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Foreword

It gives me an immense pleasure to write few glimpses on book “Rhizobium
Biology & Biotechnology” written by series editor Prof. Dr. Ajit Varma.
Rhizobia have been widely used in agricultural systems for enhancing the ability
of legumes to fix atmospheric nitrogen. Nitrogen was known to be an essential
nutrient for plant growth and development. Intensive farming practices that accom-
plish high yields need chemical fertilizers, which are not only cost effective but also
may create environmental problems. Nitrogen is essential in plant cells for synthe-
sis of enzymes, proteins, chlorophyll, DNA and RNA, thus essential for plant
growth and production of food and feed. The term rhizobia generally refer to
members of the genus Rhizobium but in true sense it includes all bacteria that are
capable of nodulation and fixing the nitrogen in association with leguminous crop.
Rhizobia are soil-inhabiting heterogenous group of diverse bacteria with the
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potential to stimulate nodule formation with the roots of both leguminous and
non-leguminous plants. These bacteria enter in to the root tissues via root hairs or
directly via wounded tissues during specific interactions with the host and induce
nodule formation on roots and/or shoots. The rhizobia fix atmospheric nitrogen into
ammonia through effective nodules and supports plant growth. In return the
rhizobia obtain nutrition and protection by the host in symbiotic manner. This
symbiotic relationship for nitrogen-fixation has been extensively studied in agri-
culture for improving soil health and crop yields.

The Rhizobia have diverse and heterogeneous group divided into alpha and beta-
proteobacteria nevertheless they are united by their ability to form nodules on
leguminous and non-leguminous plants. Due to nitrogen fixing ability and potential
to replace nitrogen fertilizers, rhizobia are among the most intensively studied
groups of microorganisms simultaneously, testing of nodulation by different
bacteria led to the establishment of cross-inoculation groups. With the advent of
modern biotechnological tools and techniques such as rDNA sequencing, 16S
diversity, DNA-rRNA hybridizations, rRNA catalogues, more diversity of rhizobia
could be exposed. The rhizobia isolated from leguminous plants of arid region
largely belong to Bradyrhizobium, Mesorhizobium, Rhizobium and Sinorhizobium
genera on the basis of morpho-physiological and molecular characterization. The
specific stress tolerant traits of these bacteria can be exploited to mitigate climate
resilience in context of global warming.

In the present volume Editors compiled researches to emphasize the role of
Rhizobium in agriculture and its biotechnology with following objectives:

¢ Occurrence and distribution of Rhizobium

« Phenotypic and molecular characteristics of Rhizobium

e Impact of Rhizobium on other microbial communities in rhizosphere
¢ N,-fixation ability of Rhizobium

* Rhizobium and abiotic/biotic stress

e Rhizobium-mediated restoration of an ecosystem

¢ In silico analysis of rhizobia pool

« Biotechnological perspectives of Rhizobium

Finally, I congratulate Prof. Dr. Ajit Varma and his team for their brilliant efforts
in compilation of such fruitful volume which is a worthwhile compendium to
explore Rhizobium technology and its dissemination to sustainable agriculture.

M.S. Swaminathan Research Foundation M.S. Swaminathan
Taramani Institutional Area
Chennai, India



Preface

Agriculture has a long history of research targeted at understanding how to improve
the effectiveness of root symbionts viz., thizobia. Plant-mediated mineralization for
nutrient acquisition in agro-ecosystem would reduce the potential for nutrient losses
because of tight coupling between net mineralization of N and P and plant uptake in
the rhizosphere. Micro-organisms and their products in the rhizosphere react to the
many metabolites that are released by plant roots in a variety of positive, negative,
and neutral ways. Such interactions can influence plant growth and development,
change nutrient dynamics, and alter plant’s susceptibility to disease and abiotic
stresses. Overall the general rhizosphere effect could help the plant by maintaining
the recycling of nutrients through the production of hormones that help provide
resistance to microbial diseases and to aid tolerance to toxic compounds. This
benefit can either persist or lost in well fertilized agricultural soils where nutrients
are readily available to plants and symbionts that reduce growth. Legumes are
simultaneously one of the largest families of crop plants occupying nearly all
terrestrial biomes. The unusual flower structure, podded fruits and ability of the
88.0% species to form root nodules with compatible rhizobacteria define the
legumes. The wide use of legumes as food crops, forages and green manures is
mainly associated with their ability to establish symbiotic associations with stem
and root nodulating nitrogen (N,) fixing bacteria, which are collectively referred as
rhizobia. Rhizobia are of particular interest due to their symbiotic association with
members of Leguminosae, which is the second largest family of flowering plants.
Recent information indicates that about 3000 bacterial taxa are capable of
nodulating 400 taxa, while information is lacking for more than 40% of the genera.
A promising approach has been employed to understand how natural selection
regulates changes in mutualistic interactions. A descriptive knowledge of basic
evolutionary processes can be employed to develop agricultural management
practices that favour the most effective symbionts. Mutually beneficial interactions
between plant and associated rhizospheric microorganisms are ubiquitous which is
important for ecosystem functioning. Symbiotic nitrogen fixation by bacteria e.g.,
Rhizobium, Bradyrhizobium, Mesorhizobium, Sinorhizobium, and Azorhizobium

vii
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spp., that collectively known as rhizobia or by Frankia spp., is the major N input to
many natural and agricultural ecosystem in the root nodules of legumes or
actinorhizal plants respectively. From an agricultural point of view, the most
significant interactions are those of the Fabaceae-Rhizobium spp. Bradyrhizobium
spp. root nodule symbioses. Recent work on root nodule bacteria has demonstrated
that this interaction is not restricted to Rhizobium/Bradyrhizobium but includes
N,-fixing strains of Ralstonia, Burkholderia, and Methylobacterium that have been
recovered from the nodules of several tropical Fabaceae.

Beside of nitrogen fixation, rhizobia have also been reported for plant growth
promotion in legumes and non-legumes. Their associations modify the physiology
and biochemistry of crop plants which enhanced plant growth under normal as well
as stress conditions. Rhizobia can affect the plant growth in two different ways:
directly or indirectly. The direct growth promotion of the plant is regulated by
producing plant hormones; regulating endogenous ethylene level; enhanced total
available nutrient contents and releasing other useful compounds like:
exopolysaccharides (EPS), lumichrome, riboflavin etc. During rhizobial infection,
ethylene produced into infected roots and several times caused inhibition of nod-
ulation in various legumes. There are several rhizobial strains including
R. japonicum, R. leguminosarum, R. hedysari, R. gallicum, B. japonicum,
B. elkanii, M. loti and S. meliloti having an enzyme ACC deaminase which could
reduce this stress by decreasing the level of ethylene in the host plant. The EPS
producing rhizobial strains can relieve the effect of water deficit stress by altering
soil properties. Various Rhizobium spp. are also studied for plant growth promotion
via producing multiple phytohormones such as Auxins, abscisic acid, cytokinins,
gibberellins, ethylene, and nitric oxide. Rhizobia can benefit plant growth indirectly
by several mechanisms such as antibiosis, parasitism, competition for nutrients, and
induction of systemic resistance (ISR). Rhizobium spp., namely, R. leguminosarum,
S. meliloti, and B. japonicum have been found to show parasitism against fungal
pathogens belonging to genera Macrophomina, Rhizoctonia, and Fusarium. Several
studies have demonstrated that Rhizobium spp. enhanced defense mechanisms of
plant via ISR in non-leguminous crops.

In the present volume editors compiled researches to elaborate the role of
Rhizobium in agriculture with emphasis on biotechnological perspectives.

Sankt Augustin, Germany Alexander P. Hansen
Noida, India Devendra K. Choudhary
New Delhi, India Pawan Kumar Agrawal

Noida, India Ajit Varma
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Chapter 1
Impact of Rhizobial Inoculants
on Rhizospheric Microbial Communities

Richa Sharma, Virendra S. Bisaria, and Shilpi Sharma

1.1 Introduction

Microorganisms under the order Rhizobiales (which includes genera like Rhizobium,
Mesorhizobium, Bradyrhizobium, Azorhizobium, Ensifer, Sinorhizobium etc.) are
legume-nodulating, gram-negative bacteria, belonging to o-proteobacteria, which
enrich the soil by fixing atmospheric N, and, therefore, hold immense ecological
significance. Not all organisms under this order are symbionts; some are
methanotrophs while others are even pathogenic. Their application as bioinoculants
in agriculture has been followed since decades. They reduce the requirement of
chemical nitrogenous fertilizers as well as improve productivity of legumes in fields.
Rhizobial inoculation, apart from leading to enhanced nodulation and nitrogen fixa-
tion, triggers the production of siderophores, phytohormones, and HCN (Trabelsi et al.
2011, 2012). It also helps in phosphate solubilization along with P and N uptake (Zahir
et al. 2011; Flores-Félix et al. 2013; Yadav and Verma 2014). Flores-Félix et al. (2013)
reported a strain of Rhizobium leguminosarum that produced siderophores and indole
acetic acid, and solubilized phosphate. The strain was able to colonize two horticul-
tural crops, Lactuca sativa L. (lettuce) and Daucus carota L. (carrot). The strain
promoted the growth of both plant species as well as increased the uptake of N and P in
the edible parts of both the plants, thus showing that it can be used as a biofertilizer for
non-legumes as well. However, the issue of their establishment in the nodule due to
competition with indigenous strains is critical (Triplett and Sadowsky 1992; Toro
1996; Trabelsi et al. 2011). An effective inoculant, therefore, must be highly compet-
itive also (Mrabet et al. 2005; Mnasri et al. 2007a, b, c; Trabelsi et al. 2011). Mnasri
et al. (2007a, b, c) have shown that Rhizobium gallicum strain 8a3 was highly
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competitive with respect to its nodule occupancy as compared to the indigenous strain
of Sinorhizobium meliloti, a known symbiont of Medicago. In fact, the strain had an
antibiotic activity against the indigenous strain. Since the inoculants are released into
the field in numbers much higher than their actual numbers in the soil, and their
nutritional requirement might overlap with the resident microbial community, it would
lead to at least transient perturbation of the soil equilibrium because of their compe-
tition for the localization of niche. Hence, their effect must be assessed with respect to
the potential risk they might possess on the resident microfloral diversity. Diversity is
defined as the number of species present and their relative abundance (Felske and
Osborn 2005). If their application leads to loss of crucial native species, it will affect
the subsequent crop and therefore would be tagged as undesirable (Trabelsi et al.
2011). This disturbance can be buffered by ecosystem elasticity, resistance, and
resilience, which are in turn consequences of diversity and plant—soil-biota interaction
(Holling 1973; Grimm and Wissel 1997; Kennedy 1999; Reinhart et al. 2003). Due to
bacterial redundancy, the negative impact on certain resident microbial species may
not drastically change the ecosystem’s functioning (Kennedy 1999; Nannipieri et al.
2003). When rhizobial inoculation affects the composition of soil microbiome, it in
turn affects the synthesis and liberation of the enzymes in the rhizosphere (Antoun and
Prévost 2005; Sun et al. 2009; Saharan and Nehra 2011). Rhizobial inoculants have
also proved to have pathogen-suppressive capability in both legumes and
non-leguminous plants, thereby controlling several plant diseases (Antoun and Prévost
2005; Huang and Erickson 2007; Shaban and El-Bramawy 2011).

1.1.1 Scope of the Chapter

The prime focus of the chapter is on the indirect effects caused by rhizobial
inoculants on resident rhizospheric microbial communities both positively
(by enhancing the nutritional status of the soil, and by exerting antibiosis against
plant pathogens) and negatively (by having detrimental consequence on the resident
microflora), which are well documented. On the basis of available literature, we
conclude with an interpretative summary so far and the future perspective.

1.2 Individual Inoculation Versus Combined Inoculation
of Rhizobial Strains

Rhizobial inoculants have been used individually as well as in combination with other
bioinoculants (sometimes with other rhizobial strains) for the betterment of plant
growth. Such combinations have yielded variable results in terms of their effect on
plant growth parameters and also on the resident microflora. Yadav and Verma (2014)
reported that the direct effect of rhizobial inoculation on plant growth parameters was
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greatly affected by its co-inoculation with other PGPR. Co-inoculation of
R. leguminosarum with Pseudomonas aeruginosa resulted in enhancement of shoot
dry weight per plant, grain yield, and uptake of N and P by chickpea as compared to no
inoculation and inoculation with R. leguminosarum alone. Zahir et al. (2011) have also
determined the positive effect of co-inoculation of Pseudomonas sp. and Serratia
sp. with R. leguminosarum on the growth and yield of lentil. On the contrary, in certain
cases there seems to be no effect of co-inoculation (Ensifer meliloti and R. gallicum)
when compared with mono-inoculation in terms of plant growth parameters (nodule
number, shoot dry weight, and grain yield) as shown by Trabelsi et al. (2011). The
effect was, however, visible when assessed with respect to the total bacterial commu-
nity. Co-inoculation significantly increased the total bacterial community when com-
pared with mono-inoculation and control samples. Effect of these two strains on the
species richness of the rhizosphere of potato cropping revealed that co-inoculation
appeared less effective than mono-inoculation (Trabelsi et al. 2012).

Sharma et al. (2017) compared several treatments in a field experiment and showed
that shoot weight at vegetative and flowering stage, and grain yield at harvest stage,
were significantly increased when Bradyrhizobium sp. was co-inoculated with Azoto-
bacter chroococcum, Bacillus megaterium, and Pseudomonas fluorescens. The effect
was also assessed on major groups of resident microflora. It was found that fungal
population and nitrogen fixers significantly decreased at harvest stage, whereas phos-
phate solubilizers were significantly reduced at flowering stage in the mono-inoculation
with Bradyrhizobium when compared with the co-inoculation. On the other hand, it
was observed that Actinomycetes population significantly increased at vegetative stage
in the mono-inoculation as opposed to co-inoculation. Rhizobium-legume symbiosis
being a complicated partnership involves key enzyme cellulase for the primary root
infection. Diez-Mendes et al. (2015) showed that co-inoculation of the native strain of
R. leguminosarum with cellulase-overproducing strain Rhizobium cellulosilyticum
exhibited higher grain production in Phaseolus vulgaris. Also, the grains had increased
N content compared to mono-inoculation with the native rhizobial strain and
uninoculated plants. This suggested co-inoculation to have significantly enhanced the
N fixation efficiency of the native strain.

1.3 Soil Nutritional Status

Apart from fixing nitrogen symbiotically, rhizobium inoculation has a positive effect on
the crop by several mechanisms involving production of plant hormones, increasing the
phosphorous and iron supply, etc (Antoun and Prévost 2005; Saharan and Nehra 2011).
Although iron is abundant in the soil, its acquisition is difficult due to its low solubility.
Iron and phosphorous concentration in the nodules has been found to have linear
correlation with the efficiency of nitrogen fixation (Rotaru and Sinclair 2009). Siczek
and Lipiec (2016) observed an increase in enzymatic activities (dehydrogenases,
urease, protease, and acid phosphomonoesterase) in the rhizosphere of Vicia faba
throughout the growing season in soil inoculated with R. leguminosarum as compared
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to uninoculated soil. Increment in the enzymatic activities of urease and dehydrogenase
was much higher compared to the activities of protease and acid phosphomonoesterase.
This was explained by the fact that inoculation with rhizobium has significant prospec-
tive for N cycling and ATP production by the oxidation of organic matter in the soil. On
the contrary, Zhang et al. (2010) showed that Rhizobium inoculation did not exert a
significant effect on available K, N, organic matter, and pH of the rhizospheric soil. In
yet another study, rhizobial inoculation was reported to enhance inorganic nitrogen
content in the soil, together with exerting an adverse effect on the microbial biomass
(Herrmann et al. 2012). Sun et al. (2009) showed that in alfalfa rhizosphere, there was
an enhancement in the activity of urease (15.65%) and invertase (19.34%) in
intercropping-rhizobial inoculation as compared to monoculture. However, there was
no pronounced effect of treatment on acid phosphatase activity.

1.4 Effect on the Resident Microbial Community

A concise representation of the impact of rhizobial inoculation on bacterial diver-
sity, nutrient status, and enzymatic activity in the rhizosphere has been provided in
Table 1.1. Competition occurs between inoculated species and the resident micro-
bial community due to overlapped niche colonization and nutritional requirement
(de Weger et al. 1995; Anyango et al. 1998). This results in either the inoculated
microbe outcompeting the indigenous microbes or vice versa. If the crucial pro-
cesses, such as nutrient cycling or plant pathogen protection, are inhibited as a
result of application of bioinoculants, then the out-competition is considered as an
ecological risk. Therefore, the release of bioinoculants in huge amount may either
result in non-target effects, which in turn enhance plant growth, or lead to an
ecological risk (Schwieger and Tebbe 2000, Gupta et al. 2012). Rhizobia—legume
interaction is assumed to act as a driving force for maintaining the nitrogen balance
in soil. This effect also depends on the rhizosphere and internal nitrogen turnover
(Babi¢ et al. 2008). It is therefore important to determine the effect of rhizobial
inoculants on the resident microbial community.

Various techniques have been used to examine soil resident microflora. Culti-
vation-dependent methods such as enumeration on plates and CLPP are laborious
and only <1% of the total microbial flora is cultivable. Though cultivation-
independent methods, such as qPCR, fingerprinting [amplified ribosomal DNA
restriction analysis (ARDRA), denaturing gradient gel electrophoresis (DGGE),
single-strand conformation polymorphism (SSCP), temperature gradient gel elec-
trophoresis (TGGE), terminal restriction fragment length polymorphism (T-RFLP),
etc.], and next-generation sequencing (NGS) are able to provide a much clearer
vision, a strong bias is introduced by DNA extraction, together with inherent
limitations of PCR amplification.

Only limited reports have addressed the question of non-target effects of appli-
cation of rhizobial inoculants. A look into the available reports reveals mixed results
concerning the impact exerted by rhizobial amendments. Sun et al. (2009), using the
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Table 1.1 Impact of rhizobial inoculants on rhizospheric properties

S.

No.

Host plant(s)

Rhizobial
inoculant(s)

Remarks

References

1.

Vicia faba L.

