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    Abstract     Several processes mediated by soil microorganisms play an important 
role in nutrient cycling. One such process is biological nitrogen fi xation (BNF) by 
representatives of various bacterial phylogenetic groups, which are called diazotrophs. 
These bacteria can be free-living, associate with plant species, or even establish 
symbiosis with legumes. Studies with diazotrophic organisms are of great importance 
due to their contribution to the nitrogen supply in different ecosystems, including 
natural and managed systems. It is estimated that global BNF adds 122 Tg of N 
yearly with cultivated agricultural systems fi xing from 33 to 43 Tg, which occurs 
mostly by legume-rhizobia symbiosis. There is a large potential of BNF contribu-
tion by associative systems with tropical grasses, but there is uncertainty in these 
estimates due to several assumptions in the estimation process and fewer  studies 
with this system when compared to the legume-rhizobia symbiosis. Recent progress 
in the understanding of diversity, colonization ability, action mechanisms, formula-
tion, and application of these biological systems should facilitate their development 
as reliable components in the management of sustainable agricultural systems. 
Several efforts have been made to develop commercial inoculants using these organ-
isms. The current progress in using microorganisms that fi x nitrogen in a variety of 
applications is summarized and discussed herein.  

        Introduction 

 Microorganisms that carry out biological nitrogen fi xation (BNF) have great 
importance because this element is an essential component of proteins, nucleic 
acids, and other nitrogen compounds. Therefore, nitrogen is an essential component 
of life for all living beings (Döbereiner  1997 ). The process of BNF performed by 
symbiotic nitrogen-fi xing bacteria with legume species, which are commonly 
known as alpha and beta rhizobia, provides high sustainability for ecosystems 
(Bomfeti et al.  2011 ). These microorganisms can help promote plant growth not 
only by supplying nitrogen but also by other mechanisms, such as production of 
siderophores, exopolysaccharides (EPS), and phytohormones; phosphate solubili-
zation; and protection against phytopathogenic fungus (Dakora  2003 ; Figueiredo 
et al.  2008 ; Moreira et al.  2010 ). 

 Diazotrophs are found in a wide variety of habitats: free-living in soil and water, 
associative symbioses with grasses, symbiotic association in termite guts, actinorhizal 
association with woody plants, cyanobacterial symbioses with various plants, and 
root-nodule symbioses with legumes (Dixon and Kahn  2004 ). The two most impor-
tant types of symbioses are N 2  fi xation and acquisition of P and other nutrients by 
mycorrhizae (Rengel  2002 ; Bonfante and Anca  2009 ). For cultivation of legumes, 
relationship of rhizobia and mycorrhiza is of great importance because these bacteria 
infl uence the infection rate and mineral nutrition as well as the physical and chemical 
conditions of the soil by adding organic waste and increasing the growth of these 
plants (Andrade et al.  2000 ; Parniske  2008 ). 
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 Symbiotic or even mutualistic relationships involving rhizobia depend on 
chemical signals between the two organisms. These signals defi ne the rhizobia host 
specifi city in the relationship. Selecting for the optimal combination of the rhizobia 
and the host generally results in more effective symbiosis and better growth of the 
host plant (Rengel  2002 ; Araújo et al.  2012 ). 

 Biofertilizers that can cater to the different needs of growing plants act as a 
consortium in addition to other microorganisms in the rhizosphere. Understanding 
the interaction between the consortium of microbial inoculants and plant systems 
will lay the foundation for harnessing more benefi ts from microbial inoculants 
for improving plant growth and yield (Raja et al.  2006 ). Single inoculants and 
combinations of plant growth-promoting bacteria (PGPB)/plant growth-promoting 
rhizobacteria (PGPR) are common inoculants, and their use is increasing in agricultural 
practices (Díaz-Zorita and Fernández-Canigia  2009 ). PGPB affect plants through a 
multitude of mechanisms. Several comprehensive and critical reviews describing 
the operational mechanisms of PGPB/PGPR have been published in recent years 
(Bashan et al.  2011 ; de-Bashan et al.  2012 ). 

 The formulation step is a crucial aspect of producing microbial inoculants, and it 
determines the success of a biological agent (Brahmaprakash and Sahu  2012 ). 
In recent years, the strong potential of biopolymers to be used as inoculants has 
been studied (Borschiver et al.  2008 ; Silva et al.  2009 ). Biopolymers have demonstrated 
potential as bacterial carriers for microbial inoculants. Another recent possibility for 
development of new inoculants or biofertilizers is the use of biofi lm (Seneviratne 
et al.  2009 ). Furthermore, the role of these compounds in stress adaptation may be 
an important criterion for the selection of inoculant strains to raise plant productivity 
by BNF under different soil and climatic conditions (Bomfeti et al.  2011 ).  

