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    Abstract     Root nodules have intrigued mankind ever since their role in the 
 maintenance of soil fertility has been known. The earlier school of thought 
amongst microbiologists and agronomists was that root nodules are highly spe-
cialised  structures rich in leghaemoglobin, which house the diazotrophic bacte-
rium  Rhizobium , whose primary role was to fi x atmospheric nitrogen in association 
with the host plant. But several path-breaking discoveries over the past few 
decades have thrown light on the plethora of bacterial occupants of the root nod-
ules and their  possible role in nodulation and N fi xation besides several other 
benefi cial roles.    Recent technological advances in bacterial taxonomy and micro-
bial ecology have unearthed a wide range of microbial nodule occupants, some of 
which have been encompassed under the classical umbrella of rhizobia, purely 
based on their ability to nodulate the host and fi x atmospheric nitrogen, while 
other closely or even distantly related bacterial genera devoid of the ability to 
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nodulate and fi x nitrogen in nodules are often referred to as endophytes or simply 
nodule inhabitants. This chapter attempts to capture the existing knowledge on the 
root nodule associated bacteria both rhizobial and non- rhizobial and their possible 
roles in sustaining plant growth.  

        Introduction 

    The world over, legumes hold an important place in sustaining soil fertility and 
ensuring the nutritional security of both the human and animal populations. The 
uniqueness of this group of plants arises from the fact that they bear nodules, which 
serve as sites of nitrogen fi xation, thereby enabling access of plants to ammoniacal 
nitrogen, a reduction product of atmospheric nitrogen. This process is mediated by 
the prokaryote – exclusive enzyme nitrogenase. Legumes are estimated to have 
evolved nearly 59 million years ago, with all three subfamilies recognisable soon 
after. Amongst the three subfamilies of legumes, nodulation is widespread in 
Papilionoideae, frequent in Mimosoideae and rare in Caesalpinioideae. This obser-
vation assumes signifi cance since the subfamily Papilionoideae is thought to have 
been preceded by Mimosoideae and Caesalpinioideae (Allen and Allen  1981 ). 
Hence nodulating legumes are postulated to have evolved at a later time period in 
comparison to their non-nodulating relatives. An interesting question that arises at 
this point of time is that why nodulation evolved in some groups of legumes alone. 
Several lines of evidence suggest that, about 55 million years ago, when nodulated 
legumes evolved, there was a major peak in atmospheric carbon  dioxide, tempera-
ture and humidity (Bowen et al.  2004 ), thereby creating an atmosphere of excess 
carbon dioxide. Since it is a well-established fact that the process of nitrogen fi xa-
tion uses a signifi cant amount of the carbon fi xed by the host plant, a possible 
driving force behind the evolution of nodules could have been an excess of carbon 
dioxide coupled with defi ciency of nitrogen. The fi rst organisms that nodulated and 
colonised legume nodules presumably gained entry by the direct epidermal or crack 
infection. Subsequently, this led to two distinct modes of nodule development: one 
involving transcellular infection tubes, while the second mode was devoid of these 
specialised structures (Sprent  2007 ). 

    The recent past has noticed a surge of information on bacteria belonging to the 
α- and ß-proteobacterial groups, which are known to infect and nodulate legumes 
and have broadly accommodated under the umbrella term rhizobia. Apart from these, 
several bacterial genera and species exist in root nodules in the cryptic mode and are 
not known to harbour nodulation traits. Some of the early non-rhizobial bacteria 
isolated from legume nodules included  Agrobacterium  (De Lajudie et al.  1999 ) and 
 Bacillus  spp. (Bai et al.  2002 ). But later fi ndings indicate that the nodule occupants 
can be as diverse as members of the genera  Inquilinus ,  Bosea ,  Rhodopseudomonas , 
 Paracraurococcus ,  Phyllobacterium ,  Starkeya ,  Sphingomonas ,  Pseudomonas , 
 Agromyces ,  Microbacterium ,  Ornithinicoccus  and  Paenibacillus . Interestingly, 
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most of these non-rhizobial bacterial genera are not known to play a role in nodule 
formation (Zakhia et al.  2006 ). The mode of entry of such bacteria into root nodules 
and their possible roles in plant metabolism still remain to be clearly deciphered. 
This chapter attempts to capture the existing knowledge on various legume root 
nodule associated bacteria and their possible roles in sustaining plant growth and 
soil fertility.  