R. leguminosarum
bv. viciae

— Enhanced enzyme (dehydroge-
nases, urease, protease, and acid
phosphomonoesterase) activities
in inoculated rhizosphere soil

Siczek and
Lipiec
(2016)

Vicia faba L.

R. leguminosarum
bv. viciae

— Rhizobium inoculation
decreased the microbial biomass
C in the rhizosphere by 26-30%
— ARDRA results showed
Rhizobium inoculation decreased
bacterial diversity

— Rhizobium inoculation
negatively affected
Planctomycetes and
Actinobacteria but had a positive
impact on member of
a-proteobacteria

Zhang
et al.
(2010)

Phaseolus
vulgaris

E. meliloti 4H41,
R. gallicum 8a3

— Inoculation with strain 4H41
induced an increase in soil
ammonium concentration, but
inoculation with 8a3 led to a
decrease

— Nitrate was below detectable
limit for uninoculated as
compared to the inoculated treat-
ment at the end of the plant cycle

Trabelsi
et al.
(2011)

Phaseolus
vulgaris cv.
Flamingo and
Potatoes

Rhizobium
gallicum 8a3,
Ensifer meliloti
4H41

— T-RFLP analysis of 16S rRNA
gene was used to evaluate and
compare total bacterial
communities in different
treatments

— Co-inoculation appeared to be
less effective than simple
inoculation with 8a3 or 4H41

— Composition of the bacterial
communities was significantly
affected by inoculation

Trabelsi
et al.
(2012)

Indigofera
tinctoria,
Pueraria mirifica,
and Derris
elliptica Benth.

10 indigenous
rhizobial strains

— Bacterial community structure
of native rhizosphere and
inoculated rhizospheres was
different as revealed by DGGE
— Sorensen’s index showed the
bacterial community structure of
the rhizosphere inoculated with
Rhizobium divergent from
uninoculated control

— Slight differences were
observed upon rhizobial
inoculation; stronger effect of
plant type was noted

Nimnoi
et al.
(2010)

(continued)
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S.
No.

Host plant(s)

Rhizobial
inoculant(s)

Remarks

References

6.

Medicago sativa
L.

Sinorhizobium
meliloti S26/026

— Bacterial genes involved in
nitrogen turnover were affected
by inoculation as shown by
qPCR. Effectiveness of
inoculation was related to the
abundance of nifH genes in the
late flowering stage

— Higher number of amoA copies
was observed during flowering

Babic et al.
(2008)

Medicago sativa
L. cv. Aragon

S. meliloti strain
M4

— RFLP and TGGE profiles
suggested that inoculation with
S. meliloti permitted certain
y-proteobacterial populations to
be maintained longer in the rhi-
zosphere without affecting others

van
Dillewijn
et al.
(2002)

Medicago sativa
and Chenopodium
album

S. meliloti 133

— PCR-single-strand conforma-
tion polymorphism (SSCP)
profiles of a 16S rRNA gene
region confirmed the bacterial
diversity in the rhizosphere of
Medicago sativa affected
qualitatively and quantitatively
— Members of y-proteobacteria
decreased while the number of
members of a-proteobacteria
increased

Schwieger
and Tebbe
(2000)

Acacia senegal

Mixture of four
Ensifer strains

— DGGE profiles showed a
significant increase in total
bacterial diversity due to
seasonal changes as compared to
rhizobial inoculation

— No significant difference was
revealed between inoculated and
non-inoculated soil samples

Herrmann
et al.
(2012)

10.

Cajanus cajan

Bradyrhizobium
Sp.

— Rhizobial inoculation posi-
tively affected the population of
Actinomycetes and Pseudomonas
compared to the rest of the
treatments including control and
chemical fertilizers during the
early stages of plant

— Fungi, gram-negative enteric
bacteria, Azotobacter, and
nitrogen fixers were negatively
affected by rhizobial inoculation
as compared to control

Sharma
et al.
2017)
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technique of T-RFLP, showed an enhancement in the Nitrosomonas and an adverse
effect on Nitrospira in the intercropping-rhizobial inoculation treatment. Both
treatments tended to increase the diversity of amoA. Zhang et al. (2010) upon
employing ARDRA and T-RFLP determined that Rhizobium inoculation led to a
detrimental impact on microbial biomass C with a reduction by 26-30% as shown by
Shannon diversity index (H,'). Diversity of Planctomycetes and Actinobacteria
were negatively affected, while those of a-proteobacteria increased with Rhizobium
inoculation. Both intercropping and application of Rhizobium inoculant were
reported to influence the less abundant phyla, without affecting the dominant
phyla. On the other hand, studies conducted by Zhang et al. (2011) and Herrmann
et al. (2012) showed almost no effect of these amendments on the resident micro-
flora. Schwieger et al. (2000) reported that Sinorhizobium meliloti strain and its
RecA™ derivative did not have any effect on the residential microbial community in
a lysimeter experiment. Using fingerprint techniques of ARDRA and SSCP,
Schwieger and Tebbe (2000) reported that inoculation with a strain of S. meliloti
affected the structure of rhizospheric community of Medicago sativa (target plant),
whereas the same strain exhibited no effect on the rhizospheric diversity of
Chenopodium album (non-target plant). As a consequence of the inoculation, the
most dominant species Acinetobacter calcoaceticus and Pseudomonas were almost
eradicated, as shown by ARDRA profiles, from the rhizosphere of M. sativa. Inoc-
ulation reduced the abundance of y-proteobacteria, with simultaneous enhancement
of a-proteobacterial members. Also, greater rhizospheric diversity was shown by the
rhizospheric samples of M. sativa as compared to C. album. The shift can be
explained as replacement of more general bacteria by amendment with rhizobia.
Field release of genetically engineered rhizobial strains (containing genes encoding
trifolitoxin) resulted in killing many of the a-proteobacterial members, without
affecting other groups. This can be explained by trifolitoxin sensitivity of
a-proteobacteria (Triplett et al. 1994; Robleto et al. 1998). van Dillewijn et al.
(2002) on the contrary adopted the techniques of RFLP and TGGE to conclude
that the inoculation with S. meliloti strains enhanced the y-proteobacterial popula-
tion in soil. Lower level of persistence of the inoculants led to a modest effect on the
indigenous microbes. By using DGGE technique and analyzing the Sorensen’s index
of the rhizobial inoculated and non-inoculated soil, Nimnoi et al. (2010) concluded
that the resident microbial community structure was different for both the soils. This
implied that the inoculation had modified the rhizospheric community structure.

An extensive study by Babi¢ et al. (2008) assessed the effect of two Sinorhizobium
strains on genes involved in N cycle. qPCR revealed that in the late flowering stage of
alfalfa there was an abundance of nifH and amoA genes; this in turn complements the
effectiveness of rhizobial inocula. Despite high throughput and resolution, only
limited reports are available employing such techniques to address the question of
non-target effect of bioinoculant at gene and transcript levels.

It has been seen that the grain yield of legumes is greatly affected by the attack of
several pathogens. Both underground and aerial parts are affected by these phytopath-
ogens. There are a few studies which report the efficacy of rhizobial inoculants against
these phytopathogens. Huang and Erickson (2007) and Shaban and El-Bramawy (2011)
showed that treatment with R. leguminosarum resulted in significant decrement in
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damping-off when compared with untreated control in faba bean and pea seeds,
respectively. On the other hand, Reitz et al. (2000) showed that intact cells were not
necessary to combat the disease, as lipopolysaccharides (concentrations as low as
0.1 mg ml™") produced by a strain of Rhizobium etli resulted in significant (up to
37%) reduction of Globodera pallida infection of potato roots by acting as an inducing
agent of systemic resistance in potato roots.

1.5 Conclusion

Rhizobial inoculants cause changes in the diversity and abundance of resident
rhizospheric microflora in plants. Plant growth promotion and their protection are
not necessarily the direct effect of these agricultural amendments but may also
result from induction or suppression of indigenous microbial community. These
changes in turn lead to changes in beneficial soil processes like nitrogen cycling.
There is a paucity of literature available to conclusively state whether rhizobial
amendments have a beneficial or an inhibitory effect on resident microflora.
However, the majority of results indicate at least a disturbance in the structure
and function of rhizospheric community upon application of rhizobial inoculants.
There is, therefore, a need to perform further assessment of the magnitude of such
changes on soil functioning. The assessment of the non-target effects of rhizobial
inoculants at genomic, transcriptomic, and proteomic levels will lead to a greater
understanding of such changes on soil functioning. This, in turn, will help in
making a more judicious choice about their application on leguminous crops.
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Chapter 2
Restoration of Degraded Pasture Soils
on the Basis of EM Associations

Irina Smirnova, Amankeldy Sadanov, Aidana Sabdenova,
and Aray Nurmukhanbetova

2.1 Introduction

Analysis of the current state of the global agribusiness has shown that in many
countries of the world the priority is given to the development of pasture-based
livestock farming (Ivanov 2010; Kotlyarova et al. 2013). Natural pasturable poten-
tial of agricultural development fully meets the rational management requirements
in livestock farming (Dickhoefera et al. 2010; Abseitov 2012). However, the
irrational use of pastures (overloading, overgrazing, violating seasonality of graz-
ing) results in soil degradation and landscape desertification. Currently, most of the
pasture ecosystems are seriously disturbed, a number of valuable forage grasses
have disappeared or become rare, and soils have been severely depleted. The
existing range of perennial pasture grasses does not meet environmental standards
(Han et al. 2008; Angassa and Oba 2010). Particularly, pronounced manifestation
of pasture vegetation degradation is observed around the wells, where the species
composition is reduced, and uneaten grasses take the place of eaten ones
(Kandalova 2009a, b). Degraded pastures are not resistant to erosion and deserti-
fication; the loss of humus is in the range from 25 to 30%, and not replenished. 60%
of pasture lands are exposed to wind erosion; more than 50% of soils are saline in
varying degrees. All these negative processes lead to the biodiversity depletion,
reduced productivity of natural pasture ecosystems, and, as a consequence, deteri-
oration of forage resources in grassland farming (Squires 2012). In this connection,
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the scientists from various countries are carrying out research on restoration of
disturbed pastures and developing measures for rational land resource management
(Han et al. 2008; Hou et al. 2008; Penkov 2009; Petrov 2012).

One of the most promising solutions to this problem lies in biological farming, in
which maintaining the soil in a biologically active state that ensures its fertility is
seen as a decisive factor. Biological farming is based on the use of effective
microorganisms (EM), which represent the primary environmental soil forming
factor and consists in the application of effective microorganism associations
(EM associations) (Higa and James 1994; Condor et al. 2007). In this case, mineral
fertilizers, pesticides, and other chemical protection agents should not be used
(Gorski and Kleiber 2010; Jusoh et al. 2013; Reddy and Giller 2014). EM associ-
ations represent a multispecies and multifunctional composition or artificially
created community. The composition of EM associations includes microorganisms
belonging to different genera and species. In the main, EM associations comprise
nitrogen-fixing, phosphate-mobilizing, cellulolytic, and silicate groups of microor-
ganisms. When EM associations are introduced into soil, it is enriched with readily
available nutrients and becomes more fertile, and microorganisms themselves
supply the plants with necessary products of their vital activity (enzymes, vitamins,
amino acids, etc.) (Tokeshi et al. 2007; Mayer et al. 2010).

Nitrogen-fixing microorganisms represent one of the important components of
EM associations. They play the leading part in the fixation of atmospheric nitrogen
and soil enrichment with plant-available nitrogen (Schott 2007; Orr et al. 2011;
Emer et al. 2014). To normalize the microbial flora of the depleted and degraded
soils and enhance soil fertility, the nitrogen-fixing microorganisms should be a
mandatory component of EM associations.

To restore the degraded pastures, we are planning to use EM associations,
composed of nitrogen-fixing, phosphate-mobilizing, cellulolytic, and silicate bac-
teria, with simultaneous sowing of perennial meadow grasses. In the future, these
grasses will become the basis of the pasture grass stand. The composition of
meadow grasses will include legumes such as wild alfalfa, sweet clover, and
white clover. These plants are the major forage crops. Alfalfa and clover are the
most valuable nutritious animal feed. Melilot, in addition, enriches soil with
nutrient elements, promotes humus accumulation, and improves the soil properties.
It is planned to introduce EM association by the pre-sowing treatment of seeds of
meadow grasses with this association.

However, when studying soil microflora of degraded pastures, it was found that
there are practically no nitrogen-fixing root nodule bacteria rhizobia in the soil.
Therefore, the composition of EM associations should comprise the nodule bacte-
ria—symbionts of these valuable forage crops for the successful development of
these legumes.

The aim of this research was to isolate, identify, and study nitrogen-fixing root
nodule bacteria of the genus Rhizobium and select the most promising among them
for developing EM associations.
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2.2 Materials and Methods

The symbiotic bacteria or rhizobia that form nodules on the roots of legumes such as
wild alfalfa (Medicago sativa L.), sweet clover yellow Melilotus officinalis (L.) Desr.,
and white clover (Trifolium repens L.) were used as objects of the study. These legumes
compose the natural grass stand of environmentally undisturbed or natural pastures in
Kazakhstan and are among the most nutritious forage plants for agricultural livestock.

2.2.1 Isolation of Rhizobia

Gathering of leguminous plants for isolation of the rhizobia was carried out on natural
high-yielding pastures of Kazakhstan. Rhizobia were isolated from nodules on the roots
of alfalfa, melilot, and white clover during the budding-flowering period of the host
plant. Nodules were taken from the freshly gathered plant roots. The plant roots were
washed thoroughly under running water to remove mud and soil particles. The largest
healthy and pink nodules were separated with forceps from thoroughly washed root and
placed in 70% ethanol for 30 s. They were then treated with 0.1% HgCl, for 2 min.
Thereafter, the nodules were repeatedly washed with sterile water. The nodules were
transferred into a Petri dish using sterile forceps and crushed with a scalpel under
aseptic conditions. A small amount of nodule contents was transferred using an
inoculating loop into 100 pL of sterile water, further on the surface of the agar medium
in a Petri dish, and spread with a spatula. Another 2-3 Petri dishes were inoculated
using the same spatula to get isolated colonies. The inoculated dishes were incubated at
25-27 °C. Fast-growing rhizobia grew in 3—4 days and slow-growing in 7-9 days. The
appearance of colonies within 1-2 days is indicative of culture contamination (Vincent
1970; Carter and Gregorich 2007). The cultures were maintained on nutrient agar slants
with regular subculturing.

2.2.2 Culture Conditions

The Ashby and Maze media with pea broth were used to isolate the symbiotic
rhizobacteria. Nitrogen-free Ashby medium has the following composition (g/L):
mannitol—20.0; K;HPO,—0.2; MgS0,—02; NaCl—0.2; K,S0,—0.1; CaCO5;—35.0;
agar—20.0; pH 7.1-7.3. The medium is sterilized at 0.5 atm and 120 °C (Zenova
et al. 2002).

The Maze medium has the following composition (g/L): K,HPO,—1.0;
MgS0,4,—0.3; sucrose—10.0; broth made from 100 g of pea—up to 1 L, pH
6.8—7.0 (Emtsev 2005; Stiles 2013).

To prepare pea broth, 100 g of peas were poured with 1 L of tap water and boiled
until the skin swells and cracks. The broth was filtered through cotton wool (gauze)
and the volume adjusted with tap water to 1 L.
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Nodule bacteria growing on these media form colorless or milky white mucous
colonies. Rhizobia growing on pea agar slants were richly developed, forming
transparent mucus, often flowing down massive colonies or streaks.

Cultivation of rhizobia was carried out in flasks using an incubator shaker at
28 4+ 2 °C and 180 rpm and in Petri dishes placed in a thermostat at 28 & 2 °C.

2.2.3 Selection of Active Strains of Nitrogen-Fixing Rhizobia

Primary selection of the nitrogen fixer’s active strains was carried out in the
nitrogen-free Ashby liquid medium. Based on the fact that the higher the accumu-
lation of bacterial biomass, the more active the culture is in fixation of atmospheric
molecular nitrogen. The bacterial biomass was measured nephelometrically with
the PD-303 spectrophotometer (“Apel,” Japan) in optical density units (RODU),
calculated per absolute dry biomass (a.d.m.) using the calibration curve, and
expressed in g/1000 mL.

2.2.4 Studies on Growth-Promoting Activity and Rhizobial
Nodulation

To study the growth-promoting activity of rhizobia and their nodulation ability (ability
to form nodules on the roots of plants), bacteria were cultivated in the liquid Ashby
medium on shaking conditions at a rotary speed of 180 rpm and temperature of 28 °C
for 3-5 days. Seeds of alfalfa, melilot, and clover before sowing were inoculated with
bacterial suspension with a titer of 10’~10® cell/mL for 2 h at a temperature of 23 °C.
The seeds were then sown in the vegetation vessels. Vermiculite was used as a
substrate for plant growth, and the liquid Knopp medium lacked a nitrogen source
as a feed for seedlings. Before setting up the experiment, the substrate and Knopp
solution were sterilized; sterile tap water was used for watering plants. Seeds of alfalfa,
melilot, and clover that were not inoculated with rhizobia served as a control. All the
experiments were performed in triplicates.

Model laboratory experiments on the effect of rhizobia on the pasture grasses
were carried out in a climatic chamber (Constant Climate Chamber HPP-750,
“Memmert”, Germany). The parameters of the moisture, illumination, and temper-
ature in the climate chamber were coincided with the spring vegetation period of
the year.

Biometric parameters of the plants, such as stem length and root length, were
measured after 30 days of cultivation. Nodule number and average weight were
determined after 45 days of cultivation. By this time, the nodules were well
developed, and it was easy to detect and count them.
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2.2.5 Identification of Nitrogen-Fixing Root Nodule Bacteria
of the Genus Rhizobium

A number of methods including classical microbiological, based on studying the
cultural-morphological and biochemical characteristics and properties of microor-
ganisms (Holt et al. 1997), and molecular genetic techniques were used to deter-
mine the taxonomic position of rhizobia.