    BNF as the Key for Ecological Success 

 Nitrogen is the most abundant element in the atmosphere, and it is mainly present in 
the diatomic form (N 2 ). Nitrogen is an essential macronutrient for plant species. 
Some bacteria have enzymes with the ability to reduce N 2  and turn it into ammonia. 
Subsequently, ammonia is used in the synthesis of essential elements, which is a 
process known as BNF (Hungria et al.  2007 ; Di Ciocco et al.  2008 ). BNF can be 
symbiotic when there are mutualistic associations between plant species and fi xing 
microorganisms (mainly rhizobia) or can be asymbiotic when it is carried out by 
free-living fi xing microorganisms, such as species of the genera  Azotobacter  and 
 Beijerinckia  (   Freitas  2007 ). 

 Rhizobia are distributed in different taxonomic groups according to their morpho-
logical, physiological, genetic, and phylogenetic characteristics (Lindström et al. 
 2006 ). Currently, they are classifi ed into α- and β-rhizobia (Bomfeti et al.  2011 ). The 
genera  Agrobacterium ,  Allorhizobium ,  Azorhizobium ,  Bradyrhizobium ,  Devosia , 
 Mesorhizobium ,  Methylobacterium ,  Ochrobactrum ,  Phyllobacterium ,  Rhizobium , 
and  Sinorhizobium  belong to the group of α-proteobacteria, and bacteria of the genera 
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 Burkholderia ,  Cupriavidus , and  Herbaspirillum  belong to the β-proteobacteria group 
(Weir  2011 ). 

 The effectiveness of the legume-rhizobia symbiotic system and the development of 
nodules result from the exchange of molecular chemical signals between plant and its 
symbiont (Okasaki et al.  2004 ; Zilli et al.  2009 ,  2011 ) (Fig.  10.1 ). Although legumes 
form root nodules mainly in response to Nod factors, the plant perception of endoge-
nous signals, particularly plant hormones, is also thought to be important for the 
establishment of proper symbiotic interactions between rhizobia and legumes 
(Caetano-Anolles and Gresshoff  1991 ). The native species of nitrogen-fi xing bacteria 
perform BNF at a low degree of effi ciency. Therefore, it is necessary to obtain elite 
strains of rhizobia for effi cient BNF (Figueiredo et al.  2008 ; Zilli et al.  2011 ).

   Microorganisms that fi x nitrogen require 16 mol of adenosine triphosphate (ATP) to 
reduce each mole of nitrogen (Hubbell and Kidder  2009 ). These organisms obtain this 
energy by oxidizing organic molecules. Non-photosynthetic free-living microorgan-
isms must obtain these molecules from other organisms, and photosynthetic microor-
ganisms, such as cyanobacteria, use sugars produced by photosynthesis to obtain these 
molecules. Associative and symbiotic nitrogen-fi xing microorganisms obtain these 
compounds from the rhizosphere of their host plants (National Research Council  1994 ; 
Hubbell and Kidder  2009 ). Different N 2 -fi xing organisms and symbioses found in 
agricultural and terrestrial natural ecosystems are shown in Fig.  10.2 .

   Advances in agricultural sustainability will require an increase in the use of BNF 
as a major source of nitrogen for plants. Long-term sustainability of agricultural 
systems must rely on the use and effective management of internal resources. The 
process of BNF offers an economically attractive and ecologically sound means of 

  Fig. 10.1    Nodulation by rhizobia. ( a ) Scheme of chemical signal exchanges and infection 
processes involving rhizobia. ( b ) Root-hair curing in  Lotus japonicus . ( c )  Mesorhizobium loti  cells 
tagged with constitutive  gfp  gene in an infection thread in the root hair shown in  panel  ( b ). ( d )  M .  loti  
bacteroids in infected cells of a mature  L .  japonicus  nodule.  Bar  indicates 10 μm ( b ,  c ) and 1 μm 
( d ) (Adapted from Okasaki et al.  2004 )       
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reducing external nitrogen input and improving the quality and quantity of internal 
resources. Clearly, it is unreasonable to consider sustainable agriculture on a broad 
scale without BNF. Further research is needed to optimize the contribution of BNF 
to sustainable agriculture (Saikia and Jain  2007 ). The study of effi cient use of N 
yields multiple advantages, such as the reduction of fertilizer doses to maintain 
productive levels and even genetic improvements to adapt plants to nitrogen-poor 
soils. The study of N acquisition and use should be linked to the understanding of 
the absorption, assimilation, and redistribution of this nutrient in cells as well as its 
balance between storage and use (Majerowicz et al.  2002 ). 

 Currently, new methods designed to increase nitrogen use effi ciency are being 
intensely studied, especially through the recognition of biochemical and molecular 
pathways of absorption and assimilation in plants. Agroecological methods, such as 
BNF, are proposed to allow the sustainable use of this nutrient without production 
loss (Herridge et al.  2008 ).  