    The Legume Root Nodule as an Ecological Niche for Bacteria: 
An Evolutionary Perspective 

 A unique feature of rhizobia that sets them apart from plant-associated bacteria 
is their ability to ultimately become intracellular symbionts within nodule cells. 
The two major papilionoid nodule groups, namely, the dalbergioid and genistoid 
legumes, appeared early, about 55 million year ago. The dalbergioid legumes are 
characterised by the presence of aeschynomenoid nodules that are devoid of 
uninfected cells in the infected region, and their infection processes do not involve 
transcellular infection tubes (Lavin et al.  2001 ). The genistoid legumes also share 
similar characteristics but have an indeterminate growth pattern unlike the dalbergi-
oid nodules that have a determinate growth pattern. It has been postulated that the 
default position for infection in these legumes lies directly between the epidermal or 
cortical cells (Sprent and James  2007 ). It has been observed that as rhizobia pass 
between cells, they may be surrounded by some of the extra cellular components 
normally found in transcellular infection tubes. This mode of infection accounts for 
approximately 25 % of all legume genera (Brewin  2004 ). 

 The second mode of nodule development takes place in legumes, which are 
thought to have evolved later, probably in between 55 and 50 million years ago. 
This involves the transcellular infection tubes, although in some cases the tubes 
might not be necessarily involved in the infection process. The entry of trans-
cellular infection tubes into newly formed meristematic cells is accompanied 
by cessation of later phases of mitotic division. This leads to polyploid cell 
development and the cells become enlarged, thereby enabling them to house 
vast numbers of nitrogen-fixing bacteria. Individual cells are infected by 
branches of the transcellular infection tubes, and the active nitrogen-fixing 
 tissue contains a mixture of both infected and uninfected cells. This pattern of 
nodule development appears common in some members of Mimosoideae and 
all members of Caesalpinioideae (Sprent and James  2007 ). While the mode of 
entry, colonisation behaviour and the nodulation process of the rhizobial group 
of bacteria have been well established, the mode of entry of the non-rhizobial 
species and their colonisation behaviour still continue to intrigue microbiolo-
gists. It has been widely speculated that the non-rhizobial bacterial species 
either enter nodules through the cracks that appear at the time of lateral root 
emergence or some species may even hitch a ride along with rhizobia, while a 
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later school of thought is that the non-rhizobial groups that exist in nodules are 
simply endophytes that exist within a nodule tissue without causing any exter-
nal symptoms.  

    A Historical Perspective of Legume Root Nodule 
Associated Bacteria 

 In the beginning of the twentieth century, only one nodulating bacterium had been 
described,  Bacillus radicicola  (subsequently renamed as  Rhizobium ). This develop-
ment was followed by the discovery of fast- and slow-growing rhizobia, which were 
subsequently given different generic names ( Rhizobium  and  Bradyrhizobium ). 
Subsequently, several genera of rhizobia infecting a wide variety of legumes and 
plant parts were recognised. The rhizobial genera initially associated with legume 
nodules were  Allorhizobium ,  Azorhizobium ,  Bradyrhizobium ,  Sinorhizobium  
( Ensifer ),  Rhizobium  and  Mesorhizobium  (Zakhia and de Lajudie  2001 ). Currently, 
the International Committee on Systematics of Prokaryotes (ICSP), Subcommittee 
on Taxonomy of Rhizobium and Agrobacterium-Diversity, Phylogenetics and 
Taxonomy recognises 17 bacterial genera capable of nodulating and fi xing atmo-
spheric nitrogen in symbiosis with leguminous plants (  http://edzna.ccg.unam.mx/
rhizobial-taxonomy/node/4    ). These include 14 α-proteobacterial genera and three 
genera of β-proteobacteria. The latest genus to be included in this list is  Microvirga , 
which is found to encompass three nodulating species in taxonomically separate 
legume hosts (Ardley et al.  2012 ). 

