, J. 
(1987). Azospirillum halopraeferens sp. nov., a nitrogen-fixing organism associated with roots of 
Kaller grass (Leptochloa fusca (L.) Kunth). Int. J. Syst. Bacteriol., 37, 43-51. 

Reinhold-Hurek, B., Hurek, T., Claeyssens, M., &Van Montagu, M. (1993a.). Cloning, expression in 
Escherichia coli, and characterization of cellulolytic enzymes of Azoarcus sp., a root-invading 
diazotroph. J. Bacteriol., 175, 7056-7065. 

Reinhold-Hurek, B., Hurek, T., Gillis, M., Hoste, B., Vancanneyt, M., Kersters, K., & de Ley, J. 
(1993b.). Azoarcus gen. nov. Nitrogen-fixing proteobacteria associated with roots of Kaller grass 
(Leptochloa fusca (L.) Kunth), and description of two species, Azoarcus indignes sp. nov. and 
Azoarcus communis sp. nov. Internat. J. Systematic Bacteriol., 43, 574-584. 

Reinhold-Hurek, B., & Hurek, T. (1997). Azoarcus spp. and their interactions with grass roots. Plant & 
Soil, 194, 57-64. 

Reinhold-Hurek, B. & Hurek, T. (1998). Interactions of graminaceous plants with Azoarcus spp. and 
other diazotrophs: identification, localization, and perspectives to study their function. Crit. Rev. 
Plant Sci., 17, 29-54. 

Robson, R.L., & Postgate, J.R. (1980). Oxygen and hydrogen in biological nitrogen fixation. Ann. Rev. 
Microbiol., 34, 183-207. 

Rovira, A.D. (1965). Interaction between plant roots and soil microorganisms. Ann. Rev. Microbiol., 19, 
241-266. 

Rovira, A.D. (1969). Diffusion of carbon compounds away from wheat roots. Austr. J. Biol. Sci., 22, 
1287-1290. 

Ruschel, A.P., Henis, Y., & Salai, E. (1975). Nitrogen-15 tracing of N-fixation with soil-grown sugar 
cane seedlings. Soil. Biol. Biochem., 7, 181-182. 

Ruschel, A.P. (1981). Associative nitrogen-fixation by sugarcane. pp. 81-90. In: Associative N2-
Fixation, Vol. 2, Vose, P.B., & Ruschel, A.P. (Eds.). Boca Raton, Florida: CRC Press. 

Saini, V.K., Bhandari, S.C., & Tarafdar, J.C. (2004). Comparison of crop yield, soil microbial C, N, and 
P, N-fixation, nodulation and mycorrhizal infection in inoculated and non-inoculated sorghum and 
chickpea crops. Field Crops Res., 89, 39-47. 

Schollhorn, R., & Burris, R.H. (1967). Acetylene as a competitive inhibitor of N2 fixation. Proc. Natl. 
Acad. Sci. USA, 58, 213. 

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

Sevilla, M., Burris, R.H., Gunapala, N. & Kennedy, C. (2001). Comparison of benefit to sugarcane 
plant growth and 15 N2 incorporation following inoculation of sterile plants with Acetobacter 
diazotrophicus wild-type and nif- mutant strains. Mol. Plant-Microbe. Interact., 14, 358-366. 

Sly, L.I., & Stackebrandt, E. (1999) Description of Skermanella parooensis gen. nov., sp. nov. to 
accommodate Conglomeromonas largomobilis subsp. parooensis following the transfer of 
Conglomeromonas largomobilis subsp. largomobilis to the genus Azospirillum. Int. J. Syst. 
Bacteriol., 49, 541-544. 

Smith, R.L., Bouton, J.H., Schank, S.C., Queensberry, K.H., Tyler, M.E., Milam, J.R., Gaskins, M.H., 
& Littell, R.C. (1976). Nitrogen fixation in grasses inoculated with Spirillum lipoferum. Science, 
193, 1003-1005. 

Somers, E., Vanderleyden, J. & M. Srinivasan. (2004). Rhizosphere bacterial signaling: A love parade 
beneath our feet. Crit. Rev. Microbio., 30, 205-240. 



DAVID A. DALTON AND SASHA KRAMER 130

Tarrand, J.J., Döbereiner, J. & Döbereiner, J. (1978). A taxonomic study of the Spirillum lipoferum 
group with descriptions of a new genus, Azospirillum gen. nov. and two species Azospirillum 
lipoferum (Beijerinck) comb. Nov. and Azospirillum brasilense sp. nov. Can. J. Microbiol., 24, 
967-974. 

Tien, T.M., Gaskins, M.H., & Hubbell, D.H. (1979.) Plant growth substances produced by Azospirillum 
brasilense and their effect on the growth of pearl millet (Pennisetum americanum L.) Appl. 
Environ. Microbiol., 37, 1016-1024. 

Tien, T.M., Diem, H.G., Gaskins, M.H., & Hubbell, D.H. (1981). Polygalacturonic acid transeliminase 
production by Azospirillum species. Can. J. Microbiol., 27, 426-431. 

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

Ueda, T., Suga, Y., Yahiro, N., & Matsuguchi, T. (1995). Remarkable N2-fixing bacterial diversity 
detected in rice roots by molecular evolutionary analysis of nifH gene sequences. J. Bacteriol., 177, 
1414-1417. 

Umali-Garcia, M., Hubbell, D.H., Gaskins, M.H., & Dazze, F.H. (1980). Association of Azospirillum 
with grass roots. Appl. Environ. Microbiol., 39, 219-226. 

Urquiaga, S., Cruz, K.H.S., & Boddey, R.M. (1992). Contribution of nitrogen fixation to sugar cane 
nitrogen-15 and nitrogen balance estimates. Soil Sci. Soc. Amer. J., 56, 105-114. 

Vande Broek, A., & Vanderleyden, J. (1995). Review: Genetics of the Azospirillum-plant root 
association. Crit. Rev. Plant Sciences, 14, 445- 466. 

Varma, A.K., Singh, K., & Lall, V.K. (1981). Lumen bacteria from endomycorrhizal spores. Curr. 
Microbiol., 6, 207-211.Volpon, A.G.T., De-Polli, H. & Döbereiner, J. (1981). Physiology of 
nitrogen fixation in Azospirillum lipoferum Br17 (ATCC 29709). Arch. Microbiol., 128, 371-375. 

Vose, P.B. (1983). Developments in non-legume N2-fixing systems. Can. J. Microbiol., 29, 837-850. 
Watanabe, I., Barraquio, W.L., Guzman, M.R., & Cabrera, D.A. (1979). Nitrogen-fixing (acetylene 

reduction) activity and population of aerobic heterotrophic nitrogen-fixing bacteria associated with 
wetland rice. Appl. Environ. Microbiol., 37, 813-815. 

Will, M.E., & Sylvia, D.M. (1990). Interaction of rhizosphere bacteria, fertilizer, and vesicular-
arbuscular mycorrhizal fungi and sea oats. Appl. Environ. Microbiol., 56, 2073-2079. 

You, C., & Zhou, F. (1989). Non-nodular endorhizospheric nitrogen fixation in wetland rice. Can. J. 
Microbiol., 35, 403-408. 

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

10. AFFILIATIONS 
 

David A. Dalton, Biology Department, Reed College, Portland, OR 97202, USA. 
 

Sasha Kramer, Department of Biological Sciences, Stanford University, Stanford, 
CA 94305-5020, USA. 

 