    Diversity of BNF Systems 

 The high genetic variability of diazotrophs enables the occurrence of BNF in dif-
ferent systems (Franche et al.  2009 ), and this variability is important for the 
study of phylogenetic relationships. It is important for the study of phylogenetic 

  Fig. 10.2    Biological N 2 -fi xing agents in agricultural and terrestrial natural systems (Adapted from 
Herridge et al.  2008 )       
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relationships, and diversity of bacterial genes is based not only on the taxonomic 
position but also on the need to fully exploit the potential of biotechnology (Woese 
 1994 ; Meitanis et al.  2008 ; Vale et al.  2008 ). According to Van Elsas and Boersma 
( 2011 ), the study of microbial populations that inhabit the natural environment is 
essential in understanding the functioning of ecosystems. Microbial diversity is 
generally considered to be the number of individuals of different taxa and their dis-
tribution among taxa, and genetic diversity is the variation of genes and genotypes 
within groups (Lynch et al.  2004 ). 

 In the past, the study of microbial diversity was based on techniques that were 
dependent on cultivation, providing limited information due to lack of culture media 
which accurately reproduce the different ecological niches in a laboratory environ-
ment. Therefore, only a small fraction of microbial diversity existing in environ-
mental systems can be cultivated in vitro, which causes an underestimation of 
the natural diversity (Tyson and Banfi eld  2005 ). Currently, microbial diversity can 
be assessed more broadly through the use of molecular biology techniques (both 
dependent on and independent of microorganism culture) enabling the detection of 
nucleic acids (Andreote et al.  2009 ; Roesch et al.  2010 ). 

 The diversity of the composition of ribosomal genes has been greatly discussed, 
especially for phylogenetic studies. In prokaryotes, such as diazotrophs, the 16S 
rRNA gene is the most widely used and is highly conserved. This gene is considered 
to be the most suitable for studies of microbial ecology and phylogeny and allows 
identifi cation at the level of genus and species. 16S rRNA even allows for the 
analysis and correlation between genotype and the studied niche (Chéneby et al.  2000 ; 
Gribaldo and Brochier  2009 ). Diversity studies have identifi ed different groups of 
diazotrophic bacteria: rhizobia (α-proteobacteria); Frankia (in Actinobacteria); 
cyanobacteria; bacteria belonging to various bacterial genera, such as  Bacillus , 
 Burkholderia ,  Enterobacter ,  Herbaspirillum ,  Methylobacterium ,  Paenibacillus , 
 Pantoea ,  Pseudomonas , and  Stenotrophomonas , which colonize the surface of 
plant tissues without formation of differentiated structures; and endophytes 
(Kuklinsky- Sobral et al.  2004 ; Franche et al.  2009 ; Ribeiro et al.  2009 ; Lindstrom 
et al.  2010 ; Tripp et al.  2010 ; Monteiro et al.  2012 ). BOX A1R-based repetitive 
extragenic palindromic (BOX) polymerase chain reaction (PCR) is among several 
existing techniques in molecular biology that depend on the isolation and cultivation 
of bacterial communities in the laboratory. BOX PCR uses the same technique of 
repetitive extragenic palindromic sequence (REP) PCR, which is based on fi nding 
and amplifying repetitive regions of the bacterial genome. In this technique, 
repetitive and highly conserved regions of the bacterial genome are amplifi ed, 
including Box elements, which are divided into three groups: BoxA, BoxB, and 
BoxC with BoxA being the most common. The BOX A1R primer allows a more 
detailed characterization of isolates, and it produces robust fragments of fi nger-
prints with a complex pattern. Therefore, the BOX A1R primer is generally used 
to differentiate bacterial strains (Marques et al.  2008 ; Lee and Wong  2009 ). Torres 
et al. ( 2008 ) found a large diversity among endophytic bacteria isolated from root 
nodules formed by the symbiosis between rhizobia and bean ( Phaseolus vulgaris  L.). 
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 Diazotrophs have the nitrogenase enzyme complex that is responsible for BNF. 
This enzyme system is composed of three subunits, and it is regulated by a complex 
system with multiple genes. Nitrogenase 1 (classic) is dependent on iron and 
molybdenum, and it is encoded by the  nif  gene. Nitrogenase 2 is dependent on vana-
dium, and it is encoded by the  vnf  gene. Nitrogenase 3 is dependent on iron, and it 
is encoded by the  anf  gene (Franche et al.  2009 ; Canfi eld et al.  2010 ). In free-living 
and associative microorganisms, the  nif  genes are responsible for encoding highly 
conserved subunits (Zehr et al.  2003 ; Falkowski et al.  2008 ; Franche et al.  2009 ). 
Because of the high conservation of these genes, phylogenetic studies based on 
these genes have shown similar results to those obtained using 16S rRNA. Thus, 
the  nif  gene has been used to characterize the genetic diversity of diazotrophs (Zehr 
et al.  2003 ). 

 The  nif  genes include  nif  D,  nif  H, and  nif  K, which all encode proteins of the 
nitrogenase enzyme complex. The  nif  H functional gene, which encodes the 
Fe-protein of nitrogenase, is well preserved and well studied as compared to other 
 nif  genes, which have been used for phylogenetic analysis of the diazotrophic bacte-
rial community (Zehr et al.  2003 ; Franche et al.  2009 ). However, Gaby and Buckley 
( 2011 ) assessed the global diversity of nitrogen-fi xing microorganisms through 
the construction and analysis of an aligned database of 16,989  nif  H sequences. 
They concluded that the diversity of diazotrophs is still poorly described and that 
many organisms remain to be discovered. 