 A landmark discovery in rhizobial ecology was the discovery of the ability of 
 Burkholderia  and  Cupriavidus , both belonging to the ß-class of proteobacteria to 
nodulate legumes (Chen et al.  2001 ; Moulin et al.  2001 ). This gains signifi cance since 
it was believed that the nodulation trait was exclusively distributed amongst the α 
proteobacteria to which the classical  Rhizobium  and its related genera belong. A later 
development in β-proteobacteria was the inclusion of the genus  Herbaspirillum  as 
a nodulating bacterial species (Valverde et al.  2003 ). To encompass this massive 
development, the terms rhizobia/root-nodulating bacteria (RNB)/legume-nodulating 
bacteria (LNB) have been coined and have been used by various workers. But the 
underlying  feature of all these terms is the ability of the bacterial species to 
nodulate and fi x atmospheric nitrogen in association with various legume species. 
Some of the signifi cant milestones in the discoveries of association between legumes 
and their root- nodulating bacteria are listed in Fig.  8.1 .

       Bacteria Associated with Legume Root Nodules 

 For the sake of brevity and better understanding, we have classifi ed the root nodule- 
associated bacteria into two sections, namely, rhizobial and non-rhizobial, with 
emphasis on the non-rhizobial bacteria that are associated with nodules and their 
functional role in plant growth and development. 
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    Rhizobial Occupants of Legume Root Nodules 

 The evolution of rhizobial taxonomy from a single species to the present-day umbrella 
of rhizobia has been a long winding path, where several candidate genus and species 
were included/excluded over extended periods of time, while several original genera/
species and some others have not been proved conclusively. Currently, the ICSP Sub-
committee on Taxonomy of Rhizobium and Agrobacterium- Diversity, Phylogenetics 
and Taxonomy recognises 17 bacterial genera, namely,  Allorhizobium ,  Aminobacter , 
 Azorhizobium ,  Bradyrhizobium ,  Devosia ,  Ensifer ,  Mesorhizobium ,  Methylobacterium , 
 Microvirga ,  Ochrobactrum ,  Phyllobacterium ,  Rhizobium ,  Shinella ,  Sinorhizobium  
( Ensifer ),  Burkholderia ,  Cupriavidus  and  Herbaspirillum , which are capable of 
nodulating and fi xing atmospheric nitrogen in symbiosis with leguminous plants 
(  http://edzna.ccg.unam.mx/rhizobial-taxonomy/node/4    ). The last three genera that are 
listed above constitute the beta- proteobacterial group within the rhizobial framework 
(Fig.  8.2 ).

   The genus  Burkholderia  comprises of the following nodulating species, namely, 
 Burkholderia tuberum  (Vandamme et al.  2002 ),  B .  phymatum  (Vandamme et al. 
 2002 ),  B .  mimosarum  (Chen et al.  2006 ),  B .  nodosa  (Chen et al.  2007 ),  B .  sabiae  
(Chen et al.  2008 ),  B .  caribensis  (Chen et al.  2003 ),  B .  contaminans  (Vanlaere et al. 
 2009 ),  B .  fungorum  (Coenye et al.  2001 ),  B .  lata  (Vanlaere et al.  2009 ) and  B .  symbi-
otica  (Sheu et al.  2012 ). The symbiosis-related genes of  Burkholderia  are thought to 
have diverged over a long period within  Burkholderia  without substantial horizontal 
gene transfer between species complexes (Bontemps et al.  2010 ). An interesting 
feature of rhizobial taxonomy is that often the same genus or even species contains 
both rhizobial and non-rhizobial strains; for example, the genus  Methylobacterium  
contains one rhizobial species  M .  nodulans  (Jourand et al.  2004 ), in addition to 
 several saprophytic species. Similarly,  Cupriavidus  (formerly  Ralstonia taiwanensis ) 
species is known to have been isolated from nodules as well as clinical samples 
(Chen et al.  2001 ). Therefore, it would be ideal to assess the nodulation potential of a 
bacterial strain and detect the presence of  nod  and  nif  genes, before assigning it to the 