Three strains of nodule bacteria 123, D26, and K24 were identified by
amplifying their 16S rRNA. Genomic DNA was isolated using a set PureLink®
Genomic DNA Kits. The concentration of DNA in the samples was determined
using a fluorometer Qubit (Invitrogen). Sequencing was performed using univer-
sal primers for 16S rRNA gene: 8f-5-~AGAGTTTGATCCTGGCTCAG-3 and
806R-5-GGACTACCAGGGTATCTAAT-3. The reaction mixture for amplifica-
tion consisted of 1 pL of primers, 2.5 pL ANTP, 2.5 pL buffer, 0.2 pL Polymer-
ase, 2 pL DNA, and H,O. PCR was carried out in a thermocycler Mastercycler
pro S (Eppendorf). The reaction was started by incubating the mixture at 95 °C
for 7 min and then followed by 30 cycles consisting of incubations: 95 °C—30 s,
55 °C—40 s, 72 °C—1 min. The final elongation was performed at 72 °C for
10 min.

The sequencing reactions were performed using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applide Biosystems) according to manufacturer’s instructions
(BigDye® Terminator v3.1 Cycle Sequencing Kit Protocol Applied Biosystems
USA), followed by separation of the fragments on an automated Genetic Analyzer
3500 DNA Analyzer (Applide Biosystems). Sequencing results were processed in
the program SeqAn (Applide Biosystems). The resulting nucleotide sequence of
16S rRNA gene was compared with the GenBank database (www.ncbi.nih.gov),
using the BLAST program. Phylogenetic analysis was performed using the soft-
ware MEGAG. The alignment of the nucleotide sequences was performed using
ClustalW algorithm.

2.2.6 Statistical Analysis

The statistical significance of the results obtained was determined using the Stu-
dent’s t-test for the confidence level p < 0.01 (Tolchenov et al. 2009).

2.3 Results

Rhizobia have been isolated from root nodules of wild alfalfa (M. sativa L.), sweet
clover yellow (M. officinalis (L.) Desr.), and white clover (T. repens L.). Plants were
harvested on environmentally undisturbed pastures of Kazakhstan. Healthy and strong
plants with a well-developed root system were selected to isolate rhizobia. Plant
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monitoring was also carried out, and plants with a large number of nodules on the roots
were selected. Isolation of rhizobia from nodules was performed according to the
protocol (see Sect. 2.2.1). As a result of the work, 24 rhizobium isolates were obtained
from legume nodules. Of these, nine isolates were obtained from alfalfa nodules, ten

from melilot nodules, and five from clover nodules.

Identification of nodule bacteria was carried out by studying the cultural-
morphological and biochemical characteristics. Table 2.1 shows the identification

1. Smirnova et al.

of rhizobium strains and legumes from which they were isolated.

Table 2.1 The nodulating Rhizobial species from some legumes of natural pastures

Legume species

No. |Strains | Rhizobial species Common name Latin name

1 L12 Sinorhizobium medicae Wild alfalfa Medicago sativa L.

2 L17 Sinorhizobium meliloti Wild alfalfa Medicago sativa L.

3 L19 S. meliloti Wild alfalfa Medicago sativa L.

4 L20 S. spp. Wild alfalfa Medicago sativa L.

5 L23 S. meliloti Wild alfalfa Medicago sativa L.

6 L24 S. medicae Wild alfalfa Medicago sativa L.

7 L28 S. medica Wild alfalfa Medicago sativa L.

8 L35 S. meliloti Wild alfalfa Medicago sativa L.

9 L36 S. meliloti Wild alfalfa Medicago sativa L.

10 | D09 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

11 |DI12 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

12 |D14 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

13 | D20 S. medicae Sweet clover Melilotus officinalis (L.)
yellow Desr.

14 | D24 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

15 | D26 S. medicae Sweet clover Melilotus officinalis (L.)
yellow Desr.

16 |D34 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

17 | D36 S. medicae Sweet clover Melilotus officinalis (L.)
yellow Desr.

18 | D38 S. meliloti Sweet clover Melilotus officinalis (L.)
yellow Desr.

19 | D39 S. medicae Sweet clover Melilotus officinalis (L.)
yellow Desr.

20 | K06 Rhizobium leguminosarum | Clover white Trifolium repens L.

21 |K14 Rh. spp. Clover white Trifolium repens L.

22 | K16 Rh. leguminosarum Clover white Trifolium repens L.

bv. trifolii
23 | K22 Rh. spp. Clover white Trifolium repens L.
24 | K24 Rh. leguminosarum Clover white Trifolium repens L.

bv. trifolii
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Table 21.2t' Biorfna§ts Strains Biomass (a.d.m.) (g/L)
fxing Rhizobia L1 211+ 001

L23 2.85 £ 0.01

L35 2.80 + 0.02

D14 2.29 +0.01

D26 2.74 + 0.02

D39 2.25 +£0.01

K16 2.68 £ 0.01

K24 2.72 £ 0.02

In order to select the most promising strains for the creation of EM associations,
rhizobium screening was carried out in nitrogen-free Ashby medium. Screening
was performed based on the fact that the higher the biomass accumulation, the more
active the culture is in fixation of atmospheric molecular nitrogen. Table 2.2 pre-
sents the rhizobium strains with the highest rates of biomass accumulation in
nitrogen-free medium.

Table 2.2 shows the 8 rhizobia, which accumulated more biomass under culti-
vation on nitrogen-free medium. Of them, three strains L17, L23, and L35 were
isolated from nodules of alfalfa; three strains D14, D26, and D39—from nodules of
sweet clover; and two strain K16 and K24—from nodules of clover. The accumu-
lation of these strains’ biomass varied from 2.11 to 2.85 g/L. These strains were
better on the accumulation of biomass and growth rate. For further work 8 strains of
rhizobia were selected as the most perspective for the creation of EM associations.

Because we are planning to use rhizobia for increasing yields of meadow grasses,
experiments on their effect on the legumes were carried out in laboratory conditions.
The experiments were conducted in accordance with the protocol described in Sect.
2.2.4. The bacteria were cultured on a liquid medium Ashby. Seeds of alfalfa, sweet
clover, and clover before seeding were inoculated with suspension of bacteria. Strains
L17, L23, and L35 were used for alfalfa strains D14, D26, and D39 for sweet clover
and strains K16 and K24 for clover. Then the seeds were sown in pots. The obtained
results showed that the inoculation of seeds with rhizobia has a positive effect on
germination (Table 2.3) and the growth legumes (Fig. 2.2).

Table 2.2 shows that inoculation of legume seeds with rhizobia increases their
germination. For example, inoculation of alfalfa seeds increased their germination
of 12-24%, sweet clover seed at 10-23%, and clover seeds by 12—-15% compared
with the control.

Inoculation of seeds with rhizobia had a positive effect on the growth of legumes
(Fig. 2.1).

Figure 2.1 shows that the inoculation of seeds with rhizobia increased shoot and
root length in all variants of the experiment when compared with the control. The
best results for stimulation of plant growth have been strains L23, D26, and K24
(data not shown). Inoculation of alfalfa seeds with nodule bacteria increased the
shoot length 1.8-2.5 times and roots length 1.9-2.9 times; inoculation of sweet
clover seeds increased the shoot length 1.8-2.2 times and root length 2.1-2.5 times.
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Table 2.3 Effect of the Strains Germination (%)
different strains of Rhizobia

on the germination of seeds Alfalfa
Control 546+ 1.3
L17 612+ 14
L23 679+ 1.5
L35 635+ 1.3
Sweet clover
Control 47.6 £ 0.9
D14 564+ 1.4
D26 588+ 1.3
D39 524 +1.2
Clover
Control 67.7+1.2
K16 758+ 1.3
K24 779 £ 1.3
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Fig. 2.1 Effect of the deferment strains of Rhizobia on the shoot length and root length plants of
alfalfa (a) and sweet clover (b)

In addition, plants were stronger with a dark green color and large size of leaves
compared with the control.

Among the other rhizobia strains L23, D26, and K24 have been the best stimulators
of growth of legumes. Therefore, we studied their ability to nodulation or the formation
of nodules on the roots of plants. For this, experiments were carried out under
laboratory conditions. Inoculation seeds with bacteria were carried out according to
the protocol described in Sect. 2.2.4. For inoculation, strains L.23 for alfalfa, D26 for
sweet clover, and K24 for clover were used. The results are shown in Fig. 2.2.

Figure 2.2 demonstrates that the inoculation of legumes with rhizobia leads to an
increase in the number of nodules per plant compared to the control variant without
rhizobium inoculation. On average, this parameter has increased by 2.8-3.1 nodules



2 Restoration of Degraded Pasture Soils on the Basis of EM Associations 19

a 10 o Control mL23 o D26 O K24
9
6 o
€
27 in
2 6
5 ua
-g 5
]
S 4
Qo
>
B 3
zZ
2
1
0 L
Alfalfa Sweet clover Clover
b 0.03 o Control ml23 o D26 O K24
0.025
. I
= 0.02
2 H
2
> 0.015
©
i)
2 0.01
o
zZ
0.005
0

Alfalfa Sweet clover Clover

Fig. 2.2 Effect of Rhizobia on the nodule number (a) and nodule dry weight (b)

per plant (a). A significant increase was also recorded in nodule dry weight in
comparison with the control (b).

Molecular genetic techniques were used to confirm and clarify the taxonomic
position of strains of nodule bacteria. Identification of strains of nodule bacteria
L23, D26, and K24 was confirmed by sequencing. It was found that the strain L23
belongs to the species S. meliloti, the strain D26 to S. medicae, and the strain K24 to
Rh. leguminosarum bv. trifolii.
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2.4 Discussion

In many countries around the world, the priority is currently given to the sustainable
development of pasture farming (Hosseininia et al. 2013; Baur and Binder 2015).
The use of natural pastures fully meets the rational management requirements in
livestock farming (Tarawali et al. 2011; Morris and Kenyon 2014). Importance of
pastures goes far beyond the interests of the livestock farming. They are not only a
source of forage resources, but the most important component of the biosphere,
which determines the state of land resources, soil fertility, as well as the quality of
the human environment (Kandalova 2009a, b).

At the same time, there is a steady trend toward the degradation of pasture soils.
The issue of pasture degradation is due to the high intensity and duration of pasture
usage. As a result of irrational use of pastures, a change takes place in the vegetation
cover and soil properties. Secondary cenoses of rather poor species composition are
formed in place of primary cenoses characterized by the great species diversity and
high productivity (Wei et al. 2016; Li et al. 2016).

Soil physicochemical properties are significantly changing, which leads to the
development of soil erosion. As a result of accelerated erosion, over the last century
on the planet, two billion hectares of fertile lands or 27% of active agricultural lands
were lost (Gibbs and Salmon 2015; Oliveira et al. 2016). Pasture lands occupy
188 million hectares or 70% of the total area in Kazakhstan. Degraded soils occupy
more than 48 million hectares or 26% of the total area of which 23.0 million
hectares are pastures, where the changes acquired an irreversible character; that
is, soil self-recovery is not possible or requires large investments and long-term
reservation conditions (Almanov et al. 2013).

All these processes have a negative impact on the fertility of pasture soils and
microflora composition, i.e., the number of non-spore-forming bacteria and actino-
mycetes reduces, proportion of spore formers increases, and processes of cellulose
decomposition, nitrification, and nitrogen fixation are dramatically slowing down
(Lauer et al. 2011; Hiltbrunner et al. 2012). And, as a consequence, a change takes
place in a number of microbiological processes, namely, the reduction in soil
respiration and soil enzyme activity (Dengiz et al. 2007; Ayoubi et al. 2014). The
soil becomes low-fertile, not able to satisfy the needs of pasture-based livestock
farming. This state of pasture ecosystems raises the problem of their recovery.

One of the ways to restore degraded pastures lies in biological farming, based on
the use of agronomical valuable groups of microorganisms—effective microorgan-
ism (EM). EM application assists in restoring the fertility of degraded soils. The
main EM advantage consists in the possibility to restore high natural fertility of
soils and get high-quality, environmentally friendly crop without the use of chem-
ical fertilizers and pesticides for 3-5 years (Yarmilka 2005).

To restore degraded pasture soils, we are planning to introduce EM association,
composed of nitrogen-fixing, phosphate-mobilizing, cellulolytic, and silicate bac-
teria, with simultaneous sowing of perennial meadow grasses. The composition of
meadow grasses will include a number of forage plants such as alfalfa, melilot, and
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clover. In the future, these grasses will become the basis of the pasture grass stand.
However, when studying soil microflora of degraded pastures, it was found that
there are practically no nitrogen-fixing root nodule bacteria rhizobia in the soil.
Development of leguminous plants without these bacteria takes a turn for the worse.
Therefore, the composition of EM associations should comprise this group of
symbiotic bacteria. A number of scientific studies have shown a positive effect of
the joint application of EM and nodule bacteria on a number of agricultural crops
(Allahverdiyev et al. 2011; Javaid et al. 2016). However, in our studies, we include
rhizobia in the association composition as a full member and propose to apply the
created EM association in soil fertility restoration of degraded pastures.

In addition, the legumes growing in natural pasture ecosystems need nodule
bacteria—symbionts adapted to the climatic and soil conditions of natural pastures.
There are commercial biological products based on nodule bacteria for alfalfa and
sweet clover (Sytnikov et al. 2007; Grebtsova 2013; Volobueva 2015). However,
the strains entering into their composition are not adapted to these conditions.
Therefore, it was necessary to isolate the indigenous nodule bacteria and study
their basic properties.

We have gathered legumes in environmentally undisturbed pastures of Kazakhstan.
For isolating the nodule bacteria, the healthiest plants with a well-developed root
system and a large number of nodules on the roots were selected. As a result of the
work, 24 rhizobial isolates were obtained from the nodules of legumes. Of these, nine
isolates were obtained from alfalfa nodules, ten from sweet clover nodules, and five
from clover nodules. Identification of strains of nodule bacteria based on cultural-
morphological and biochemical characteristics showed that 19 of 24 strains belong to
the genus Sinorhizobium and 5 strains to the genus Rhizobium. Seven strains of the
genus Sinorhizobium belong to the species S. medicae (L12, 121, 124, D20, D26,
D36, D39) and 11 strains to the species S. meliloti (L17, L19, 123, L35, L36, D09,
D12, D14, D24, D34, D38). Strain S. pp. L20 was not identified to the species level.
The genus Rhizobium was presented by Rh. leguminosarum bv. trifolii (K16 and K24)
and Rh. leguminosarum strain K06, while strains K14 and K22 were identified to the
genus level only.

A large number of scientific works were devoted to the problem of atmospheric
nitrogen fixation by symbiotic nodule bacteria and studying their effect on the
growth of host plants. Several studies have shown that the positive effect of rhizobia
consists in supplying host plants with both additional nitrogen and metabolites
synthesized by nodule bacteria (Lodwig and Poole 2003; Rogel et al. 2011; Laranjo
et al. 2014). In our study, the nitrogen-free Ashby medium was used to select strains
with high ability to fix atmospheric molecular nitrogen. Screening of cultures was
carried out based on the fact that the higher the biomass accumulation, the more
active the culture is in fixation of atmospheric molecular nitrogen. Strains L17, L.23,
and L35 from nodules of alfalfa; strains D14, D26, and D39 from nodules of
melilot; and strains K16 and K24 from nodules of clover were the best in both
biomass accumulation and growth rate. The biomass accumulation in these strains
ranged from 2.11 to 2.85 g/L.
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Studying the effect of rhizobia on legumes showed that seed inoculation with
bacteria increases the germination and growth of leguminous plants in all variants of
the experiment in comparison with a control group. Thus, the germination of alfalfa
seeds increased by 12-24%, melilot seeds by 10-23%, and clover seeds by 12-15%.
Strains L23, D26, and K24 showed the best results on the stimulation of plant
growth. Inoculation seed with these strains of bacteria increased the shoot length
1.8-2.9 times and root length 1.9-2.9 times compared with the control. We have also
shown that inoculation with these strains of rhizobia results in increased formation
of nodules on the roots of plants, the nodules themselves are more developed and
large, and their weight has increased significantly compared to the control. Molec-
ular genetic identification of the best strains established that strain L23 belongs to the
species S. meliloti, D26 to S. medicae, and K24 to Rh. leguminosarum bv. trifolii.

In conclusion, indigenous rhizobia adapted to the climatic and soil conditions of
pastures have been isolated from the nodules on the roots of wild legumes alfalfa,
sweet clover yellow, and clover white, which grow on natural pastures in Kazakhstan.
Their nitrogen-fixing activity, ability to stimulate plant growth, and nodulation were
studied. The three best strains were selected: L23 (for alfalfa), D26 (for sweet clover),
and K24 (for clover). They were identified using classical microbiological and
molecular genetic methods. It was established that the two strains of nodule bacteria
belong to the genus Sinorhizobium, species S. meliloti 1.23 and S. medicae D26, and
one strain to the genus Rhizobium, species Rh. mind. leguminosarum bv. trifolii K24.
These strains are comprised in the composition of EM association. At the present
time, EM associations are being tested under the field conditions on the degraded
pasture soils of Kazakhstan.
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Chapter 3

Rhizobium as a Crop Enhancer

and Biofertilizer for Increased Non-legume
Production

Souad Zaim, Ahmed Amine Bekkar, and Lakhdar Belabid

3.1 Introduction

Nitrogen is the most significant yield-limiting element in many agricultural pro-
duction systems. Since we became aware of the energy cost brought about by
nitrogen fertilizers, we give more importance to the biological fixation of the
nitrogen. The most important group of the cultivated nitrogen-fixing plants and
best known is that of legumes. The site of the nitrogen fixation is the nodule, which
results from infection of the root system by symbiotic bacteria belonging to the
genus Rhizobium. Chemically, biological nitrogen fixation is essentially the con-
version of dinitrogen (N,) to ammonia, catalyzed by the oxygen-sensitive enzyme
nitrogenase, present within the bacteria. The reaction catalyzed can be represented
as follows:

Nitrogenase

N, + 8H + 8¢~ + 16Mg ATP 2NH; + H, T + 16ADP + 16Pi

The possibility of extending the host range of rhizobia to non-legumes was
encouraged by the discovery that the only non-legumes known to naturally form
nodules with either Rhizobium belong to the genus Parasponia which are infected
close behind the growing tip of the root by erosion of the surface of epidermal cells
(Saikia and Vanita 2007). In addition, the presence of species of Rhizobium
parasponium RP 501 and Bradyrhizobium CP 283 induces nodulation in oilseed
rape; it is also encouraging (Cocking et al. 1992).