 The techniques that evaluate bacterial diversity using the isolation and cultivation 
of bacteria in a laboratory followed by DNA extraction do not allow the study of 
uncultured microorganisms present in the sample environment, thereby restricting 
the diversity found. However, the polymerase chain reaction-denaturing gradient 
gel electrophoresis (PCR-DGGE) technique allows access to the diversity of bacterial 
communities directly from their habitat without cultivation (Andreote et al.  2009 ). 
Therefore, various molecular techniques are being used to study the diversity, quan-
tifi cation, and analysis of  nif  H gene expression (Table  10.1 ).

   Table 10.1    Examples of molecular techniques for the study of the  nif  H gene   

 Application  Molecular technique  Reference 

 Diversity analysis  Terminal restriction fragment length 
polymorphism analysis (T-RFLP) 

 Bannert et al. ( 2011 ), Beneduzi 
et al. ( 2008 ) 

 Denaturing gradient gel 
electrophoresis (DGGE) 

 Li et al. ( 2012 ), Dias et al. 
( 2012 ), Coelho et al. ( 2009 ), 
Martensson et al. ( 2009 ) 

 Gene quantifi cation  Real-time PCR (qPCR)  Dias et al. ( 2012 ), Bannert et al. 
( 2011 ), Coelho et al. ( 2009 ), 
Martensson et al. ( 2009 ) 

 Gene expression  Oligonucleotide microarray  Duc et al. ( 2009 ) 
 Cloning and RT-PCR 

(reverse transcription) analysis 
 Honga et al. ( 2012 ), Thaweenut 

et al. ( 2011 ) 
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       BNF Inputs to Agricultural Systems 

 While the Haber-Bosch nitrogen fertilizer production system is considered to have 
saved untold millions of people throughout the world, it is not without the following 
major concerns: the severalfold increase in reactive nitrogen cycling throughout 
the ecosphere; the relative lack of effi ciency of reactive nitrogen under agricul-
tural use, which may lead to major ecological issues of water contamination and 
eutrophication; and the demand for fossil fuel, which is generally demanded as 
natural gas (Rockström et al.  2009 ; Good and Beatty  2011 ; Kim et al.  2011 ; Sutton 
et al.  2011 ). 

 In contrast, even with all of these caveats, the growing population and its desirable 
increase in income will only demand higher levels of food production, particularly 
of meat and dairy products (Godfray et al.  2010 ). Meeting these demands will be 
impossible without a reliable nitrogen source. While chemically fi xed fertilizer will 
necessarily be a part of the various options deployed by agricultural and soil scientists 
throughout the world, an increased reliance on BNF is one of the major alternatives 
for both maintaining and/or increasing agricultural yield and reducing both environ-
mental and economical concerns linked to nitrogen fertilizer use (Doane et al.  2009 ; 
Hvistendahl  2010 ). One point to keep in mind is that these alternatives are not 
either/or solution sets and should not be thought as such. Both alternatives are simply 
tools to increase agricultural yield to allow human resources needs to be fulfi lled in 
such a way that future generations will have access to at least the same pool of 
natural resources as previous ones did. 

 Unfortunately, even though obtaining global nitrogen fertilizer estimates is rela-
tively easy, obtaining estimates for biologically fi xed nitrogen is not easy (Herridge 
et al.  2008 ; Peoples et al.  2009 ); this factor may be a major constraint on an increased 
dependency on this source. One of the fi rst reasons for this diffi culty is the sheer 
number of possible biological systems, which all have different BNF capabilities, 
natural ranges, cultivated ranges, areas, and potential yields (Fig.  10.3 ). Burris (2008) 
has been quoted by Herridge et al. ( 2008 ) as having said that “potential authors could 
use a variety of methods to fi ll in the values in the N cycle, from gazing at crystal 
balls, consulting sages to cranking out computer-generated random numbers.” 
However, the most common method is a literature review, and choosing the numbers  
thought to be a more logical approach. This diffi culty in estimating global BNF can 
be roughly divided into several different reasons:

     1.    Methodological problems in fi eld-scale BNF estimation   
   2.    Highly variable BNF rates, which are strongly affected by environmental and 

agricultural concerns   
   3.    Diffi culty in estimating individual cropping systems, worldwide distribution, 

and cultivated areas    

  The fi rst and second reasons intermingle with the high variation in BNF rates and 
lead to highly variable estimates, for example, for soybeans ( Glycine max ), which 
range from 0 to 450 kg shoot N.ha −1  according to different sources cited by Peoples 
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et al. ( 2009 ). In addition, another major problem is that the root system is routinely 
not included in the BNF estimates, which may lead to soybean going from a net 
exporter (Di Ciocco et al.  2011 ) to a net fi xer of soil N (Singh et al.  2004 ). When 
considering the importance and number of agricultural systems in which soybean 
participates, this change may have signifi cant effects on overall N balance. 