  Fig. 8.1    Signifi cant milestones in legume root associated bacterial discovery       

1679-Malphigi describes “lumps” on legume roots
1829-Meyen makes observations on legume root associated bacteria
1866-Woronin confirms Meyen’s Hypotheses
1888-Hermann Hellriegel and Hermann Wilfarth discover the nitrogen contribution potential of nodules
1888-Martinus Beijerinck isolated the nodule associated bacteria by enrichment technique and names them
       Bacillus radicicola
1889-Renamed as Rhizobium leguminosarum by Frank
1932-Fred proposes the cross inoculation grouping of Rhizobia
1942-Cohn discovers Agrobacterium
1964-Distinguishing of fast and slow growing rhizobia by Graham
1982-Discovery of Bradyrhizobium
1988-Discovery of Azonhizobium and Sinorhizobium
1997-Discovery of Mesorhizobium and presence of several non rhizobial bacteria in root nodules
1998-Discovery of Allorhizobium
2001-Discovery of  root nodulation by β-proteobacteria
2004-Claim of nodulation by γ proteobacteria
2012-Microvirga included as a root nodulating bacteria
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broad umbrella of rhizobia. Table  8.1  presents a list of the nonclassical rhizobia that 
have been known to be associated with various leguminous plants.

   Though each rhizobial species has a specifi c host spectrum, there is no strict 
correlation between legume and bacterium taxonomy, and very often the same 
bacterium has been recovered from more than one host. However, some associa-
tions are known to be favoured in nature (e.g.  Azorhizobium – Sesbania  and 
 Burkholderia – Mimosa ).  

    Novel Rhizobia and Diazotrophy 

 Till date nodulation and diazotrophy remain the buzz words in rhizobial explora-
tions, and hence, the world has witnessed an explosion in the number of nodulating 
and N-fi xing bacterial species. With the explosion in knowledge on novel rhizo-
bial, one would naturally expect the utilisation of these bacterial strains in inocu-
lum development for crop production. But, unfortunately, the converse is true and 
till date the most favoured rhizobial strains used for crop production are limited 
species of the classical  Rhizobium  and  Bradyrhizobium  and to a limited extent 
 Sinorhizobium  ( Ensifer ). If one were to explore the reasons for this, it is evident 
that most novel nodulating bacteria have been discovered from wild legumes and 
their nitrogen- fi xing abilities have been attributed solely to the presence of the  nod  
and  nif H  gene. With the exception of a handful of experiments, very few studies 

  Fig. 8.2    Classical and novel rhizobial genera that are known to nodulate legumes       