The agricultural cereal crops that humans depend on are found mostly in the
Gramineae family. These include the three major cereal crops grown in the world:
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wheat (Triticum sp.), maize (Zea mays L.), and rice (Oryza sativa L.). We know that
grasses do not possess nitrogen-fixing nodules, but for several years, the study of
the balance sheet of nitrogen in certain meadows exempt from legumes suggested
that the increase of the content in nitrogen observed could be attributed to the
fixation of nitrogen in the rhizosphere of cereals. Since the 1970s, researches on
rhizosphere nitrogen fixation were intensified (Dommergues 1979). It is now
generally agreed that the introduction of symbiotic nitrogen fixation into the cereals
would be one of the most significant contributions biotechnology could make to
agriculture.

The objective of this chapter is to review the current knowledge and information
about nitrogen fixation in the rhizosphere of non-legume and especially cereal
crops. Information gathered through this chapter may yield new insights into
development of Rhizobium/non-legume interaction.

3.2 Rhizobium and Non-legume Interaction

Nitrogen (N), an essential constituent for synthesis of amino acids, nucleic acids,
vitamins, proteins, and chlorophyll, is an important mineral necessary for living and
growth of plants. In spite of 80% of the atmospheric air consisting of nitrogen,
plants cannot directly assimilate this gaseous form. Plants assimilate the available
nitrogen in the soil through their roots in the form of ammonium (NH,") and
nitrates (NO3 7).

The first bacterium nodulating a legume was isolated in 1888 by Beijerinck, initially
named Bacillus radicicola and then renamed Rhizobium leguminosarum where the
genus Rhizobium was first described by Frank (1889). These Gram-negative bacteria
are member of the alpha subgroup of the phylum proteobacteria, and these species
belong to a group of bacteria of the Rhizobiaceae family, symbiotic in nature, fixing
nitrogen 50-100 kg/ha with legumes only (Mazid and Khan 2014). Rhizobia may
include 12 genera (Ralstonia, Burkholderia, Devosia, Azorhizobium, Methylobacté
rium, Bradyrhizobium, Blastobacter, Mesorhizobium, Sinorhizobium, Ensifer, Rhizo-
bium, and allorhizobium), consisting of 44 species with demonstrated ability to form
nodules (Sawada et al. 2003).

These rhizobia are able to establish symbiotic associations with plants in the
legume family (Fabaceae or Leguminosae) consisting of more than 700 genera. In
addition, each legume requires a specific species of Rhizobium to form effective
nodules (Doyle and Luckow 2003; Ramesh 2008).

Fixation of nitrogen by bacteria living in symbiosis with leguminous plants is
well known. Generally, in most agricultural systems and especially in cereals,
nitrogen is the common limiting mobile nutrient that affects crop yield (Mia and
Shamsuddin 2010).

In view of its agricultural importance, the symbiotic fixation of nitrogen has been
the subject of numerous scientific research attempts to increase the efficiency of this
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symbiosis by genetic manipulations of the host and the bacteria and to extend the
infectivity of Rhizobium to other non-leguminous crops.

Rhizobia can associate with various non-legumes (Husssain et al. 2009; Osério
Filho et al. 2014). Gutiérrez-Zamora and Martinez-Romero (2001) isolated over
60 Rhizobium strains that correspond to Rhizobium etli bv. phaseoli from sterilized
surface of maize roots. It has been demonstrated that these isolates had the ability to
nodulate beans.

Yanni et al. (1997) showed that the clover symbiotic R. leguminosarum
bv. Trifolii intimately colonizes the rice roots in fields where rice has been grown
in rotation with Egyptian berseem clover (Trifolium alexandrinum) for generations,
known to be natural endophytes of rice in the Nile Delta in Egypt.

Mclnroy and Kloepper (1995) reported that Bradyrhizobium japonicum was also
found as an endophyte in the roots of sweet corn and cotton (Gossypium hirsutumL.),
indicating that this bacteria is capable of colonizing internal plant niches.

Saikia and Vanita (2007) reported that various attempts have been made to
extend the host range of Rhizobium from legumes to non-legumes through plant
genetic manipulation. The transfer of nif genes along with others for functional
nitrogen fixation was considered to be the most suitable strategy to achieve sym-
biotic N, fixation in non-legumes.

3.3 Colonization of Rhizobium in the Roots of Non-legume
and Formation of Nodule

It is generally assumed that root colonization by introduced bacteria is essential for
the biocontrol of root pathogens. Furthermore, increasing the population of such
an introduced bacteria on roots should enhance disease control (Gopalakrishnan
et al. 2015).

In symbiotic associations between Rhizobium and the members of the plant
family Leguminosae, the rhizobia infect the root via either the root hairs or by
crack entry caused by emerging lateral or adventitious roots and induce the forma-
tion of morphologically defined structures called nodules.

Flavonoids are plant secondary metabolites synthesized via the phenylpropanoid
pathway (Szoboszlay et al. 2016). The activation or repression of expression of the
bacterial Nod gene and chemotaxis triggering are among their functions in symbi-
otic nitrogen fixation between Rhizobium and legume (Dharmatilake and Bauer
1992; Hassan and Mathesius 2012). The specific recognition between the Nod
proteins of rhizobia species and their flavonoid enhancer is the first level of
specificity in the rhizobia—legume symbiosis.

According to Cesco et al. (2010), flavonoids are present in root exudates of
non-legume plants, outside from their association with rhizobia. The possibility of
establishing a more effective Rhizobium/non-legume interaction is potentially
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available in non-legume because some of the phenylpropanoid pathway compounds
that could interact with Rhizobium are also present in non-legume roots.

The effect of flavonoids on bacterial colonization of cereal roots was also inves-
tigated. Flavonoid and naringenin were shown to be able to stimulate Rhizobium
colonization of non-legume root systems (Perrine-Walker et al. 2007).

Flavonoids are likely to be actively exuded from roots, often in response to
elicitors (Armero et al. 2001; Hassan and Mathesius 2012). In the pre-infection
stage, specific flavonoids released by legume roots serve as chemoattractants for the
rhizobial symbiont and activate expression of rhizobial Nod genes (Eckardt 2006).
For the non-legumes, a study conducted on rice showed that after an inoculation
with Rhizobium strains R4, the latter induces the rice seedling roots to release
flavonoid compounds around their roots (Perrine-Walker et al. 2007). In the same
context, flavonoids are able to stimulate Azorhizobium colonization of non-legume
root systems (Gough et al. 1996). In addition, strain ORS571 of Azorhizobium
caulinodans is able to colonize the roots of Brassica napus, in the presence of the
flavonoid naringenin (O’Callaghan et al. 2000).

According to Saikia and Vanita (2007), various attempts have been made to
extend the host range of Rhizobium from legumes to non-legumes through plant
genetic manipulation. The transfer of nif genes along with others for functional
nitrogen fixation was considered to be the most suitable strategy to achieve sym-
biotic N, fixation in non-legumes.

Indeed, Plazinski and Rolfe (1985) were able to induce root hair curling in maize
and rice plants by transferring the Rhizobium trifolii root hair curling genes in pSym
plasmid-cured derivatives of the R. leguminosarum bv. trifolii strain ANU843.

In light of suggestions of these studies, Zhu et al. (2006) have shown that nod
genes present in rice are involved in the nodulation signaling pathway. Similar
findings were reported by Gutiérrez-Zamora and Martinez-Romero (2001). They
demonstrated that maize-borne R. etli showed the same nifH gene organization, the
same restriction pattern of PCR-synthesized ribosomal genes, and the same MLEE
patterns as the isolates obtained from bean (Phaseolus vulgaris) nodules. These
findings imply that there is a common pool of R. etl/i chromosomal types in bean
nodules and in maize.

A study conducted by Chabot et al. (1996) has shown that R. leguminosarum
bv. phaseoli strains P31 and R1 can colonize roots and survive in the rhizospheres
of maize and lettuce in a nonsterile soil. The colonization pattern was only on the
external parts of these roots, and no nodule-like structures were observed, indicat-
ing the inability of the tested rhizobia to penetrate these non-legumes under natural
conditions.

Contrariwise, other research studies have shown that Rhizobia have the ability to
attach themselves to rice root hairs, elicit deformation of rice root hairs, and form
nodule-like structures (Saikia and Vanita 2007). Certain strains of R. leguminosarum
bv. trifolii could colonize intercellular cells, multiply, and migrate within growing
lateral roots (Prayitno et al. 1999).
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It was found that strains of the soil bacterium Rhizobium such as R. leguminosarum
bv. trifolii, which normally infect and nodulate clovers, can also associate and colonize
different rice cultivars (Yanni et al. 1997; Reddy et al. 1997; Biswas et al. 2000).

In order to study how the bacteria enter into the host plant, several techniques
have been used such as fluorescent-tagged endophytes, antibodies, fluorescent
microscopy, laser scanning confocal microscopy, and scanning and transmission
electron microscopy (Chaintreuil et al. 2000; James et al. 2001; Verma et al. 2004;
Bhattacharjee et al. 2008; Flores-Félix et al. 2013).

According to Naher et al. (2009), a locally Rhizobium isolated from rice rhizo-
sphere in Malaysia is able to colonize endophytically. Three days after inoculation
the view from scanning electron microscopy showed bacterial colonization on the
surface of the primary and secondary root, zone of elongation, root hair, and lateral
root junction and in crevices and in the root tips. The view of transmission electron
microscopy and the longitudinal view of SEM showed an extensive colonization of
the Rhizobium from intra- and intercellular spaces and extending into the cortex and
vascular system in the lateral roots.

Moreover, Flores-Félix et al. (2013) reported that the R. leguminosarum strain
PEPV16 was able to colonize the inner part of roots showing that this strain is an
endophyte in lettuce (Lactuca sativa L.). In carrots (Daucus carota L.), the colo-
nization of root surfaces was abundant under confocal microscopy.

An insight on these results confirms the need of performing colonization assays on
different non-legume plant species, as the ability of different species of Rhizobium to
establish effective molecular interactions depends on the host plant and interaction
efficiency.

3.4 Rhizobium as a Crop Enhancer

Significant increases in the growth and yield of cereal important crops in response
to inoculation with species of Rhizobium have been repeatedly reported (Naher
et al. 2009; Yanni and Dazzo 2010; Hmissi et al. 2011; Mehboob et al. 2011).

Specifically, rhizobia can improve seed germination rates, stimulate the radicu-
lar growth and the aerial portion, and increase the grain production of rice (Yanni
et al. 2001; Yanni and Dazzo 2010).

Antoun et al. (1998) found that in greenhouse conditions, inoculation with strains
of B. japonicum, R. leguminosarum bv. phaseoli, R. leguminosarum bv. trifolii,
R. leguminosarum bv. viciae, and Sinorhizobium meliloti resulted in a significant
increase of the dry matter yield of radish (Raphanus sativus L.). The highest
stimulatory effect was observed with strain Soy213 of B. japonicum with a rise of
60% in comparison with the uninoculated control.

Hoflich (2000) showed that seed inoculation with R. leguminosarum bv. trifolii
strain R39, isolated from red clover nodules, in field experiments on loamy sand,
significantly stimulated not only the growth of red clover but also the growth of
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non-legumes such as maize, spring wheat, spring barley, and oil radish by 10%, 8%,
16%, and 21%, respectively.

Similarly, Hilali et al. (2001) have demonstrated that inoculation of wheat with
some strains of R. leguminosarum bv. trifolii isolated from two Moroccan soil
increased significantly shoot dry matter yield by 16-19% and grain yield by
23-25%, as compared to the uninoculated control in pot experiments.

In field experiments, Hoflich et al. (1994) showed that significant shoot dry
matter yield increased by inoculating maize, spring wheat, and spring barley with
R. leguminosarum bv. trifolii R39, isolated from red clover nodule strain. In another
study, Hoflich (2000) found that inoculation with R. leguminosarum bv. trifolii R39
promoted the shoot growth of wheat, maize, oil radish, rape, and mustard by
19-33%, in comparison with non-inoculated controls in greenhouse experiments.

Biswas et al. (2000) found that inoculation of lowland rice (O. sativa L.) with
R. leguminosarum bv. trifolii E11, Rhizobium sp. IRBG74, and Bradyrhizobium
sp. IRBG271 increased rice grain and straw yields by 8-22 and by 4-19%,
respectively, at different N rates.

Yanni et al. (1997) carried out a field experiment at the Nile Delta in Egypt to
study the effects of Rhizobium in rice yield. They reported that inoculation of
R. trifolii E11 and E12 to rice variety Giza significantly increased its total N content
at 95% grain yield, grain N content, and harvest index of rice at 99%.

Rhizobia have the capacity to produce various molecules (auxins, cytokinins,
abscisic acids, lumichrome, riboflavin, lipo-chitooligosaccharides, and vitamins)
that promote plant growth, where their colonization and infection of cereal roots
would be expected to increase plant development and grain yield (Matiru and
Dakora 2004).

According to Qureshi et al. (2013), higher values of plant NP content in maize
with precursor—inoculum interaction of L-Tryptophan and Rhizobium species (Cp3,
Br3, and Lt2) might be attributed to better root system and more prolific root growth
owing to the presence of growth hormone in the rhizosphere.

These results are in line with Hmissi et al. (2011) and Akhtar et al. (2013)’s
reporting that enhanced growth and yield of maize by Rhizobium species might be
attributed to better root colonization; production of plant hormones, siderophores,
and organic acids; improved nutrient uptake; and induced systemic resistance.

3.5 Rhizobium as a Biofertilizer

A biofertilzer, called also “microbial inoculant,” is defined as a product that
contains living nitrogen-fixing, phosphate-solubilizing, or cellulytic microorgan-
isms or latent cells of efficient strains, which exert direct or indirect beneficial
effects on plant growth and crop yield. These biofertilzers applied to seed, plant
surfaces, composting areas, or soil aim to increase numbers of such microorgan-
isms, colonize the rhizosphere or the interior of the plant, and accelerate certain
microbial process to augment the extent of the availability of nutrients in form



3 Rhizobium as a Crop Enhancer and Biofertilizer for Increased Non-legume. .. 31

easily assimilated by plant (Vessey 2003; Fuentes-Ramirez and Caballero-Mellado
2005). The first Rhizobium inoculants were made in the USA and commercialized
by a private firm in the 1930s (Smith 1992).

The United Nations Food and Agriculture Organization (FAO) stated that about
42 million tons of fertilizer N is being used annually on a global scale for the
production of three major cereal crops: wheat, rice, and maize (FAO 2001).
According to Saikia and Vanita (2007), crop plants are able to use about 50% of
the applied fertilizer N, while 25% is lost from the soil-plant system through
leaching, volatilization, denitrification, and due to many other factors causing not
only an annual economic loss of US$3 billion but also pollution to the environment.

Since the main limiting nutrient for cereal crops is nitrogen, it becomes impor-
tant to find alternatives to reduce and optimize the use of chemical N fertilizers
applied to cereal crops. Numerous reports describe the use of bacteria species
belonging to the genus Rhizobium due to their ability to fix atmospheric nitrogen
(Kennedy and Tchan 1992; Cocking et al. 1994; Saikia and Vanita 2007). Most of
these species are also frequently used as biofertilizers.

Performance of microbial inoculants as Rhizobium inoculants under field con-
ditions is the principal criterion of selection as a commercial biofertilizer.
According to Lucy et al. (2004), soil is a highly heterogeneous and unpredictable
environment and anticipated results are often difficult to achieve. For this reason,
continuous use of biofertilizers enables the microbial population to remain and
build up in the soil and helps in maintaining soil fertility contributing to sustainable
agriculture (Choudhury and Kennedy 2004).

In most cases, application of Rhizobium in pot trials and field experiments
showed a statistically significant increase in several crop production parameters
such as grain production, root length, leaf length, or plant weight (Naher et al. 2009;
Mehboob et al. 2011; Yanni and Dazzo 2010).

The colonization of Mayang Segumpal rice by Rhizobium sp. (SB16) increased
plant biomass by 36% over the non-inoculated control and the higher tissue
nitrogen content by 4.47% (Naher et al. 2009).

Rhizobium is also considered as a fertilizer when it makes insoluble phosphorus
available to plants. Antoun et al. (1998) found that out of 266 strains of rhizobia,
54% were able to solubilize insoluble phosphates.

Under field conditions, stimulation of maize’s (Z. mays L.) and lettuce’s
(L. sativa L.) growth was demonstrated by Chabot et al. (1996) after an inoculation
with inorganic phosphate-solubilizing strains of R. leguminosarum bv. phaseoli.

Similar findings were highlighted by Peix et al. (2001). The tricalcium phosphate-
solubilizing strain Mesorhizobium mediterraneum PECA21 stimulated growth of
barley under growth chamber conditions and significantly increased the plant dry
matter yield and its content in N, K, Ca, and Mg.

Combined or mixed inoculants that interact synergistically are currently popular
as biofertilizers and bioenhancers (Datta et al. 2011). Combined inoculation of
B. japonicum with Pseudomonas spp. increased the number of pods bearing three
seeds on soybean (Son et al. 2006).
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Burdman et al. (1996) reported that bean plants co-inoculated with R. etli,
Rhizobium tropici, and Azospirillum brasilense had more nodules than plants
inoculated only with one of the two Rhizobia species.

Gupta et al. (1998) showed that co-inoculation of a Bradyrhizobium strain S24
with an Enterobacter isolate EG-ER increased the nodule occupancy from 60%
(treatment with single inoculation of S24) to 81%, and therefore, the dry weight of
shoots and the grain yield were increased in comparison with uninoculated plants or
with plants inoculated with one of the strains alone.

Previous studies have established that many inoculations to economically impor-
tant crops such as wheat, rice, maize, sugarcane, and sorghum can reduce nitrogen
fertilizer input into the crop (Yanni et al. 1997; Saini et al. 2004; Jilani et al. 2007,
Hongrittipun et al. 2014).