 Even with all of these caveats, it is still highly important to achieve an overall 
estimate, which has been well executed in several recent reports on a global or national 
scale (Herridge et al.  2008 ; Peoples et al.  2009 ; Yang et al.  2010 ). One common 
approach has been to obtain an estimate for the average BNF rate per hectare and then 
to multiply by another estimate of total cultivated area of the specifi c system. This 
approach may also be performed with some type of subdivision as exemplifi ed by the 
recognition of different BNF rates for Argentinean-, Brazilian-, Chinese-, and North 
American-grown soybeans (Gan et al.  2002 ; Nicol et al.  2002 ; Okogun et al.  2005 ; 
Hungria et al.  2006 ; Oberson et al.  2007 ; Schipanski et al.  2010 ; Di Ciocco et al.  2011 ). 

 As indicated by the previous examples, a further point to consider is that 
BNF estimation is much more common for the legume-rhizobia symbiosis than 

  Fig. 10.3    Main sources of biologically available nitrogen, not including mining the soil organic 
matter reserve       
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for other systems, such as grass-endophyte associations or  Azolla -cyanobacteria 
symbiosis, which results from a better knowledge of the system, a much more 
precise estimate of occurrence, a vastly higher number of punctual experiments 
from which to derive raw data, and the sheer importance of the legume-rhizobia 
symbiosis in world agriculture. 

 Most estimates for global BNF are 120 Tg of N per year (estimations summarized 
by Herridge et al. ( 2008 )) with the crop legume-rhizobia symbiosis accounting for 
approximately a sixth of that estimation (according to several authors summarized by 
Peoples et al. ( 2009 )). These values are less than those estimated for the nitrogen 
fertilizer industry of  ca . 140 Tg of N per year (Canfi eld et al.  2010 ). In contrast, while 
most estimates indicate that approximately 1–2 % of global energy consumption is 
directly linked to N fertilizer production and that  ca . 300 Tg of fossil C is derived just 
from its production (not including the large fossil C cost of its distribution), there is 
close to zero fossil fuel use linked to BNF, which does not mean that there is not any 
C emission linked to BNF. There should also be a lower NO  x   emission derived from 
BNF, and thus lower glasshouse effects, because all of the N is in an organic form by 
defi nition and, thus, should not be available for denitrifi cation most of the time 
(Jensen et al.  2012 ). This consideration is also important when considering that there 
is an international tendency to demand a more sustainable agriculture with less 
resource consumption for a given yield level, which could be maximized through 
further use of BNF as a rule in agricultural systems (Wilkins  2008 ), and if non-BNF 
advantages of legume inclusion are considered, such as the reduction in disease inci-
dence or nutrient mining of deeper layers allowed by their greater root system (Sileshi 
et al.  2008 ; Köpke and Nemecek  2010 ; Fornara  2011 ). 

 All of these advantages require a greater need for management knowledge, 
which is one of the primary reasons for the greater reliance on N fertilizer as an 
alternative. The greater need for management knowledge is due to the highly local-
ized effects of environment and cropping systems, which demand a high level of 
knowledge of the farmer to maximize their effi ciency as exemplifi ed by the variable 
effects of species and cultivars of legumes seeded with barley, the effect of a fertility 
gradient on BNF from legume-grass mixtures (Schipanski and Drinkwater  2012 ), or 
the impact of cutting management and  Desmodium  species in a mixture with corn 
(Kifuko-Koech et al.  2012 ).  

    Mycorrhizal Infection of Legume Roots to Stimulate 
Nodulation 

 A mycorrhiza (Greek; mycos = fungus and rhiza = root) is a symbiotic association 
between certain soil fungi and plant roots (Bonfante and Anca  2009 ). Based on 
morphoanatomy of colonized roots, mycorrhizae are grouped into ectomycorrhiza, 
ectendomycorrhiza, and endomycorrhiza (Azcón  2000 ). Ectomycorrhizae are 
characterized by the formation of a mycelial mantle on the root with only intercel-
lular penetration of the cortex by fungal mycelium and the formation of a “Hartig 
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net” (Bonfante  2001 ). Ectendomycorrhizae are generally ectomycorrhiza with 
intracellular penetration but with anatomical differences according to the host plant. 
Endomycorrhizae are the most common type of mycorrhiza formed by arbuscular 
mycorrhizal fungi (AMF) that penetrate intercellularly and intracellularly in the 
host root cortex, currently belonging to the phylum Glomeromycota with 3 classes 
( Archaeosporomycetes ,  Glomeromycetes , and  Paraglomeromycetes ) composed of 
5 orders ( Archaeosporales ,  Diversisporales ,  Gigasporales ,  Glomerales , and 
 Paraglomerales ), 14 families, 29 genera, and approximately 230 described species 
(Oehl et al.  2011 ) (Fig.  10.4 ). These fungi are distributed in most ecosystems 
representing a broader association between plants and fungi, and they are present 
on more than 80 % of plant species (Smith and Read  2008 ), including almost all 
species of agronomic interest and pastoral and tropical forest (Moreira and Siqueira 
 2002 ; Bonfante and Genre  2008 ).