ROOT NODULATING BACTERlA

Classical Rhizobia Novel Rhizobia

Rhizobium
Aminobacter

Burkholderia

Cupriavidus

Devosia

Herbaspirillum

Methylobacterium

Microvirga

Ochrobactrum

Phyllobacterium

Shinella

Allorhizobium

Azorhizobium

Bradyrhizobium

Mesorhizobium

Sinorhizobium (Ensifer)
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have been carried out with the novel rhizobial in order to establish their diazotro-
phic potential. In one of the available studies, Garu et al. ( 2009 ) studied the 
 symbiotic capabilities of the beta-proteobacteria  Burkholderia phymatum  STM815 T  
and  Cupriavidus taiwanensis  LMG 19424 T , when inoculated onto the papilionoid 
legumes  Rhynchosia ferulifolia ,  R .  caribaea ,  Rhynchosia minima  and  Macroptilium 
atropurpureum  (Siratro). The root nodule bacteria isolated from  R .  minima  and  
R .  totta  were also included in the study. The level of N fi xation by this symbiosis 
was reported to be almost as effi cient as that of the  Medicago  symbiosis. While the 
molecular evidence and taxonomic validation of such novel strains are defi nitely of 
interest, the utility of such rhizobia in terms of N contribution to the host and the 
soil on which it grows has been poorly established. This requires the determination 
of the ability of the novel rhizobia to nodulate a wide spectrum of cultivated 
legumes, besides studies such as the classical acetylene reduction assay (ARA) and 
 15 N  studies. But the unfortunate part is that these crucial studies have not received 
the attention of microbiologists and agronomists the word over, and hence to this 
day the realm of rhizobial inoculant usage has not moved beyond the boundaries of 
a handful of species. The  15 N isotope dilution technique (Talbott et al.  1982 ) con-
tinues to be a preferred method for determination of the N-fi xing potential of any 
legume–rhizobia symbiosis. Hence, much more information needs to be generated 
by this technique using the novel rhizobial and a wide range of host legumes.  

    Non-rhizobial Occupants of Legume Root Nodules 

 The later part of the last century was dotted with fi ndings that lead to a surge in the 
explorations of various legume root nodules and exposed a plethora of bacteria that 
were hitherto known to exist in association with legume nodules. The observations 
that legume root nodules play hosts to diverse microbes like  Bacillus ,  Streptomyces , 
 Herbaspirillum , Arbuscular Mycorrhizal Fungi and  Agrobacterium  (Sturz et al.  1997 ; 
De Lajudie et al.  1999 ; Tokala et al.  2002 ; Valverde et al.  2003 ; Scheublin et al. 
 2004 ) gave rise to a school of thought that they were probably endophytes. But the 
term ‘endophyte’ has been much debated, and for a bacterial species to be denoted 
as a ‘true endophyte’ more stringent evaluation than mere isolation from surface-
sterilised plant tissue is suggested (Schulz and Boyle  2006 ). Hence, most non- 
rhizobial bacteria found in root nodules are commonly referred to as nodule 
inhabitants. It would not be far-fetched to say that many of these initial observations 
probably led to our present-day understanding of the novel nodulating bacterial 
genera that fall outside the classical  Rhizobium . 

 Sturz et al. ( 1997 ) made a novel observation that the legume root nodule is 
known to accommodate several eubacterial genera apart from rhizobia and their 
population densities are reported to be in the range of 10 4  viable bacteria per gram 
of fresh nodule tissue. A pioneering observation made by them was that clover 
root nodules were host to 12 bacteria species other than rhizobia, including 
eight tissue-specifi c ones. Interestingly, it was reported that  R. leguminosarum  
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bv.  trifolii  constituted only 8.8 % of all the root nodule bacteria recovered. In 
another early report, Bai et al. ( 2002 ) reported the isolation of putative endophytic 
 Bacillus  including a growth-promoting  Bacillus thuringiensis  strain from the 
nodules of soybean plants. This was followed by a dramatic claim that nodules 
of the legume  Hedysarum  were nodulated by bacteria belonging to the class 
Gammaproteobacteria (Benhizia et al.  2004 ). This claim was based on the lack 
of any rhizobial-like sequence on amplifi cation of the bulk of microbial cells 
obtained from the squashed nodules. The authors therefore speculated that the 
exclusive occupants of the nodules formed by the three plants belonged to the 
orders Enterobacteriales or Pseudomonadales. The bacterial species implicated 
in the nodulation process include  Pantoea agglomerans ,  Enterobacter kobei , 
 Enterobacter cloacae ,  Leclercia adecarboxylata ,  Escherichia vulneris  and 
 Pseudomonas  sp. But till date, this fi nding is yet to gain credibility amongst rhi-
zobial workers, and the status of the bacterial species remains more of endophytes 
rather than true nodulants. 