In a field trial, Yanni et al. (1997) reported that application of one-third of the
recommended dose of N fertilization with addition of R. leguminosarum bv. trifolii
favorably influenced the yield of rice with equivalent grain yield as obtained by the
fully recommended dose of fertilizer (144 kg N ha™").

Recently, Abera et al. (2016) reported in Toke Kutaye (western Ethiopia)
significantly higher mean grain yield of maize after the application of half
recommended nitrogen fertilizer following faba bean precursor crop with rhizobium
inoculation.

Similarly, Saini et al. (2004) suggested that for maximum crop yield of sorghum
(Sorghum bicolor L.) and chickpea (Cicer arietinum L.), only 50% of the required
fertilizer might be supplied along with bioinoculants (Rhizobium, or A. brasilense,
Bacillus megaterium, and Glomus fasciculatum).

3.6 Rhizobium as Biocontrol Agent

The best approach to improve crop yield is to use plant growth-promoting
rhizobacteria (PGPR). Many studies indicate that nitrogen-fixing soil bacteria or
Rhizobia have the potential to be used as PGPR in non-legumes (Chabot et al. 1993;
Antoun et al. 1998; Flores-Félix et al. 2013, Adnan et al. 2014).

Evidence indicates that Rhizobia are quantitatively and qualitatively important in
the rhizosphere. In the latter, they may influence plant growth and protect plant roots
against invasion by root pathogenic fungi (Wiehe and Hoflich 1995; Gutiérrez-Zamora
and Martinez-Romero 2001; Mia and Shamsuddin 2010).

Rhizobia have also been involved in the disease suppression (Mazen et al. 2008;
Hmissi et al. 2011; Al-Ani et al. 2012; Bouraoui et al. 2012). Several species of
Rhizobium were used in biocontrol of plant diseases including R. leguminosarum
bv. trifolii, R. leguminosarum bv. viciae, R. meliloti, R. trifolii, S. meliloti, and
B. japonicum.

Rhizobium is an antagonistic microorganism effective in biocontrol of plant diseases
such as root rot of soybeans caused by Phytophthora megasperma (Antoun et al. 1978),



3 Rhizobium as a Crop Enhancer and Biofertilizer for Increased Non-legume. .. 33

foot rot of wheat caused by Fusarium culmorum (Hmissi et al. 2011), and root rot of
bean caused by F. solani f. sp. phaseoli (Buonassisi et al. 1986).

These effects are mediated through mechanisms such as mycoparasitism (Sharif
et al. 2003; Deshwal et al. 2003) production of inhibitory compounds (Khokhar et al.
2001), competition for space and nutrients (Deshwal et al. 2003), and induced resis-
tance (Ballhorn et al. 2013). According to Antoun et al. (1998), rhizobia can produce
phytohormones, siderophores, and HCN, can solubilize sparingly soluble organic and
inorganic phosphates, and can colonize the roots of many non-legume plants.

When rhizobia colonize the roots from non-legume plant in a nonspecific
relationship, the strains from this genus may behave as PGPR (Saharan and
Nehra 2011). Rhizobium also acts as PGPR in the form of endophytes or
rhizobacteria in cereal and non-legume plants. Species of the genus Rhizobium
have been found in different crops, such as maize, barley and wheat, rape, and rice
(Chaintreuil et al. 2000; Gutiérrez-Zamora and Martinez-Romero 2001; Lupwayi
et al. 2004; Zhang et al. 2014).

This insight into the mechanism will be promising in developing a more efficient
plant—Rhizobium interaction to augment sustainable production in the field.

3.7 Conclusion

The transfer of capacity of Rhizobium nitrogen-fixing legume into another group of
plants, especially non-legume, was long sought by scientists. In this chapter, the role
of Rhizobium in nitrogen fixation of non-legume has been presented. Rhizobium as
root nodule bacteria heads the list of PGPRs assessed worldwide in tens of exper-
iments in several studies in pot and field experiments. The recent studies on the
effect of Rhizobium species on plant growth and grain yield of crops aim to save
fertilizers, diminish pollution caused by agrochemicals, or both. There is over-
whelming evidence in the literature indicating that Rhizobium could be a true
success story in sustainable agriculture. It was possible for us to conclude that
Rhizobium species act as a green technology in addressing issues such as nitrogen
fixation in cereal crops and growth and yield in these crops which opens many
prospects for a sustainable agriculture.
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Chapter 4

Role of Root Nodule Bacteria in Improving Soil
Fertility and Growth Attributes of Leguminous
Plants Under Arid and Semiarid Environments

S.K. Singh, Rakesh Pathak, and Anjly Pancholy

4.1 Introduction

In the late seventeenth century, tools of modern science began to reveal the secrets
of plant nutrition, and nitrogen, phosphorus, and potash were identified as essential
nutrients for plant growth. The soil was assumed to be the source of phosphorus and
potash, but it has been a matter of argument up to nineteenth century that either
plants absorb nitrogen from the air or extract it from the soil. Schultz-Lupitz (1881)
revealed that the plants required more nitrogen than any other soil nutrient and
leguminous plants were able to accumulate large amounts of nitrogen. The nodules
attached to the roots of leguminous plants were responsible for converting nitrogen
gas of the atmosphere into soluble nitrogenous compounds (Hellriegel 1887;
Hellriegel and Wilfarth 1888). Presently, this marvelous piece of natural chemistry
is known as the symbiotic association between leguminous plants and a soil
bacterium. Plant—bacteria interactions in the rhizosphere are the determinants of
plant health and soil fertility (Hayat et al. 2010). It is now well established that the
leguminous plants enhance soil fertility and non-leguminous plants deplete it.

The intensive use of chemical fertilizers has degraded soil fertility resulting in
severe health and environmental hazards such as soil erosion, water contamination,
pesticide poisoning, falling groundwater table, water logging, and depletion of
biodiversity. The plant—-microbe interactions in the rhizosphere play an essential
role in transformation, mobilization, solubilization of nutrients, and uptake of
essential nutrients by plants. The soil bacteria supply nutrients to crops, stimulate
plant growth, control or inhibit the activity of plant pathogens, improve soil
structure, bioaccumulation, or microbial leaching of inorganics, etc. (Ehrlich
1990), and have been used in crop production for decades (Davison 1988). It has
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also been used in soil for the mineralization of organic pollutants known as
bioremediation of polluted soils (Burd et al. 2000; Zhuang et al. 2007; Zaidi et al.
2008).

This biological approach is becoming more popular as an alternative to chemical
fertilizers for improving crop yield, and the application of plant growth-promoting
rhizobia (PGPR) has found a vital place in the sustainable agriculture system
(Shoebitz et al. 2009). Suhag (2016) advocated replacement of chemical fertilizers
by biofertilizers and suggested that the use of biofertilizers naturally activates
microorganisms, restores soil natural fertility, and protects it against drought and
soil-borne diseases and thereby stimulates plant growth. The PGPRs are also
termed as plant health-promoting rhizobacteria or nodule-promoting rhizobacteria.
PGPR can be either symbiotic bacteria or free-living rhizobacteria on the basis of
their relationships with the plants (Khan 2005). They can be divided into two
groups according to their residing sites, bacteria living inside the plant cell,
producing nodules (iPGPR or symbiotic bacteria), and bacteria living outside the
plant cell, which do not produce nodules (ePGPR or free-living rhizobacteria)
promoting plant growth (Gray and Smith 2005).

Rhizobia are the best known iPGPR and produce nodules in leguminous plants.
The bacteria that nodulate legumes mainly belong to Proteobacteria families:
Rhizobiaceae (Rhizobium; Ensifer syn. Sinorhizobium), Bradyrhizobiaceae
(Bradyrhizobium), Hyphomicrobiaceae (Azorhizobium; Devosia),
Methylobacteriaceae ~ (Methylobacterium),  Brucellaceae  (Ochrobactrum),
Phyllobacteriaceae (Mesorhizobium; Phyllobacterium), and Burkholderiaceae
(Burkholderia; Cupriavidus).

The PGPRs function in different ways (Glick 2001); they synthesize compounds
(Zahir et al. 2004), enable the uptake of nutrients (Cakmakgi et al. 2007), and
decrease or prevent the plant diseases (Saravanakumar et al. 2008). Rhizobia
inoculation has been reported to activate host genes involved in the production of
phenolic compounds/phytoalexins, and higher levels of these compounds benefit
the plant by restricting disease development (El Hadrami et al. 2007). The antag-
onistic and plant growth promotion properties of R. leguminosarum b.v. phaseoli
against root rot caused by F. solani f.s. phaseoli in bean (Buonassisi et al. 1986) and
R. japonicum against root rot diseases caused by F. solani and M. phaseolina in
soybean have been demonstrated (Al-Ani et al. 2012).

The mechanism for enhancement of plant growth and yield by the PGPR may be
due to the ability to produce an enzyme (l-aminocyclopropane-1-carboxylate)
(Li et al. 2000), hormones like indole acetic acid (Patten and Glick 2002), abscisic
acid (Dobbelaere et al. 2003), gibberellic acid, and cytokinins (Dey et al. 2004);
symbiotic nitrogen fixation (Kennedy et al. 2004); antagonism against phytopath-
ogenic bacteria by producing siderophores, f-1,3-glucanase, chitinases, antibiotic,
fluorescent pigment, and cyanide (Glick and Pasternak 2003); solubilization and
mineralization of nutrients (Richardson 2001; Banerjee and Yasmin 2002); enhanc-
ing resistance to drought (Alvarez et al. 1996), salinity, waterlogging (Saleem et al.
2007), and oxidative stress (Stajner et al. 1997); and production of vitamin B,
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niacin, pantothenic acid, thiamine, riboflavin, and biotin (Sierra et al. 1999;
Revillas et al. 2000).

The root nodule bacteria are gram-negative bacteria and belong to a diverse
group of soil-inhabiting bacteria (O’Hara 2001). Probably, all the agricultural soils
contain some bacteria capable of nodulating some legumes. However, all these
bacteria may not be able to nodulate legumes or if they can they may not form an
effective symbiosis. It is very common situation when new legumes are introduced
to new lands (O’Hara et al. 2002). Howieson et al. (2000b) suggested probable
situations including more and less number of nodules on the uninoculated legume
and an effective, competitive inoculant strain of root nodule bacteria adapted to the
soil conditions when a new legume is introduced to new lands. The uninoculated
legume may form effective nodules in good quantity due to the presence of a large
population of effective root nodule bacteria. The formation of less number of
nodules on uninoculated legumes indicates absence or little presence of population
of root nodule bacteria in the soil that are able to nodulate the particular host
legume. These two situations revealed that the competitive inoculant strain of root
nodule bacteria should be selected that are adapted to the soil conditions (O’Hara
et al. 2002).

The productivity of a legume crop depends on the effective Rhizobium popula-
tion available in the soil and well-nodulated plants. At the early stage of seedling,
generally higher nodules and nodulation are found. The large and pink color
nodules are considered the effective and better nodules, whereas small and white
nodules are indicative of a poor symbiosis (Duseja and Shrivastav 2015). This
chapter covers the role of root nodule bacteria in improving soil fertility and growth
attributes of leguminous plants under arid and semiarid environments via direct and
indirect mechanisms.

4.2 Legumes

Arid and semiarid areas cover about 45% of the Earth’s land surface (Schimel
2010). Since nodulation and N fixation use significant amounts of plant photosyn-
thate, it may be inferred that nodulation is a useful attribute in a N-poor environ-
ment (Sprent and Gehlot 2010). The plant family Leguminosae (Fabaceae) is the
third largest family in the Angiosperms dominating range of arid and extreme
ecosystems. They are of ecological importance in sand dune stabilization, soil
fixation, and revegetation of semiarid and arid ecosystems (Rodriguez-Echeverria
et al. 2012). Over 100 agriculturally important legumes in symbiotic associations
with rhizobia contribute nearly half of the annual quantity of biological nitrogen
fixation (BNF) entering soil ecosystems and they provide an easy and inexpensive
way to enhance soil fertility and agricultural productivity (Zahran 2011).
Legumes bear seeds in pods and fix the atmospheric nitrogen with the help of
bacteria in their root nodules (Vance 1997). They are rich in protein and more than
16,000 species of legumes including herbs, shrubs, and trees are known worldwide
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out of which only about 200 are cultivated. The legumes improve soil quality
through favorable effects on soil biological, chemical, and physical conditions
(Howieson et al. 2000a). They have long been recognized and valued as soil-
building crops. The properly managed legumes enhance the nitrogen supplying
power of soils, increase the soil reserves of organic matter, stimulate the soil
biological activity, improve soil structure, reduce soil erosion, increase soil aera-
tion, improve soil water-holding capacity, and make the soil easier to till (Graham
and Vance 2000).

Generally, soils contain large Rhizobium populations which readily nodulate
common leguminous plants and trees, but there are situations in which the produc-
tion of well-nodulated plants is difficult. Some crops need different Rhizobial
species which may not be present in all soils or the rhizobia present in the soil fix
little nitrogen. Such problems can be overcome by mixing specially selected
Rhizobium cultures before sowing. Acacia senegal and Prosopis cineraria are the
most important dryland resources of Western Rajasthan desert ecosystem (Tewari
et al. 1998; Jindal et al. 2000) among leguminous arid zone tree species. A. senegal
is highly drought-tolerant multipurpose tree species and is an important forest
resource of gum arabic, fuel wood, human food, and fodder for livestock (Aoki
et al. 2007). Whereas P. cineraria grows very well in dryland agroforestry systems
and plays an important role in controlling soil erosion, sand dune stabilization,
improving soil fertility, providing fuel energy resources, supplying feed and forage
for grazing animals, firewood, furnishing timber and furniture wood, and
supplementing food for humans (Tewari et al. 1998; Manzano and Navar 2000;
Zare et al. 2011). Clusterbean, cowpea, moth bean, and horse gram are important
annual legumes grown in arid and semiarid region (Chhillar 2009).

4.3 Factor Affecting Nodulation

There are several factors including moisture stress, salinity, unfavorable soil pH,
nutrient deficiency, mineral toxicity, temperature extremes, inadequate photosyn-
thesis, plant diseases, trace element deficiencies, etc., which inhibit nodulation and
impose limitations on the vigor of the host legume (Brockwell et al. 1995). The
effects of salt stress on nodulation and nitrogen fixation of legumes have been
examined in several crops including legumes (Delgado et al. 1994; Nithyakalyani
etal. 2016; Rao et al. 2002). The water stress modifies the rhizobial cells and leads to
a reduction in infection and nodulation of legumes, while high soil temperatures
delay nodulation or restrict it to the subsurface parts (Graham 1992). Nodulation of
soybean was markedly inhibited at higher temperatures (Chibeba et al. 2015). Piha
and Munnus (1987) reported that bean nodules formed at 35 °C were small and had
low specific nitrogenase activity. The soils of pH < 5 make some rhizobia unable to
persist resulting in failure of nodulation in the legumes (Bayoumi et al. 1995). Taylor
etal. (1991) reported that acidity had more severe effects on rhizobial multiplication.
The low-medium pH (<4.5) affected the number of nodules, the nitrogenase
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activity, the nodule ultrastructure, and the fresh and dry weights of nodules to a
greater extent (Vassileva et al. 1997), while in the acidic soils with pH of >5.0,
where heavy metal activity is relevant, the presence of available aluminum inhibits
nodulation (Bordeleau and Prevost 1994). Both pH (4.5) and aluminum (100 mM)
caused delays in nodulation of Vigna unguiculata, particularly at low Ca* levels
(0.3 mM), while at a high calcium concentration (3.0 mM), nodulation was
improved (Hohenberg and Munns 1984).

Soares et al. (2014) assessed the symbiotic efficiency of symbiotic nitrogen-fixing
bacteria with V. unguiculata and their tolerance to pH and aluminum. They contrarily
reported that three strains (UFLA03-164, UFLAO03-153, and UFLAO03-154) yielded
higher values for dry weight production of the aerial part. These strains grow at varied
pH levels of 5, 6, and 6.8 and at high aluminum concentration levels. While strains
UFLAO03-84, UFLA03-153, and UFLAO03-164 can tolerate up to 20 mmol, dm 3 of
AI"™ (Soares et al. 2014). The nodulation, growth, and shoot nitrogen in some grain
legumes were adversely affected on addition of bicarbonate (Tang and Thomson
1996). Nodulation of Arachis hypogaea was also inhibited when plants grew in
nutrient solution containing carbonate (Tang et al. 1998). Similarly, heavy metals
had adverse effects on nodulation and nitrogen fixation of legumes (Klimek-Kopyra
et al. 2015).

Nitrogen fertilization is needed as starter nitrogen to achieve a substantial yield
of legumes at the stage when the symbiotic nitrogen fixation is unable to provide
enough nitrogen (Buttery and Dirks 1987), but excess amounts of soluble nitrogen
in the soil generally restrict or reduce nodulation and nitrogen fixation in the
legumes (Afza et al. 1987). Thies et al. (1995) reported suppressed nodulation
with the application of urea (90 kg of nitrogen ha™') in soybean plants. Similarly,
the root system of Cajanus cajan was poorly developed after application of nitrogen
fertilizer (up to 60 kg of N nitrogen ha ') and adversely affected the nodule
number, nitrogenase activity, nodule dry weight, shoot weight, and root and shoot
nitrogen (Kaushik et al. 1995). Herbicides have also been reported to affect the
growth of B. japonicum under in vitro conditions (Mallik and Tesfai 1993) and
reduced the nodulation of soybeans under greenhouse conditions (Mallik and Tesfai
1985). However, some of the herbicides including sethoxydim, alachlor, fluazifop
butyl, and metolachlor did not have detrimental effects on nitrogen fixation or seed
yields when added at the recommended rates for weed control in soybean (Kucey
et al. 1988).