    Leguminosae  is the third largest family of angiosperms and is the second most 
economically important in the world only behind  Poaceae . With three subfamilies 
( Mimosoideae ,  Caesalpinioideae , and  Papilionoideae ), 727 genera, and 19,325 spe-
cies, this family has a cosmopolitan distribution (Lewis et al.  2005 ). In Brazil, there 
are approximately 210 genera and 2,694 species of  Leguminosae  (Lima et al.  2010 ). 
Legumes play a key role in the balance of nitrogen in ecosystems due to their ability 
to fi x nitrogen and improve soil quality in agroforestry, silvopastoral, and forestry 
(Foelkel  2012 ). Legumes are also ecologically important because they are well 
adapted to the fi rst colonization and exploitation of different environments due, in 
part, to their association with nitrogen-fi xing bacteria or mycorrhizal fungi (Silva 
and Tozzi  2011 ). 

 The rhizobia-legume symbiosis is responsible for producing annual levels of at 
least 35 million tons of nitrogen (Freire  1992 ). Nitrogen-fi xing bacteria, including 
rhizobia and mycorrhizal fungi, form mutualistic symbiotic associations with 
legumes. In this association, which is known as tripartite (Bonfante and Anca  2009 ; 
Vega et al.  2010 ), the mycorrhizal mycelia through the network may increase the 
absorption and solubilization of phosphorus by translocating phosphorus in the soil 
to rhizobia located on plant nodules. Rhizobia fi x nitrogen and provide it in the form 
of ammonia to the plant, which, in turn, provides carbohydrate to microsymbionts 
(Silveira et al.  2001 ; Gross et al.  2004 ). For cultivation of legumes, this relationship 
between rhizobia and mycorrhiza is of great importance because it infl uences the 
infection rate and mineral nutrition as well as the physical and chemical conditions 
of the soil by adding organic waste and increasing the growth of these plants 
(Andrade et al.  2000 ). 

 Under conditions of phosphorus defi ciency, legumes have low nodulation and 
nitrogen fi xation unless their roots are colonized by mycorrhizas or if the soil is 
fertilized with high phosphorus levels. Moreover, the mycorrhizal condition infl u-
ences the effi cient competition among strains of rhizobia to occupy the nodules in 
the roots of the host (Miranda and Miranda  2002 ; Garg and Manchanda  2008 ). 
Kaschuk et al. ( 2010 ) studied the AMF-rhizobia symbiosis in 12 legume species, 
and they reported an increase in the photosynthetic rate and grain yield of legumes. 
This result is important because this rate compensates for the transfer of plant 
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photosynthates for microorganisms. Burity et al. ( 2000 ) studied thrush ( Mimosa 
caesalpiniaefolia ) inoculated with  Glomus etunicatum ,  Acaulospora morrowae , 
 A .  longula , and  Rhizobium  sp., and they observed a larger increase in nodulation and 
root colonization by mycorrhiza. Jesus et al. ( 2005 ) studied two species of legumes 

  Fig. 10.4    Representative tree of the phylum Glomeromycota based on molecular and morphologi-
cal analyses ( Source : Oehl et al.  2011 )       
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( Piptadenia gonoacantha  (Mart.) Macbr. and  Piptadenia paniculata  Bentham) and 
found that these two species depend on mycorrhiza for satisfactory growth and nod-
ulation with rhizobia. The synergy between the mycorrhizal fungi and rhizobia 
microsymbionts on legumes has been well documented in several studies (Mergulhão 
et al.  2001 ; Diniz et al.  2002 ; Jesus et al.  2005 ; Kaschuk et al.  2010 ; Lima et al. 
 2011 ; Mendes Filho et al.  2011 ). However, according to Scotti ( 1997 ), the benefi t of 
these microorganisms to the host plant depends on the compatibility between the 
strain of rhizobia and mycorrhizal fungi inoculated. 