 Later Wang et al. ( 2006a ) detected the presence of  Pantoea ,  Erwinia , 
 Salmonella ,  Enterobacter ,  Citrobacter  and  Klebsiella  in nodules of the tree spe-
cies  Conzattia multifl ora  grown in Mexico. The presence of  Agrobacterium  
strains in nodules, but incapable of nodulating their hosts, has been frequently 
reported from the nodules of different legumes, and various possible mecha-
nisms have been proposed to explain the existence of these bacteria within nodule 
tissue (De Lajudie et al.  1999 ; Han et al.  2005 ). Wang et al. ( 2006b ) proved that 
the  Agrobacterium  strain CCBAU 81181, which was originally isolated from 
the root nodules of  Onobrychis viciifolia , and a symbiotic strain of  Sinorhizobium 
meliloti  CCBAU 10062 could actually co- inhabit the root  nodules of  Melilotus 
dentatus . Kan et al. ( 2007 ) concluded from a study of 61 root nodule isolates 
from diverse legumes, namely,  Vicia ,  Oxytropis ,  Medicago ,  Melilotus  and 
 Onobrychis  species grown in Qinghai–Tibet plateau, that in addition to nodulating 
genera like  Rhizobium leguminosarum ,  S .  meliloti ,  Sinorhizobium fredii , 
 Mesorhizobium  sp. and  Phyllobacterium  sp., two  non- symbiotic groups related 
to  Agrobacterium  and Enterobacteriaceae were present in their nodules. 
Selvakumar et al. ( 2008 ) reported the presence of diverse plant growth promot-
ing strains of bacteria such as  Bacillus thuringiensis ,  Enterobacter asburiae  and 
 Serratia marcescens  from the nodules of the legume  Kudzu  ( Pueraria thunber-
giana ) grown in the Indian Himalayan Region. Dashti et al. ( 2009 ) made an 
unusual finding that the surfaces of root nodules of  Vicia faba  and  Lupinus 
albus  were colonised by bacterial consortia that utilised oil and fi xed nitrogen. 
This finding has immense value in the realm of nitrogen-poor desert soils 
where anthropogenic oil spills are quite common. The nodules of peanut grown 
in Argentina were found to harbour Gammaproteobacteria predominantly 
 belonging to the genera  Pseudomonas  spp.,  Enterobacter  spp. and  Klebsiella  
spp. These strains enhanced plant yield and colonised preformed nodules when 
co-inoculated with an effective bradyrhizobial strain (Ibánẽz et al.  2009 ). The 
presence of endophytic bacteria belonging to Alphaproteobacteria, Betapro-
teobacteria, Actinobacteria and Firmicutes phyla encompassing nine different 
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genera, namely,  Arthrobacter ,  Bacillus ,  Bradyrhizobium ,  Burkholderia ,  Dyella , 
 Methylobacterium ,  Microbacterium ,  Rhizobium  and  Staphylococcus , from the 
nodules of the legume  Lespedeza  sp. grown in two different locations in South 
Korea was reported by Palaniappan et al. ( 2010 ). Most of the isolates they stud-
ied showed multiple plant growth promotion activity, i.e. indole acetic acid 
 production, ACC deaminase activity, siderophore production and phosphate 
solubilisation. 

 The knowledge about the plethora of bacterial nodule inhabitants has expanded 
and some interesting reports have started to emerge. The existence of plant-borne 
lineages of  Salmonella  was an interesting observation, with public health implica-
tions (Wang et al.  2006a ). Muresu et al. ( 2010 ) observed that nodules of three wild 
legumes of the genus  Hedysarum  grown in Algeria harboured potential human 
pathogenic bacterial strains such as  Enterobacter cloacae ,  Enterobacter kobei , 
 Escherichia vulneris ,  Pantoea agglomerans  and  Leclercia adecarboxylata . These 
strains exhibited pathogenic traits such as cytotoxicity, vital strain exclusion and 
adhesion to epithelia. In a recent report, the presence of coccobacilli was reported 
from the root nodules of fenugreek ( Trigonella foenum - graecum ). An interesting 
observation here is that 64.7 % of the bacterial occupants were Gram-negative 
 coccobacilli and 29.41 % were Gram-positive bacilli. Two isolates possessing maxi-
mum positive PGP features belonged to the genus  Exiguobacterium  (Rajendran et al. 
 2012 ), which is probably the fi rst for this genus. The existence of  Micromonospora  
in nodules of  Lupinus angustifolius  collected from Spain has been recently reported 
by Trujillo et al. ( 2010 ). Table  8.2  lists some of the non-rhizobial bacteria that are 
known to occur in legume root nodules.