The climatic conditions of arid and semiarid regions are often characterized by
hot, dry summers, subhumid monsoon, and cold dry winter. The climatic conditions
in this region restrict the buildup of soil organic matter and soils are generally
deficient in nitrogen (Kackar et al. 1990). The soil of region is sandy loam with
pH > 8.1 and low nutrient levels, with 0.23% organic carbon, 0.03% nitrogen, and
0.02% phosphorus (Dhir 1984). The rhizobial population can survive under limited
moisture levels of desert soils and can perform effective nodulation of legumes
growing therein (Jenkins et al. 1987, 1989; Tate 1995), but their densities are lowest
under the most desiccated conditions and it may increase as the moisture stress is
relieved (Waldon et al. 1989).
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The major problem is the increase in salinity levels of the soil that causes
reduction in plant growth and yield in irrigated arid and semiarid regions (Parida
and Das 2005). Symbiotic effectiveness depends on the specific combination of
compatible legume and rhizobium under the saline conditions (Faghire et al. 2013).
Therefore, identification and application of salinity-tolerant rhizobia in legume
cropping area helps in the formation of effective nodules and efficient nitrogen
fixation. Plant productivity is considerably reduced due to osmotic inhibition of
water uptake by roots or specific ion effects (Mayak et al. 2004). To improve plant
growth under stress conditions, it is important to improve salt stress tolerance in
crops. Zohra et al. (2016) characterized slow-growing rhizobial strains isolated
from Retama monosperma root nodules from Algeria resistant to alkaline pH up to
9 and salinity equal to 2% (w/v) NaCl. Younesi et al. (2013) reported positive
response of Pseudomonas fluorescence and Rhizobium meliloti co-inoculation on
nodulation and mineral nutrient contents in alfalfa under salinity stress conditions.
Sobti et al. (2015) showed that the rhizobia isolated from the desert soils are able to
survive, grow, and effectively nodulate their leguminous hosts even at high salt
concentrations. The tolerance to high levels of salinity and the survival and
persistence in severe and harsh desert conditions make these rhizobia highly
valuable inocula to improve productivity of the leguminous plants cultivated
under extreme environments.

4.4 Inoculation

There are two basic components in a good inoculant including dense Rhizobium
population that can produce higher number of nodules and can fix appreciable
amount of nitrogen and the inoculant should have good shelf-life so that can be
easily packaged and distributed. It is essential that the inoculum should produce an
economic response in the field. Several authors have shown that it is possible to
improve the growth of leguminous trees by inoculation with effective rhizobia
(Wolde-Meskel and Sinclair 1998; Bogino et al. 2006; Maia and Scotti 2010).

Singh et al. (2011) molecularly characterized the diverse groups of plant growth-
promoting rhizobacteria (PGPRs) in the rhizosphere and root nodules of native
A. senegal and P. cineraria of western Rajasthan by direct sequencing of 165 rRNA
gene to detect genetic diversity in field populations of PGPRs and reported that the
treatments with Bacillus licheniformis or S. kostiense, either inoculated individually
or as co-inoculants, had positive effect on phenotypic traits of germination. Chagas-
Junior et al. (2012) carried out a greenhouse experiment to evaluate the effect of
natural nodulation in the development of Pacara Earpod Tree (Enterolobium
contortisiliquum) and Leucaena (Leucaena leucocephala) using soil samples of
woods, cultivated areas, and degraded areas. They observed better nodulation
occurring in soil cultivation, providing a higher accumulation of biomass in both
species.



4 Role of Root Nodule Bacteria in Improving Soil Fertility and Growth. . . 45

In spite of inoculation with certain rhizobial cultures, no nodulation was reported
because the strains used for inoculation became exopolysaccharide deficient due to
mutation or any unspecified reason (van Rhijn et al. 2001). The success and
efficiency of inoculants for agricultural crops are affected by various factors, viz.,
ability of rhizobia to colonize plant roots, the exudation by plant roots, and the soil
health. The root colonization efficiency of the rhizobia is closely associated with
microbial competition and survival in the soil, as well as with the modulation of the
expression of several genes and communication between cells (Meneses et al. 2011;
Alquéres et al. 2013; Beauregard et al. 2013). Soil health is another important factor
that affects the inoculation efficiency, due to several characteristics such as soil
type, nutrient pool and toxic metal concentrations, soil moisture, microbial diver-
sity, and soil disturbances caused by management practices. The roots of plant
secrete a wide range of compounds that interfere with the plant—bacteria interaction
and react to different environmental conditions. It is considered an important factor
in the efficiency of the inoculants (Cai et al. 2012; Carvalhais et al. 2013).

4.5 Role of Root-Nodulating Bacteria in Soil Health
and Plant Growth

The root-nodulating bacteria have the ability to inhibit certain soil-borne plant
pathogens along with nitrogen fixation. Due to their dual role in plant growth
promotion and disease control, they have become the valuable part of sustainable
agriculture (Mallesh 2008). The antagonistic and plant growth promotion properties
of R. leguminosarum b.v. phaseoli against root rot caused by F. solani f.s. phaseoli
in bean (Buonassisi et al. 1986) and R. japonicum against root rot diseases caused
by F. solani and M. phaseolina in soybean have been demonstrated (Al-Ani et al.
2012).

Nitrogen is essential for the synthesis of enzymes, proteins, chlorophyll, DNA,
and RNA in the cell; hence, it is very important for plant growth and production of
food and feed. It is provided through rhizobial bacteroids for nodulating legumes.
The BNF accounts for 65% of the total nitrogen utilized in agriculture (Matiru and
Dakora 2004). The biochemical reactions of BNF take place mainly through
symbiotic association of nitrogen-fixing microorganisms with legumes that con-
verts atmospheric elemental nitrogen into ammonia (Shiferaw et al. 2004).

The nitrogen-fixing genes of Rhizobia and regulation of nitrogenase activity in
the nodules depend on the genes of host plant genotype compatibility which
determines symbiotic effectiveness. Cross talk between plant host and rhizobia
from recognition of partners, through functional nodule formation and nitrogen
reduction, determines effective symbiosis (Long and Ehrhardt 1989). The host plant
responds chemotactically to flavonoid molecules and induces the expression of
nodulation (nod) genes in Rhizobia that in turn respond to the lipo-
chitooligosaccharide signals and trigger mitotic cell division in roots, leading to
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nodule formation (Dakora 2003; Lhuissier et al. 2001; Matiru and Dakora 2004). It
is a molecular dialogue between the host plant and a compatible strain of Rhizobium
which serves as an initiative for the development of nodules (Murray et al. 2007).
Besides, there are a number of factors including host—microsymbiont compatibility,
physicochemical conditions of the soil, and the presence of both known and
unknown biomolecules such as flavonoids, polysaccharides, and hormones that
affect the nodulation on legume roots (Zafar-ul-Hye et al. 2007).

The nitrogen fixed by Rhizobia in legumes also benefits the associated
non-leguminous plants growing in intercrops through direct transfer of biologically
fixed nitrogen (Snapp et al. 1998) or to subsequent crops grown in crop rotation
(Hayat et al. 2008a, b). Besides nitrogen fixation, species of Rhizobium and
Bradyrhizobium produce abscisic acids, auxins, cytokinins, lumichrome, riboflavin,
lipo-chitooligosaccharides, and vitamins that enhance plant growth (Hayat and Ali
2004; Hayat et al. 2008a, b). In many low-input agriculture systems including
grasses, crops depend on the nitrogen fixed by the legume counterparts for their
nitrogen requirements and protein (Hayat and Ali 2010). Other plant growth-
promoting traits of Rhizobia and Bradyrhizobia include phytohormone production
(Arshad and Frankenberger 1998), siderophore release (Jadhav et al. 1994), solu-
bilization of inorganic phosphorus (Chabot et al. 1996a), and antagonism against
plant pathogenic microorganisms (Ehteshamul-Haque and Ghaffar 1993). Appli-
cation of B. japonicum to the crop of radish increased about 15% plant dry matter
(Antoun et al. 1998). Chabot et al. (1996b) applied bioluminescence from
Rhizobium leguminosarum bv. phaseoli strain having lux genes to visualize in
situ colonization of roots by Rhizobia in maize. Further, Yanni et al. (2001) also
reported similar findings on maize root colonization and infection by Rhizobia.

The in vitro studies on Rhizobia-infected cereal roots revealed that Rhizobia are
brought into closer contact with cereal roots during legume—cereal rotations and/or
mixed intercropping and may result in non-legume root infection by native
rhizobial populations in the soil. Various researchers have isolated natural endo-
phyte Rhizobium from the roots of non-leguminous species including rice (Yanni
et al. 1997), cotton, sweet corn (Mclnroy and Kloepper 1995), maize (Martinez-
Romero et al. 2000), wheat (Biederbeck et al. 2000), and canola (Lupwayi et al.
2000) either grown in rotation with legumes or in a mixed cropping system
involving symbiotic legumes. Wiehe and Holfich (1995) demonstrated that the
strain R39 of R. leguminosarum bv. trifolii multiplied under field conditions in
the rhizosphere of host legumes as well as non-legumes including corn, rape, and
wheat.

The plant growth-promoting ability of Rhizobia inoculation varies with soil
properties and crop rotation (Hilali et al. 2001), and the inoculation response mainly
depends on the soil moisture, available nitrogen, yield potential, and the richness
and effectiveness of native Rhizobia (Venkateswarlu et al. 1997). Rao (2001)
reported 10-25% yield benefits with inoculation in the trials conducted on arid
legumes like Cyamopsis tetragonoloba, Vigna aconitifolia, and V. radiata. The
positive effects of chickpea field co-inoculation with Mesorhizobium sp. and Pseu-
domonas aeruginosa, which accounted for an increase of 32% in grain yield,
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compared to the uninoculated control (Verma et al. 2013). Fenugreek
bio-inoculated with R. meliloti strain FRS-7 resulted in 36.8 and 45.9% increased
yields over control for two consecutive years under semiarid conditions saving
about 20 kg ha™' nitrogen accompanied with better crop yield and soil health
(Singh and Patel 2016). Rhizobia-inoculated plants produced significantly higher
nodule number, nodule dry weight, grain yield, and yield components than
non-inoculated non-fertilized plants. Inoculation of field-grown lentil with rhizobia
strain Lt29 and Lt5 enhanced seed yield by 59% and 44%, respectively (Tena et al.
2016). Bhargava et al. (2016) studied the phenotypic, stress tolerance, and plant
growth-promoting characteristics of rhizobial isolates from selected wild legumes
of semiarid region and suggested that the functional diversity displayed by the
isolates can be utilized for the legume crop production by cross inoculation.

4.5.1 Symbiotic Nitrogen Fixing Bacteria

The BNF is the most efficient process to supply the large amounts of nitrogen
required by legumes to produce high-yielding crops. There are approximately
700 genera and ~13,000 species of legumes; only about 20% (Sprent and Sprent
1990) have been examined for nodulation and shown to have the ability to fix
nitrogen. The legume plants enter into a symbiotic partnership with certain bacteria
called rhizobia. The rhizobia present in the soil or added as seed inoculum enter into
the root hairs and move through an infection thread toward the root of legume
plants. It multiplies rapidly in the root, causing the swelling of root cells to form
nodules (Limpens et al. 2003).

The plant transports carbohydrate to the nodules which is used as a source of
energy by the rhizobia. Some of the carbohydrates are also used by the rhizobia as a
source of hydrogen for the conversion of atmospheric nitrogen to ammonia
(Gopalakrishnan et al. 2015). The symbiotic relationship between root nodule
bacteria and legumes has high degree of specificity for effective nodulation. It
operates at both levels of the symbiosis, i.e., the nodulation and nitrogen fixation by
the exchange of specific chemical signals between the two partners (Perret et al.
2000). The symbiosis is controlled at a molecular level and is possible due to the
presence of appropriate genes (Schlaman et al. 1998; Perret et al. 2000).

The volume of nitrogen fixed by various leguminous plants varies according to
its species and varieties. It is directly related to the dry matter yield within a species.
Some leguminous crops can fix up to 400 kg nitrogen ha~' during the best years.
Clover can fix over 200 kg, while Lucerne can fix 300 kg nitrogen ha™'. Most of the
grain legumes obtain 50-80% of their total nitrogen requirements through biolog-
ical fixation, while some legumes, viz., faba bean, fix up to 90%. Faba bean in
association with rhizobia can fix up to 120 kg nitrogen ha™' (Danso 1992). The rate
of rhizobia survival, the extent of effective nodulation, and plant growth factors are
responsible for the potential nitrogen fixation. Similarly adverse soil condition or
environmental stress restricts the nitrogen fixation process. High level of soil



48 S.K. Singh et al.

nitrogen reduces nitrogen fixation as legumes specially use most of the available
soil nitrogen before beginning of the nitrogen fixation, while lower nitrogen levels
can also reduce plant growth. During the period of formation of nodules and
beginning of nitrogen fixation, legume requires a minimum quantity of nitrogen
(about 20-22 kg ha™ '), from other sources depending on growing conditions
(Anglade et al. 2015). Symbiotic nitrogen fixation is carried out by selective species
of bacteria specific to particular legume species (Chandrasekar et al. 2005; Qureshi
et al. 2009).

The nitrogen fixation is a key factor in low-input agricultural systems to sustain
long-term soil fertility. It has immense importance under the areas where there is
high farm land pressure and the fallow system cannot be followed. Under such
situations, biologically fixed nitrogen improves soil nitrogen content and increases
the yield of subsequent crops in cropping systems (Habtegebrial and Singh 2006).

4.5.2 Non-symbiotic Nitrogen-Fixing Bacteria

A number of PGPRs associate with various C3 and C4 plants including rice, wheat,
maize, sugarcane, and cotton and increase their vegetative growth and grain yield
(Kennedy et al. 2004). Azotobacter species are free-living heterotrophic and have
been reported to increase the yield of rice (Yanni and El-Fattah 1999), cotton
(Anjum et al. 2007), and wheat (Barassi et al. 2000). Similarly some obligatory
anaerobic heterotrophs, viz., Clostridia, are able to fix atmospheric nitrogen under
complete absence of oxygen (Kennedy et al. 2004). Azospirillum species are
aerobic heterotrophs and have the ability to fix nitrogen under microaerobic con-
ditions (Roper and Ladha 1995). They have been reported in the rhizosphere of
gramineous plants (Kennedy and Tchan 1992; Kennedy et al. 2004). Their benefi-
cial effects have been reported on the grain yield of wheat under both greenhouse
and field conditions (Ganguly et al. 1999). The association of Azospirillum with
plant leads to improved development and yield of host plants (Fallik et al. 1994) due
to improved root development by increased water and mineral uptake and BNF
(Okon and Itzigsohn 1995). Azospirillum influences the root respiration rate,
metabolism, and root proliferation of the host by the synthesis of phytohormones
(Okon and Itzigsohn 1995).

4.5.3 Phosphate Solubilization

Phosphorus is the structural component of nucleic acids, phospholipids, and aden-
osine triphosphate and is an essential and key nutrient for the metabolic and
biochemical pathways for various reactions including BNF and photosynthesis
(Ehrlich 1990; Richardson and Simpson 2011). It exists as organic and inorganic
phosphates forms in the soil and is absorbed by the plant in both mono- and dibasic
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forms (Glass 1989), but it remains in insoluble forms, hence not available for plant
nutrition. The availability of this element depends on its solubility that may be
enhanced by the root activity of plant and microorganisms available in the soil.
Plant growth-promoting rhizobia have the capacity to convert both organic and
inorganic insoluble phosphates compounds in a form accessible to the plant (Igual
et al. 2001; Rodriguez et al. 2006). Phosphate-solubilizing bacteria constitute
approximately 1-50% of the total population of cultivable microorganisms in the
soil (Khan et al. 2009) and solubilize inorganic soil phosphates through the pro-
duction of organic acids, siderophores, and hydroxyl ions (Rodriguez et al. 2006,
Sharma et al. 2013). Several phosphate-solubilizing bacteria belonging to genera
Pseudomonas, Bacillus, Rhizobium, Burkholderia, Achromobacter,
Agrobacterium, Microccocus, Aerobacter, Flavobacterium, and Erwinia have
been isolated from the roots and rhizospheric soil of various plants (Rodriguez
et al. 2006; Ambrosini et al. 2012; Farina et al. 2012; Costa et al. 2013; Souza et al.
2013, 2014) and have the ability to solubilize insoluble mineral phosphate, viz.,
tricalcium phosphate, dicalcium phosphate, hydroxyl apatite, and rock phosphate
(Goldstein 1986; Rodriguez and Fraga 1999; Rodriguez et al. 2006).

4.5.4 Other Plant Growth Promotion Mechanisms

The bacteria present in the rhizosphere affect the plant growth directly or indirectly.
They improve the uptake of nutrients, produce plant growth-promoting compounds,
and protect plant root surfaces from colonization by pathogenic microbes (Mantelin
and Touraine 2004). The symbiotic and non-symbiotic bacteria promote plant
growth directly through production of hormones (Vivas et al. 2005), plant growth
regulators, and other plant growth-promoting activities (Dobbelaere et al. 2003).
PGPR has also been used to remediate contaminated soils (Zhuang et al. 2007,
Huang et al. 2005) and mineralize organic compounds in association with plants
(Saleh et al. 2004). Some of the important genera of bacteria used in bioremediation
include Bacillus, Pseudomonas, Methanobacteria, Ralstonia, and Deinococcus,
etc. (Milton 2007). It has been observed that the application of certain rhizobacteria
can increase the uptake of nickel from soils (Rai et al. 2006).

4.5.5 Soil Health

Soil is a heterogeneous mixture of different organisms in which different organic
and mineral substances are present in solid, liquid, and gaseous phases (Kabata-
Pendias 2004), and the soil structure including size of soil aggregates, their
arrangement, and stability is the result of physical forces and natural grouping of
particles (Lynch and Bragg 1985). The soil aggregation is influenced by several
factors including soil mineralogy, cycles of wetting and drying, soil pH range, and
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clay and organic material contents (Majumder and Kuzyakov 2010; Vogel et al.
2014). The fine spatial heterogeneity of soils results in a complex mosaic of
gradients selecting for or against bacterial growth (Vos et al. 2013).

Soil health is the capacity of soil to function as a vital living system, within
ecosystem. It sustains plant and animal productivity and maintains or improves
water and air quality simultaneously promoting the plant health (Doran and Zeiss
2000). The soil type, climate, cropping patterns, use of pesticides and fertilizers,
availability of carbon substrates and nutrients, toxic material concentrations, and
the presence or absence of specific assemblages and types of organisms are major
factor affecting the soil health (Doran and Zeiss 2000; Kibblewhite et al. 2008). The
microbial communities provide many potentially indicators for sustainable man-
agement of soils (Pulleman et al. 2012), and the flexibility of soil functional is
governed by the effects of the physicochemical structure on the composition and
physiology of microbial community (Griffiths and Philippot 2012).