 Some strains of bacteria can positively infl uence and establish symbiosis with 
mycorrhizal fungi (Garbaye  1994 ; Frey-Klett et al.  2007 ), and these synergistically 
effective are called “   mycorrhiza helper bacteria” (MHB) (Duponnois and Garbaye 
 1991 ; Garbaye  1994 ). Importantly, MHB have specifi city for fungi but do not have 
specifi city for plants (Garbaye  1994 ; Duponnois and Plenchette  2003 ). Duponnois 
and Garbaye ( 1991 ) were the fi rst to observe the effect of bacteria  Pseudomonas 
fl uorescens  to signifi cantly stimulate the formation of ectomycorrhizal fungus 
 Laccaria laccata . After the review on the effects observed in MHB work by Garbaye 
( 1994 ), Frey-Klett et al. ( 2007 ) provided further information on MHB functionality 
during symbiosis. Frey-Klett et al. ( 2007 ) reported that MHB improve the conductivity 
of soil and responsiveness to root fungus by plant-fungus recognition and establish-
ment of symbiosis, and they also reported that MHB promote survival, germination 
of propagules, and mycelial growth of fungi. Moreover, they reported that both 
the fungus and root select the bacterial population in the rhizosphere soil, promote 
the growth of fungus, and determine the receptivity of the root to the fungus. The 
strains of MHB identifi ed to date belong to gram-negative Proteobacteria ( Agrobac-
terium ,  Azospirillum ,  Azotobacter ,  Burkholderia ,  Enterobacter ,  Pseudomonas , 
 Rhizobium , and  Klebsiella ), gram-positive Firmicutes ( Bacillus ,  Brevibacillus , and 
 Paenibacillus ), and gram-positive Actinomycetes ( Rhodococcus ,  Streptomyces , and 
 Arthrobacter ) (Frey-Klett et al.  2007 ). This demonstrates the diversity of bacteria 
having potential use in biotechnological processes. Rigamonte et al. ( 2010 ) sug-
gested that the fi rst effect of MHB on ectomycorrhiza is related in stimulating the 
growth of these fungi. Another feature of MHB in mycorrhizal plants is acting as 
the stimulus for the formation of lateral roots in addition to growth of the fungus, 
which may lead to an increased number of sites of interaction between plant and 
fungus (Schrey et al.  2005 ), thereby increasing mycorrhizal colonization on the host 
plant (Rigamonte et al.  2010 ). Moreover, MHB may improve the nutritional status of 
mycorrhiza by providing nitrogen and contributing to solubilization of soil minerals. 
Some strains of MHB are able to compete with bacteria that inhibit mycorrhiza 
(Garbaye  1994 ); thus, these strains reduce the concentration of antifungal metabo-
lites in the plant rhizosphere, which favors the release of fungi exudates that serve as 
nutrients for the bacteria (Rigamonte et al.  2010 ). According to Frey- Klett et al. 
( 2007 ), MHB enhance spore germination and mycelial growth by producing growth 
factors, inhibiting competitors, inhibiting antagonists, and promoting detoxifi cation 
of antagonistic substances. According to Bonfante and Anca ( 2009 ), the release of 
bioactive molecules and physical contact between bacteria and mycorrhizal fungi 
are important in the establishment of their interactions, which are the main 
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signaling mechanisms observed in the tripartite rhizobia/mycorrhiza/legume 
association (Oldroyd and Downie  2008 ). Legumes have an exceptional ability to form 
a symbiotic association with rhizobia and mycorrhizal fungi, and the positive 
effects of the symbiosis depend on the combination of interactions among the host 
plant, symbionts, and environmental factors. Thus, additional research is needed to 
better understand the functions and mechanisms of the interaction between fungi 
and bacteria in and on the roots of these host plants (Kannan et al.  2011 ).  

    Bacterial Biofertilizers 

 Plant yield is dependent on nutrients, such as nitrogen (N), and farmers usually need 
to apply at least 100 kg of N per hectare (Deaker et al.  2004 ). However, N fertilizers 
are expensive, and chemical fertilization may promote soil pollution. In contrast, 
biofertilizers are gaining importance in sustainable agriculture. The term “biofertil-
izer” specifi es that the fertilizer meets the nutritional requirements of a crop through 
microbiological means. In several countries, biofertilizers are synonymous with 
bacterial inoculants (Brahmaprakash and Sahu  2012 ). 

 A bacterial inoculant is a formulation that contains one or more benefi cial bacterial 
strains or species in an easy-to-use and economical carrier material. Inoculants 
are the “vehicle” to transport living bacteria from the factory to living plants to 
produce the desired effects on plant growth (Bashan  1998 ). For legume plants, BNF 
can be used by inoculating legume seeds with rhizobia (Deaker et al.  2004 ). In 
Brazil, the use of inoculants for legume plants began in the 1950s (Freire et al. 
 1968 ), and the inoculation process currently saves approximately 11 billion dollars 
per year when considering only soybean crops (Hungria  2012 ). Although Brazil has 
a long tradition in research and production of inoculants for legumes, the studies of 
nitrogen fi xation in  Azospirillum -grass associations have only begun recently; thus, 
only a few commercial inoculants are available in the market (Bashan  1998 ). 

 Peat is the most frequently used carrier for the rhizobial inoculant industry 
because it has high water-holding capacity and large surface area, which support 
rhizobial growth and survival in large numbers (Smith  1992 ). However, a peat- 
based inoculant requires a signifi cant amount of processing, such as mining, drying, 
milling, and neutralizing, before its use in a commercial production system. The 
formulation step is a crucial aspect for producing microbial inoculants and deter-
mines the success of a biological agent. Formulation typically consists of establish-
ing viable bacteria in a suitable carrier together with additives that aid in the 
stabilization and protection of microbial cells during storage and transport and at 
the target (Brahmaprakash and Sahu  2012 ). The formulation should    also be easy to 
handle and apply so that it is delivered to the target in the most appropriate manner 
and form and should also protect bacteria from harmful environmental factors and 
maintain or enhance the activity of the organisms in the fi eld (Xavier et al.  2004 ). 