   Table 8.2    Some non-rhizobial bacteria associated with legume root nodules and their features   

 Bacterial species  Host plant  Features  Reference(s) 

  Agrobacterium -like strains   Phaseolus vulgaris , 
 Acacia , 
 Prosophis , 
 Chamaecrista  

 Nitrogen-fi xing 
genes were 
detected 

 Mhamdi et al. 
( 2002 ), De 
Lajudie et al. 
( 1999 ) 

  Labrys neptuniae    Neptunia oleracea   Novel species  Chou et al. 
( 2007 ) 

  Microbacterium  sp. 
and  Starkeya  sp. 

 Spontaneous 
legumes 

 Presence of  nif  
H-like gene 
detected 

 Zakhia et al. 
( 2006 ) 

  Bacillus megaterium ,  
Brevibacillus choshinensis  
and  Microbacterium 
trichothecenolyticum  

  Medicago sativa   Plant growth 
promotion 
traits 

 Stajković et al. 
( 2009 ) 

 Bacterial isolates with 
maximum similarity to 
 Bacillus subtilis ,  Bacillus 
simplex  and  Agrobacterium 
tumefaciens  

  Vigna radiata   IAA production, P 
solubilisation 

 Tariq et al. 
( 2012 ) 
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        Functional Role of Legume Root Nodule Associated Bacteria 

 While the primary role of rhizobia is the conversion of atmospheric nitrogen to 
ammonia, through an energy-intensive reduction process, it has been variably 
argued that the micro-symbiont drains the host of its energy resources (Vance and 
Heichel  1991 ). But this school of thought has been debated since the overall 
benefi t the plant and the surrounding ecosystem derive as a result of the nitrogen 
fixation process far outweighs the drain on the carbon resources of the plant. 
In contrast to the rhizobia whose role is largely confi ned to diazotrophy, non-
rhizobial nodule occupants seem to have a diverse infl uence on the plant survival, 
nodulation and growth promotion and yield (Remans et al.  2008 ; Selvakumar 
et al.  2008 ). It has been hypothesised that IAA of bacterial origin from the nodules 
is transported to other plant parts (Basu and Ghosh  1998 ) and dually occupied 
nodules serve as hot spots for lateral gene transfer of symbiotic genes from rhizo-
bia (Valverde et al.  2005 ). In general, the non-rhizobial bacteria are thought to 
synergistically act with rhizobia and increase nodulation and yield possibly by 
production of growth hormones like IAA production, solubilisation of nutrients, 
N fi xation and siderophore production. In view of this, researchers tend to focus 
their attention towards the isolation and characterisation of non-rhizobial bacteria 
from legume nodule and utilising these strains to improve nodulation and crop 
growth yields. 

 The symbiotic effectiveness of rhizobia  can be improved by co-inoculation with 
suitable non-rhizobial benefi cial bacteria in most legume crops (Lazdunski et al. 
 2004 ). In some studies,  Azotobacter ,  Azospirillum ,  Burkholderia ,  Enterobacter  and 
 Kurthia  have also been evaluated with rhizobia and were found to improve plant 
growth (Pandey and Maheshwari  2007 ). Hung et al. ( 2007 ) isolated endophytic bac-
teria from surface-sterilised stems, roots and nodules of wild and cultivated soybean 
varieties. They analysed various phenotypic traits that are expected to be involved in 
the persistence and functions of these bacteria. Most of the isolates from soybean were 
motile, indole acetic acid producers capable of cellulase and pectinase activities. 
A strain of  Bacillus thuringiensis  originally isolated from nodules of the wild 
legume  Kudzu  was able to promote plant growth and nodulation of soybean 
when inoculated with  Bradyrhizobium japonicum  (Mishra et al.  2008 ). The same 
Bt strain when co-inoculated with  R .  leguminosarum  improved plant growth and 
nodulation of pea and lentil (Mishra et al.  2009 ). 