4.5.6 Biofertilizer

The soluble nitrogen is one of the most important soil nutrients and its supply to the
plants is always a matter of concern and is mainly fulfilled by the chemical
fertilizer. Although the atmospheric air contains enormous nitrogen gas, it cannot
be used by the plants directly. It must be converted into nitrogenous compounds for
the use of plants. Microbes have the ability to perform this action naturally, and
Rhizobium is the most important microorganism of choice that enters into the roots
of legumes and stimulates the plant to form nodules. The plant and the bacteria live
in symbiotic coordination. The bacteria get carbohydrates from the host and in
return it gives soluble nitrogen to the plant. The plant switches genes in the
Rhizobium present in the nodule that enables it to convert nitrogen gas into
nitrogenous compounds, and this process is known as nitrogen fixation. This was
the most important source of nitrogen for agriculture until the early years of this
century until the discovery of chemical process for ammonia synthesis in 1909.
Gradually farming was mechanized and traditional legume cereal rotations were
abandoned as relatively cheap nitrogen fertilizers became commonly available and
they appeared more efficient than legumes in increasing grain yields. However,
legumes are able to supply more nitrogen for most systems if they were called upon
to do so. The worldwide population growth, economic growth, and agricultural
productions are the major issues that demanded the use of chemical fertilizers in
agriculture (Morel et al. 2012).

The chemical fertilizers have become essential components of modern agricul-
ture, and the current agricultural production depends on the large-scale use of these
fertilizers for nitrogen, phosphorus, and potassium (Wartiainen et al. 2008;
Adesemoye et al. 2009). However, the higher use of chemical fertilizers can
cause unanticipated environmental impacts (Adesemoye et al. 2009). The plant
growth-promoting bacteria-based inoculation method may be utilized as an
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alternative to the chemical fertilizers. The inoculants containing plant growth-
promoting bacteria is getting interest worldwide due to expensive nitrogen fertil-
izers and its adverse effect on the environment, water contamination, acidification
of soils, and greenhouse effects (Hungria et al. 2013).

Drawbacks of intensive farming practices and environmental costs of nitrogen
and phosphorus fertilizers have renewed interest in biofertilizers. Rhizobia species
have been well studied due to their symbiotic relationship with leguminous plants
and their agronomical application as inoculants in the cultivation of economic crops
(Alves et al. 2004; Torres et al. 2012). The results of in vitro and in vivo efficacy of
S. saheli strains suggest that their co-inoculation with PGPRs can not only reduce
the use of chemical fertilizers but also can significantly enhance yields by increas-
ing plant growth and suppressing soil-borne plant pathogenic fungi (Gautam et al.
2015). The soybean Bradyrhizobium association is a good example of the efficiency
of BNF, and B. elkanii and B. japonicum are species commonly used to inoculate
this leguminous plant (Alves et al. 2004). PGPRs with ACC deaminase trait usually
improve yield and plant growth and thus are good candidates for biofertilizer
formulation (Shaharoona et al. 2006a, b). The nitrogen provided by the root-
nodulating bacteria is less prone to leaching, volatilization, and denitrification
and is therefore considered an important biological process that contributes to
sustainable agriculture (Dixon and Kahn 2004).

4.6 Conclusions

Intensive use of chemical fertilizers and pesticides has led to soil fertility degrada-
tion and severe health and environmental hazards. By contrast, researches have
demonstrated that biofertilizers naturally activate the microorganisms found in the
soil being cheaper, effective, and environmental friendly. They are gaining impor-
tance for use in crop production, restore the soil’s natural fertility, and protect it
against drought and soil diseases and therefore stimulate plant growth. Further
exploitation of functional diversity, legume-rhizobia gene interactions, and toler-
ance of efficient rhizobial isolates to the adversities of arid and semiarid regions
environments in combination with compatible PGPRs can improve soil health and
legume crop production. Concurrently, a better understanding of the interactions of
leguminous plants vis-a-vis soil fertility, pest, and diseases shall create opportuni-
ties for better, low-cost biological management of soil fertility in arid and semiarid
regions environments to make agriculture practices more sustainable and econom-
ical. It is right time to generate more supplementary investigations to develop
biofertilizer technology to introduce superior strains to produce industrial and
commercial biological fertilizers.
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Chapter 5
Diversity, Nitrogen fixation, and Biotechnology
of Rhizobia from Arid Zone Plants

Rakesh Pathak, S.K. Singh, and Praveen Gehlot

5.1 Introduction

Some microbes have the ability to stimulate the seedling emergence and further
growth in poor structured soils and hence can be used as agrochemicals. They react
with various metabolites released by plant roots. This interaction helps in nutrient
uptake of plants, adaptation of plants to adverse soil chemical conditions, and
susceptibility to disease (Bouhmouch et al. 2005). The beneficial soil microorgan-
isms have been widely studied due to their potential for agricultural productivity
(Davranova et al. 2013). These microbes in the rhizosphere are important for their
beneficial effect on plant growth, especially under stress conditions (Zahran 2011).

The term rhizobia generally refers to members of the genus Rhizobium, but in true
sense it includes all bacteria that are capable of nodulation and fixing the nitrogen in
association with leguminous crop (Willems 2006; Tiana et al. 2012). Rhizobia are
soil-inhabiting heterogeneous group of diverse bacteria (Lema et al. 2012) with the
potential to stimulate nodule formation with the roots of both leguminous and
non-leguminous plants (Schwieger and Tebbe 2000; Nelson and Sadowsky 2015).
These bacteria enter into the root tissues via root hairs or directly via wounded
tissues during specific interactions with the host and induce nodule formation on
roots and/or shoots (Zakhia et al. 2006). The rhizobia fix atmospheric nitrogen into
ammonia through effective nodules and support plant growth. In return, the rhizobia
obtain nutrition and protection by the host in symbiotic manner (Lodwig and Poole
2003; Bhattacharjee and Sharma 2015). The ineffective nodules do not fix nitrogen,
but nutrients are absorbed by the rhizobia; in this situation, the rhizobia could be
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considered parasitic (Denison and Kiers 2004; Fujita et al. 2014). This symbiotic
relationship for nitrogen fixation has been extensively studied in agriculture for
improving soil health and crop yields (Zahran 2009; Mus et al. 2016).

Rhizobia have a large amount of homospermidine and are found in both free-living
form in soils and inside of a host showing their adaptable approach for survival, by
inhabiting soils or root nodules developed through rhizobia—legume interactions
(Fujihara 2009). Phylogenetically rhizobia are very diverse, representing several line-
ages, comprised of 12 genera and more than 90 species of a- and p-proteobacteria
(Tiana et al. 2012) including Rhizobium, Bradyrhizobium, Azorhizobium (Benson et al.
2015), Mesorhizobium, and Sinorhizobium (Chriki-Adeeb and Chriki 2016), and
belong to the family Rhizobiaceae. Rhizobia are gram-negative, rod-shaped
(~0.5-0.9 pm in width and 1.2-3.0 pm in length), heterotrophic (Prescott et al. 1996;
Ahmed and Abdelmageed 2015), and nonspore formers. The dormant or stationery
phase bacteria can survive under environmental stress conditions, whereas actively
growing bacteria usually die under stress conditions (Feng et al. 2014). With the advent
of modern biotechnological tools and techniques such as rDNA sequencing, 16S
diversity, DNA-rRNA hybridizations, and rRNA catalogues, more diversity of
rhizobia could be exposed and their relationships with other groups of bacteria could
be discovered which led to a gradual increase in the number of its genera. Bakhoum
et al. (2014) reported high diversity among root-nodulating bacteria of A. senegal and
found its association with arid and semiarid regions. The study of the diversity and
distribution of rhizobial strains may be exploited in the formulation of inoculants to
combat adverse environmental conditions of the arid regions. The symbiotic associa-
tion of legume-rhizobia contributes approximately 80% biologically fixed nitrogen
including 25-30% of the worldwide protein intake. The ability of rhizobia to inhibit
certain soil-borne plant pathogens has extended the importance of rhizobia and is
receiving increasing attention in sustainable agriculture (Gautam et al. 2015). This
chapter provides an overview of the recent developments and concerns associated with
the diversity, nitrogen fixation, and biotechnology of rhizobia from arid zone plants.

5.2 Arid Region and Rhizobia

The climate of arid zones is often characterized as hot and dry summers, subhumid
monsoon, and cold dry winters. The high temperature, low relative humidity, high
evaporation rate, and scanty rainfall are major features of arid regions. The soils of
these regions are generally deficient in nitrogen and organic matter (Rajasekar et al.
2015). These ecosystems are characterized by lack of moisture and nitrogen, but
drought and salt stresses are probably main factors that inhibit the growth of
organisms in arid and semiarid regions (Fita et al. 2015; Rajasekar et al. 2015).
Higher soil temperatures (3540 °C) and environmental conditions prevailing in
arid regions generally result in ineffective nodulation and restrict the plant—microbe
symbioses in the arid zone plants (Requena et al. 2001). Rhizobia have potential to
restore soil fertility and sand dune stabilization in arid regions. The natural rhizobia
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of leguminous plants growing in arid zones exhibit higher tolerance to prevailing
adverse conditions like salt stress, elevated temperature, and drought. Several
rhizobial strains have been reported to be heat tolerant and establish effective
symbioses with their host (Mclntyre et al. 2007) showing their relevance in arid
climates. The biological nitrogen fixation (BNF) is the best way for nitrogen input
into desert ecosystems, and Rhizobium—legume symbiosis represents the major
mechanism of BNF in arid lands (Zahran 2001).

5.3 Biological Nitrogen Fixation in Arid Regions

The effective management of nitrogen is essential for sustainable agriculture.
Biologically fixed nitrogen plays an important role in this direction as the nitrogen
obtained from this phenomenon is less susceptible to volatilization, denitrification,
and leaching and is directly used by the plant. About 80% of biological nitrogen in
agricultural settings comes from symbioses of leguminous plants and species of
Rhizobium, Sinorhizobium, Bradyrhizobium, Mesorhizobium, Azorhizobium, and
Allorhizobium (Graham and Vance 2000). The leguminous plants of arid zone, i.e.,
Prosopis species, Acacia species, Cyamopsis tetragonoloba, Vigna unguiculata,
V. aconitifolia, Macrotyloma uniflorum, Phaseolus vulgaris, Medicago sativa, Arachis
hypogaea, etc., have drought resistance mechanisms for their survival in these areas.
The osmoadaptation of the host and rhizobia is essential for maintaining effective
symbiosis and nitrogen fixation in these regions. The Rhizobium—legume symbioses
are the important nitrogen-fixing systems and may have the potential to increase
nitrogen input in arid lands. The nitrogen fixed by the symbiotic association of
Rhizobium species and legumes represents a renewable source of nitrogen for agri-
culture estimating 200-300 kg nitrogen per ha per year (Peoples et al. 1995). The
crops planted after harvesting of legumes often yield equivalent to those expected
from application of 30-80 kg of nitrogen per ha. The nitrogen fixed for alfalfa, red
clover, pea, soybean, cowpea, and vetch is estimated about 65-335 kg (Tate 1995) or
23-300 kg of nitrogen per ha per year (Wani et al. 1995). The BNF is one of the
important ways for nitrogen input into desert ecosystems and nearly half of biologi-
cally fixed nitrogen is symbiotic (Werner and Newton 2005). Rhizobium—legume
symbioses represent the major mechanism of BNF in these areas as compared to
other nitrogen-fixing bacteria and heterotrophs (Laranjo et al. 2014).

The symbiotic association offers competitive advantage for rhizobial survival by
attaching to roots or living in the rhizosphere due to root exudation. One gram of
root is estimated to release 50—100 mg of exudate, sufficient to support more than
2000 bacteria (Morgan et al. 2005), and even non-leguminous host can support a
considerable number of rhizobia. Yanni et al. (1997) recovered 106 cells of
Rhizobium leguminosarum bv. Trifolii cells from the each gram of internal tissues
of fresh rice roots. The rhizobia are symbiotically competent however; symbioti-
cally incompetent rhizobial strains have also been reported (Krol and Becker 2014).
Rhizobia with survival ability in desert soils and arid regions that showed effective
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symbiotic characteristics with their host legumes have been identified (Jenkins et al.
1989). Effective rhizobia are competitive and able to migrate under scarce moisture
conditions (Wadisirisuk et al. 1989). Athar and Johnson (1996) reported two mutant
strains of Rhizobium meliloti that were competitive with naturalized alfalfa rhizobia
and were symbiotically effective under drought stress. They suggested that the
nodulation, growth, and nitrogen fixation can be improved by inoculation with
competitive and drought-tolerant rhizobia in alfalfa. The seeds of leguminous
plants may be inoculated with rhizobia to increase nodulation and nitrogen fixation.
The inoculated seeds resulted in improved seed germination and seedling traits than
from non-inoculated seeds (Singh et al. 2011; Pancholy et al. 2011). Peoples et al.
(1998) compared the annual herbage production under stress and reported that
Medicago-based pastures could fix more than 70 kg of nitrogen per ha per year,
making them efficient and sustainable. Various conditions that influence the com-
petition and saprophytic capability of rhizobia under environmental factors have
been studied, and it has been reported that the increasing oxidative flux of proline in
bacteroids may provide an agronomically significant yield advantage under uncer-
tain stress conditions (Hayat et al. 2012).

Naturally occurring annual and perennial legumes are well nodulated, and their
root nodules are active in nitrogen fixing. Jha et al. (1995) suggested the suitability
of rhizobium- inoculated wild herb legumes for providing vegetation cover and
improving soil fertility in unreclaimed lands. Studies revealed that Rhizobium
strains isolated from Astragalus cicer and wild desert plants effectively nodulate
M. sativa and P. vulgaris (Zhao et al. 1997) and Vicia faba and Pisum sativum
(Zahran and Sprent 1986), respectively. The rhizobia of wild legumes may have
better traits than the homologous rhizobia, and inoculation of effective rhizobia
from wild legumes to other legume crops is a novel strategy to improve the
effectiveness of the Rhizobium—legume symbiosis (Zahran 2001).

5.4 Rhizobia and Stress

The rhizobia establishing reciprocal or symbiotic associations with the roots of the
hosts (Schwieger and Tebbe 2000) have to cope with various environmental
stresses including drought, low pH, salinity, high temperature, heavy metal toxicity,
and nutrition deprivation stresses (Salvagiotti et al. 2008; Laranjo and Oliveira
2011) and that may affect their survival, growth, and/or symbiotic performance in
the field (Howieson and Ballard 2004). Low soil pH may alter motility mechanisms
of the rhizobia and disturb the molecular signals of the legume symbiosis (Morén
et al. 2005); similarly, higher soil pH can also affect the rhizobial growth in soil
(Dilworth et al. 2001). The survival, growth, and structure of the rhizobia are badly
affected by the water stress, and at severe conditions, the formation and longevity of
nodules and its functions are negatively affected leading to the permanent cessation
of nitrogen fixation (Nadeem et al. 2014). The soil salinity has been reported to be
disadvantageous for the survival and diversity of natural rhizobial populations due
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to direct toxicity as well as through osmotic stress (Diouf et al. 2007; Vriezen et al.
2007; Thrall et al. 2008) and affects the distribution of rhizobia in arid soil and
rhizospheres. The higher temperatures are detrimental to rhizobia and host and may
inhibit the adherence of rhizobia to the root hair and formation of root hair and
infection thread. The rhizobial species and strains differ in the high temperature
tolerance and selection of strains for temperature tolerance may be a good means of
overcoming temperature stress (Bansal et al. 2014).

5.4.1 Drought Stress and Water Deficiency

Understanding legumes—rhizobia responses to drought is of great importance and a
fundamental part of making symbiotic combinations stress tolerant (Mouradi et al.
2016; Serraj et al. 1999). As a result of water removal and exposure to the
atmosphere, the plant cells become susceptible to the chemical damage and forma-
tion of certain molecules can induce the lipid peroxidation, protein denaturation,
and nucleic acid damage (Casteriano 2014). Drought not only affects the rhizobial
infection, its persistence, survival, and colonization but also limits the nodulation
(Mhadhbi et al. 2011). However, some rhizobial species have shown their ability to
tolerate and survive under drought and severe water deficit conditions (Abolhasani
et al. 2010). These strains can support severe drought conditions by various
adaptive strategies and production of a number of compounds including chaperones
and sugars, synthesis of stress enzyme 1-aminocyclopropane-1-carboxylic acid, and
production of exopolysaccharides, trehalose, phosphate-solubilizing agents,
siderophores, phytohormones, etc. (Hussain et al. 2014). These strains can be
used to improve drought impact on plants and to assist them to tolerate adverse
conditions by producing physical and chemical changes (Yang et al. 2009).

The rhizobia modify its morphological structure under water deficiency condi-
tions, and the changed morphology leads to reduction in rhizobial infection and
nodulation of legumes and restriction of nodule development and function. Several
legumes, viz., C. tetragonoloba, V. unguiculata, V. aconitifolia, M. uniflorum, and
Cicer arietinum, are tolerant to water deficit condition and have developed mecha-
nisms to tolerate inadequate water supply. Biochemical modifications such as
increase in sucrose (Lobato et al. 2009), reduction of soluble proteins, and increase
in total amino acids (Costa et al. 2011) contribute to osmotic adjustment of these
plants. The rhizobia can exist in arid soils, but their density is lowest under the most
desiccated conditions; however, it increases as the moisture stress is relieved (Jenkins
et al. 1989). Studies on Rhizobium-legume symbiosis show that trehalose content in
nodules under drought stress correlates positively with an increase in plant tolerance
to this stress. Almanza et al. (2010) explored the effect of co-inoculation with
mycorrhiza and rhizobia on the nodule trehalose content of different bean genotypes
under contrasting moisture conditions. They found that the correlation analysis
showed a significantly positive correlation between mycorrhizal colonization and
nodule trehalose content.
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The wide range of variability can be observed for the rhizobial strains with
different sensitivity to soil moisture, and moisture stress-tolerant rhizobial strains
can be identified that effectively nodulate arid legumes. Wadisirisuk et al. (1989)
observed that osmotolerant rhizobia can migrate even under scarce moisture con-
ditions. Zahran (1999) improved nodulation and nitrogen fixation in M. sativa by
inoculating plants with drought-tolerant rhizobia. Athar and Johnson (1996)
reported that osmotolerant strains of R. meliloti performed better than those of the
nontolerant alfalfa rhizobia and formed effective symbiotic relationship under
drought conditions. It has been reported that the rhizobial strains with ability for
increased accumulation of compatible solutes are able to perform better in stressed
soil (Straub et al. 1997).