 A good quality inoculant should be composed of a superior carrier material. 
Smith ( 1992 ) suggested that the following features are characteristics of a superior 
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quality carrier material for microbial inoculants: high water-holding capacity, high 
water retention capacity, no heat production from wetting, nearly sterile, chemically 
uniform, physically uniform, nontoxic in nature, easily biodegradable, nonpollut-
ing, nearly neutral pH (or easily adjustable pH), and supports bacterial growth and 
survival. Inoculants come in four basic dispersal forms (powders, slurries, granules, 
and liquids). The use of each type of inoculant depends upon market availability, 
farmers’ choice, cost, and the need of a particular crop under specifi c environmental 
conditions (Arora et al.  2010 ). 

 These characteristics have prompted researchers to fi nd new carrier materials, 
including clays, inorganic soils (Chao and Alexander  1984 ), compost (Iswaran 
et al.  1972 ), wheat bran (Jackson et al.  1991 ), spent agricultural waste material 
(Sadasivam et al.  1986 ), and spent mushroom compost (Bahl and Jauhri  1986 ). 
Apart from these materials, many other synthetic and inert materials, such as 
vermiculite (Sparrow and Ham  1983 ), perlite, ground rock phosphate, calcium 
sulfate, polyacrylamide gels (Dommergues et al.  1979 ), and alginate (Bashan 
 1986 ), have also been evaluated. 

 Liquid inoculant formulations are one solution to the problems associated with 
processing solid carriers. Liquid inoculant formulations may use various broth 
cultures amended with agents that promote cell survival in the package and after 
application to seeds or soil. Additives to liquid inoculant formulations should have 
a role in protecting the cells on seeds at high temperatures and during desiccation. 
Many types of biopolymers have been used for inoculant production due to their 
ability to limit heat transfer, good rheological properties, and high water activities 
(Mugnier and Jung  1985 ). 

 In recent years, the strong potential of biopolymers as inoculants has been 
studied (Freitas et al.  2003 ; Borschiver et al.  2008 ; Silva et al.  2009 ; Abd Elgadir 
et al.  2012 ). Biopolymers may be defi ned as polymers (proteins, nucleic acids, or 
polysaccharides) that are produced by living organisms (Borschiver et al.  2008 ). 
These polymers have demonstrated potential as bacterial carriers for microbial 
inoculants. These formulations encapsulate living cells, protect microorganisms 
against many environmental stresses, and gradually release the cells into soil in 
large quantities where the polymers are degraded by soil microorganisms. 

 Another recent possibility for the development of new inoculants or biofertilizers 
is the use of biofi lm. Biofi lm consists of microbial cells (algal, fungal, bacterial, 
and/or other microbial cells) in addition to an extracellular biopolymer    (known as 
an extracellular polymeric substance) (EPS) produced by the cells, which provides 
structure and protection to the community. The formation of fungal-bacterial bio-
fi lms (FBBs) by bacterial colonization on biotic fungal surfaces provides enhanced 
metabolic activities as compared to monocultures. Incorporation of a nitrogen 
(N 2 )-fi xing rhizobial strain to FBBs to form fungal-rhizobial biofi lms (FRBs) has 
been shown to improve potential biofi lm applications in N-defi cient settings and 
in the production of biofi lm inoculants for biofertilizers and biocontrol in plants 
(Seneviratne et al.  2007 ). Biofi lms attached to the plant roots of some crops help 
in the cycling of nutrients as well as in the biocontrol of pests and diseases, resulting 
in improved agricultural productivity (Seneviratne  2003 ). A developed FRB inoculant 
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has been shown to signifi cantly increase N 2  fi xation in soybean by approximately 
30 % as compared to a conventional inoculant consisting only of rhizobia (monoculture 
inoculant) (Jayasinghearachchi and Seneviratne  2004 ). Reports have indicated that 
these symbiotic bacteria may have the potential to be used as PGPR with nonlegumes. 
Seneviratne et al. ( 2009 ) observed the heavy colonization of FBBs/FRBs on root hairs 
of rice ( Oryza sativa ), tea ( Camellia sinensis ), anthurium ( Anthurium andraeanum ), 
and wheat ( Triticum aestivum ). Such FRBs may act as “pseudonodules” by fi xing 
N 2  biologically on the roots of nonlegumes.  

    Concluding Remarks 

 Microorganisms are potential tools for sustainable agriculture and are the trend 
for the future. The BNF process offers an economically attractive and ecologi-
cally sound means of reducing external nitrogen input and improving the quality 
and quantity of internal resources. There is an urgent need for research to clearly 
defi ne what bacterial traits are useful and necessary for different environmental 
conditions and plants so that optimal bacterial strains can be selected. However, 
fi eld experiments are needed to provide a better understanding of the biological 
effi cacy for increased yields in crop systems. The availability of complete genome 
sequences and functional genomics of symbiotic microorganisms (bacteria and 
mycorrhizal fungi) will enhance the understanding of symbiosis in the plant 
family, and obtaining this knowledge is a major challenge for future research. 
Increased use of BNF is one of the major pathways to maintain or increase yield and 
to reduce the environmental footprint of agriculture, which may be used to address 
the current challenge of meeting the fast-growing worldwide demand for agri-
cultural products.     
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