 The role of nodule bacteria in the selection of the rhizobial stains was revealed 
by Mrabet et al. ( 2006 ) who observed in soils of Tunisia, that nodulation of com-
mon beans showed a biased genetic structure, with high levels of inhibition of 
 Rhizobium gallicum , while nodulation by  Sinorhizobium medicae  was favoured. 
The co-inoculation of non-sterile soils with  R .  gallicum  and  Agrobacterium  con-
fi rmed these fi ndings. In vitro antibiosis assays indicated that agrobacteria possessed 
a signifi cant anta gonism against  R .  gallicum . The positive effect of co-inoculation of 
non-rhizobial endophytes isolated from sterilised root nodules of alfalfa ( Medicago 
sativa  L.) and  Sinorhizobium meliloti , on nodule numbers in alfalfa, as compared to 

G. Selvakumar et al.



227

 S .  meliloti  inoculation alone has been reported by Stajković et al. ( 2009 ). The existence 
of 99 % similarities in the  nif  H genes of  Bradyrhizobium japonicum  and the 
endophytic  Bacillus  strains strongly indicates the possibility of horizontal transfer of 
symbiotic genes between the symbiotic bacteria and the endophytes (   Li et al.  2008 ). 
The nodulation behaviour of soybean seems to have an effect on the endophytic 
occupants of soybean stems. A greater abundance of Firmicutes was observed in 
Nod –  (non-nodulating) and Nod ++  (hyper-nodulating mutants) of soybeans, compared 
to the wild type (Okubo et al.  2009 ). A few interpretations that can be drawn from 
the available information are that non-rhizobia occur in signifi cant numbers and 
infl uence the rhizobial microbial composition of the nodule. Most of these isolates  
posses plant growth promotion traits. But their defi nite role within the legume root 
nodule needs to be established.  

    Conclusion 

 Interest in legume nodule microbiology has grown by leaps and bounds over the years, 
and with the continuing addition to the existing knowledge on nodule- occupying 
bacteria and their functional role, it is being increasingly recognised that the nodule 
harbours not only symbiotic ‘rhizobia’ but also a wide plethora of non- rhizobial 
organisms that play both well-established and cryptic roles in plant metabolism. The 
frontiers of science are being pushed beyond their boundaries, which is much evident 
from the numbers of nodulating and nitrogen-fi xing genera, which have been broadly 
accommodated under the umbrella term ‘rhizobia’. But most of these developments 
remain as artefacts of academic interest, and their utility in terms of inoculant produc-
tion and utilisation has remained largely unexplored. Similarly, the ever-expanding 
knowledge on non-rhizobial nodule-associated bacterial species has also remained 
confi ned to the pages of academic journals, while their practical utility has not seen 
the dawn of the day. Some future lines of research could be:

    1.    Determination of the cross inoculation potential of the novel rhizobia in association 
with cultivated legumes   

   2.    Establishment of the N-fi xing potential of the novel rhizobia, by classical methods 
such as the ARA assay and  15 N dilution studies   

   3.    Quantifi cation of the diazotrophic benefi ts of the novel rhizobial–legume asso-
ciation by isotopic and non-isotopic methods   

   4.    Exploration and utilisation of the non-rhizobia as inoculants in association 
with rhizobia, preferably in the consortia mode in order to promote effective 
nodulation.     

 Therefore, it needs to be emphasised that the utility of both rhizobial and 
 non- rhizobial–legume nodule associated bacteria will be realised fully only 
when they move beyond the confi nement of the publication space and tend to be 
utilised as inoculants in order to harness their potential for the nutritional  security 
of mankind.     
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