Trees of genera Acacia and Prosopis are of central importance in rural economy
of arid regions (Roshetko 2001) as these trees can grow with rainfall as low as
40-50 mm per year and the long tap roots of trees reach the groundwater during
rainless period. These trees contribute toward the soil stabilization and improve-
ment through nitrogen fixation (Fagg and Stewart 1994), agroforestry potential, and
nodulation ability (Masutha et al. 1997). Even under water stress conditions
prevailing in these regions, the tree legumes could fix 43-581 kg of nitrogen per
ha as compared to annual legumes which fix 15-210 kg of nitrogen per ha (Dakora
and Keya 1997).

5.4.2 Salt Stress

Salinity reduces the ability of plants to take up water, which in turn reduces growth
rate along with several metabolic changes (Munns 2002). Salt stress inhibits the
initial steps of rhizobia—legume symbioses by causing root hair curling and reduc-
ing nitrogen fixation (Kulkarni and Nautiyal 2000; Laranjo and Oliveira 2011). Soil
salinity or acidity is detrimental for the survival and diversity of natural rhizobial
populations and also restricts their ability to establish symbiotic associations (Bala
et al. 2003; Diouf et al. 2007). Diversity among salt-tolerant rhizobia has been
studied. Many rhizobia are fairly salt tolerant and are capable of living under severe
moisture deficient conditions (Zahran 1999; Sadowsky 2005). Studies revealed that
free-living rhizobia are more salt tolerant than their host legumes (Zahran et al.
2007; Laranjo and Oliveira 2011). A number of workers reported rhizobial isolates
with high capacity (1-5% NaCl) for salt tolerance (Zou et al. 1995; Maatallah et al.
2002; Al-Shaharani and Shetta 2011; Zahran et al. 2012). Some rhizobial strains
collected from arid and saline areas were reported as highly salt tolerant that
withstand at high levels (5-10%) of NaCl (Zahran et al. 2003).

Salinity and drought under arid conditions have adversely affected the growth,
development, and yield of Cicer arietinum (Khaitov et al. 2016). Salinity inhibited the
survival and proliferation of Rhizobium spp. in the soil and rhizosphere. Salinity
coupled with drought significantly declines plant biomass, nodule development,
nitrogenase activity, and yield of the legume crop (Garg and Baher 2013;
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Egamberdieva et al. 2014). It has been observed that the survival of rhizobia in the
plant root and soil is affected by nutrient deficiency, salinity, drought, and acidity
(Slattery et al. 2004). The efficient plant growth-promoting bacteria improve the
production of chickpea and overcome these stresses. Inoculation of plants with
Rhizobium sp. significantly increased shoot, root dry matter, and nodule number as
compared to the uninoculated plants (Khaitov et al. 2016). The salt tolerance abilities
of rhizobia may have an important effect on the successful Rhizobium-legume
associations under salinity conditions. Bano et al. (2010) reported that bacterial strains
adapted to drought stress are effective in the root-nodule symbiosis and alleviate
growth and yield of the legume imposed by drought stress.

The rhizobia, tolerant to extremely higher levels of salts, have been isolated from
various crop and wild legumes (Ali et al. 2009). Zeghari et al. (2000) observed
some Acacia and Prosopis strains that are able to tolerate up to 500 mM NaCl.
Positive response of Pseudomonas fluorescence and R. meliloti co-inoculation on
nodulation and mineral nutrient contents in alfalfa under salinity stress conditions
has been reported by Younesi et al. (2013). It has also been reported that rhizobia
from naturally growing tree legumes in the deserts are able to survive, grow, and
effectively nodulate their leguminous hosts even at high salt concentrations (Sobti
et al. 2015). Inoculation with Rhizobium is an effective approach to strengthen
nitrogen fixation, increase nutrition, and promote yield in the legume crops. There-
fore, inoculation with the effective rhizobial inoculants might be an important
approach to improve crop production under salinated soil conditions.

5.4.3 Temperature Stress

The root zone temperatures not only influence the survival of rhizobia in the soil but
also affect the exchange of molecular signals between the symbiotic partners
(Zahran 1999; Hungria and Vargas 2000) leading to reduced nitrogenase activity
(Lira Junior et al. 2005). Rhizobia are mesophilic in nature and require optimum
temperatures ranging from 28 to 31 °C for their growth in culture (Graham 2008),
while it ranges between 35 and 45 °C for free-living rhizobia (Zahran et al. 2012;
Abd-Alla et al. 2014). The heat stress may cause plasmid alterations in cellular
polysaccharides and the rhizobia may lose the capacity of infectivity (Zahran
1999). Thus, high soil temperature results in the formation of ineffective nodules;
some strains of rhizobia have been reported to be heat tolerant and form effective
symbioses with their host legumes. Rhizobia growing in soils in India during the
summer season are subjected to high temperature stress. Bansal et al. (2014) studied
the symbiotic effectivity of high temperature tolerant mung bean (Vigna radiata)
rhizobia under different temperature conditions and reported that two rhizobial
isolates, namely, MR23 and MS57, were capable of forming nodules even at 49 °C
under sterilized Leonard jar conditions, while MR14 did not form any nodule. By
contrast, nodulation of soybean was markedly inhibited at higher temperatures
(Chibeba et al. 2015).
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Some studies revealed that rhizobial strains from Sesbania aculeata survived at
50 and 65 °C on yeast mannitol agar at pH 7 up to 2 and 4 h (Kulkarni et al. 2000).
Zahran et al. (2012) isolated a number of rhizobial strains growing at 40 and 45 °C,
and a strain isolated from Trifolium resupinatum showed growth even at 50 °C. The
rhizobial strains isolated from hot climatic area had more tolerance to abiotic stress
especially temperature (Mishra et al. 2013). Bansal et al. (2014) isolated temperature-
tolerant rhizobia from mung bean and evaluated under different temperature regimes
under greenhouse conditions. The rhizobial growth at different temperatures showed
that all rhizobia exhibited optimum growth between 30 and 40 °C and two isolates
MR23 and MS57 showed good growth even at 45 °C. The survival of Sinorhizobium
meliloti was enhanced when cells were dried in stationary phase with an increasing
drying temperature (Vriezen et al. 2006). Such studies may help in development of
improved strains for stress conditions.

Trehalose metabolism in rhizobia has important role for signaling plant growth,
yield, and adaptation to abiotic stress (Suarez et al. 2008). Increased plant growth,
nitrogen content, and nodulation of P. vulgaris have been reported under drought stress
due to co-inoculation of R. tropici and Paenibacillus polymyxa (Figueiredo et al. 2008).
The P. vulgaris plants inoculated with Rhizobium etli expressing trehalose-6-phosphate
synthase gene had more nodules, higher biomass, and increased nitrogenase activity as
compared to plants inoculated with wild-type R. etli. Similarly, the plants inoculated
with strain overexpressing trehalose-6-phosphate synthase gene revealed upregulation
of genes related to the stress tolerance. The high temperature tolerant rhizobial isolates
accumulated more trehalose when grown at higher temperature as compared to refer-
ence strains at normal temperature (Nandal et al. 2005; Bansal et al. 2014). It has also
been suggested that trehalose could function as an osmoprotectant in rhizobia species
under stress conditions and protects bacterial cells from heat during the salinity and
moisture stress (MclIntyre et al. 2007). Figueiredo et al. (2008) reported that the
co-inoculation of common bean plants with rhizobia and P. polymyxa alleviated the
adverse effects of drought stress and maintained plant development and growth.

5.5 Rhizobium-Legume Symbioses Under Arid Regions

The legume—Rhizobium symbiosis is the most popular association in any ecosys-
tem and contributes an important role in the nitrogen enrichment of soils as
compared to other biological nitrogen-fixing systems. But it is sensitive to various
environmental stresses, viz., drought, soil pH, temperature, water logging, low
phosphorus, and other nutrient limitations (Zahran 1999), as discussed above. The
legume cropping systems increase soil fertility, enhance the plant productivity, and
prevent erosion and desertification (Egamberdieva et al. 2014). Incorporating of
legume in crop rotation has been reported to increase the yield of cotton and wheat
(Khaitov et al. 2014). The Rhizobium—legume symbiosis has received most atten-
tion as it is widely used for sustainable crop yield and soil fertility in the agricul-
tural practices (Egamberdieva et al. 2015). The legumes have the ability to shift the
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composition of soil bacterial community (Lorenzo et al. 2010; Bakhoum et al.
2012) and can change the communities responsible for symbiotic nitrogen fixation
(Rodriguez-Echeverria 2010).

The nodulation is also influenced by a number of factors, viz., salt and water
stress, temperatures, soil type, pH, organic matter content, rhizobial populations,
nature of the host, etc. (Dudeja et al. 2012; Bansal et al. 2014), and varies from 0 to
10° per gram of soil. Studies reveal that the Rhizobium—legume symbioses may
occur under severe environmental conditions including exposure to salt, aridity,
acidic or alkaline soil, higher temperatures, nutrient deficiency, and soil toxicity
(Zahran 1999; Sadowsky 2005). The associated environmental stresses with
legume—Rhizobium symbiosis have been studied in several legume species
(Abd-Alla et al. 2014; Laranjo et al. 2014). Fujishige et al. (2006, 2008) reported
that rhizobia establish biofilms on either biotic or abiotic surfaces for its overall
fitness in the soil and rhizosphere contributing to an efficient symbiosis (Rinaudi
et al. 2006). The biofilms are basically surface-attached bacterial communities of
single or multiple species covered within a self-produced extracellular matrix
(Stanley and Lazazzera 2004). In this biofilm, rhizobia are protected from various
environmental stresses due to lower metabolic rate and exopolymeric matrix.
Several examples prove that in spite of the fact that rhizobia are nonspore formers,
they remain viable under severe stress (Gorbushina et al. 2007). Some rhizobial
species survive in the soil at least 4-5 years without their host (Hirsch 2010).

The leguminous trees have been used for a variety of food, feed, and fuel wood
purposes in semiarid regions (Jindal et al. 2000; Aoki et al. 2007), and trees of the
genera Acacia and Prosopis are of immense importance in the rural economy of the
arid and semiarid areas due to their resistance to heat, drought, salinity, and
alkalinity. The species of Acacia and Prosopis contribute to soil stabilization and
improvement through nitrogen fixation (Rasanen and Lindstrom 2003; Singh et al.
2011) along with providing high-quality animal fodder, timber, fuel wood, char-
coal, gums, and other products. Prosopis have deep roots and are well nodulated
under drought conditions with the potential to fix nitrogen. Chickpea can restore
soil fertility due to deep penetrating root system which enables them to utilize the
limited available moisture (Tripathi et al. 2015). The nitrogen fixed by various tree
legumes ranged from about 20-84% (Al-shaharani and Shetta 2015). Dakora and
Keya (1997) reported that the tree legumes fix about 43—581 kg of nitrogen per ha,
compared to about 15-210 kg of nitrogen per ha for grain legumes. Wange (1989)
obtained effective symbioses between woody rhizobia from Acacia and other tree
species with peanut and cowpea. He reported that this symbiosis was more effective
as compared to the symbiosis between the trees and their homologous rhizobia.
Zhang et al. (1991) isolated rhizobia from the trees of Acacia and Prosopis, grown
in arid regions, and reported effective symbiosis with legumes, e.g., P. vulgaris,
V.faba, and M. sativa. The rhizobia isolated from Acacia nilotica, Sesbania sesban,
Alhagi maurorum, Melilotus indicus, and T. resupinatum showed more or less
efficient symbiotic performance with V. faba, Vigna sinensis, P. sativum, and
M. sativa (Zahran 1999).
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The severe water deficit response in cowpea reduced the nodule mass and
affected constituents of nodule structure, while in moderate stress the impact on
nodule water content was higher as compared to changes in nodule mass (Figueiredo
et al. 1999). They also reported that the inoculation with Bradyrhizobium can
improve the negative effect of water deficient V. unguiculata. The water deficit
negatively affected the growth and nodulation parameters in the alfalfa-rhizobia
combinations, while combinations involving RhL9 rhizobial strain expressed more
tolerance levels than the other combinations (Mouradi et al. 2016). Mishra et al.
(2013) isolated 15 rhizobial bacteria nodulating clusterbean from arid and semiarid
regions of Rajasthan to identify effective and competitive strains tolerant to various
abiotic stresses such as temperature, pH, and salinity and observed that the rhizobial
isolates from hot climatic area had more tolerance to abiotic stress, especially
temperature. Several authors reported that the growth of leguminous trees can be
improved by inoculation with effective rhizobia (Bogino et al. 2006; Maia and Scotti
2010). The N-acyl homoserine lactone signals found in many species of legume-
nodulating rhizobia regulate all the important issues for successful establishment of
a bacteria—plant symbiosis including nodulation, nitrogen fixation, growth rate, and
polysaccharide production (Gonzalez and Marketon 2003).

5.6 Biotechnology

The information on the gene regulation in response to various stresses by rhizobia is
scanty, and not much information about the tolerance or stress resistance signaling
pathways is available for this group. DNA microarray was employed to examine
gene expression in S. meliloti cells under increased NaCl or sucrose stress to
monitor high salinity and hyperosmotic stress, respectively (Dominguez-Fererras
et al. 2006); overlapping effects on gene transcription in response to high salinity
and hyperosmotic stress were observed with differential expression of a large
number of genes. The rhizobial growth requires pSymB plasmid in response to
salt stress, and the plasmid is essential for saprophytic competence of S. meliloti.
The flagellar biosynthesis genes for S. meliloti were downregulated after osmotic
upshift, and a number of genes essential for succinoglycan biosynthesis, including
exoP, exoM, and exoN, were also strongly upregulated upon the induction of
drought stress (Dominguez-Fererras et al. 2006). Cytryn et al. (2007) analyzed
the response of B. japonicum to drought using a genome-wide transcriptional
analysis and observed that many genes responsible for regulation of transcription,
DNA repair and cell cycle regulation, cation uptake and heat shock, pili assembly
proteins and flagellin, transport of sucrose and other molecules, succinylation of
osmoregulated periplasmic glucans, energy transfer, and various aspects of metab-
olism were upregulated including upregulation of lipopolysaccharide synthesis
transferase in B. japonicum under drought-stress conditions.

The 16S ribosomal RNA (rRNA) gene is commonly used for the rhizobial
phylogeny and taxonomic studies (VEétrovsky and Baldrian 2013) because it is
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usually present in a sufficient size (about 1500 base pairs) as a multigene family or
as operons in almost all bacteria, and little change in their function is recorded over
time (Patel 2001; Janda and Abbott 2007). Pancholy et al. (2011) molecularly
characterized the diverse groups of plant growth-promoting rhizobacteria in the
rhizosphere and root nodules of native Acacia senegal and Prosopis cineraria trees
of western Rajasthan using /6S rRNA gene sequencing to reveal the presence of
genetic diversity. They identified eight rhizospheric isolates as Sinorhizobium
saheli out of the nine isolates obtained from A. senegal, whereas out of the eight
isolates from P. cineraria one was identified as Sinorhizobium kostiense and five as
S. saheli. The molecular identification studies revealed that S. saheli were found to
be associated with the root nodules of A. senegal and S. kostiense and S. saheli with
root nodules of P. cineraria in the arid region of Rajasthan (Singh et al. 2011).
Rasanen et al. (2001) reported S. saheli and S. kostiense from Acacia and Prosopis
nodules in Sudan and Senegal.

Haukka et al. (1996) performed the sequence analysis of 230-nucleotide segment
of 16SrRNA (rDNA) gene and observed one strain belonging to R. huakuii, while the
rest belong to species of the genus Sinorhizobium. Similarly, Khbaya et al. (1998)
performed rDNA gene and 16S-23S rRNA analysis in the majority of rhizobia
nodulating four Acacia species (A. cyanophylla, A. gummifera, A. horrida, and A.
radiana) and identified them as Sinorhizobium and R. galegae—Agrobacterium
tumefaciens species. Lafay and Burdon (1998) isolated nodules from shrubby
legumes, characterized 21 genomic species by small-subunit ribosomal DNA
PCR-RFLP, and performed phylogenetic analyses among 745 rhizobial strains.
The R. tropici dominated among the Rhizobium and Mesorhizobium isolates of
these shrubby legumes, while Bradyrhizobium species were the most abundant.
Further, Lafay and Burdon (1998) investigated the structure of rhizobial communi-
ties’ nodulating Acacia using molecular approach and characterized 118 isolates
from nodule samples of 13 different Acacia species collected from 44 sites. The ATP
synthase beta-subunit (afpD), glutamine synthetase II (g/nll), and DNA
recombinase A (recA) were also used along with 16S rRNA for accurate classifica-
tion of the rhizobia (Gaunt et al. 2001).

Various genes including nodulation (nod, nol, and noe) and nitrogen fixation (nif
and fix) genes are involved in nitrogen fixation of legume—rhizobia symbiosis. The
nod genes facilitate the nodulation process by encoding biosynthesis enzymes
(Laranjo et al. 2014), while the nitrogen fixation genes catalyze the nitrogen
fixation reaction by the synthesis of the enzyme complex (Cummings et al. 2009;
Wang et al. 2012). Tan et al. (1999) isolated nodule from 11 species of wild
legumes and characterized them on the basis of 16S rRNA gene RFLP and sequence
analysis, DNA—DNA hybridization, and restriction pattern of nodDAB and nifH
genes and reported that most of them belonged to the genus Mesorhizobium. Wang
et al. (1999) isolated 50 rhizobial isolates from root nodules of Mimosa affinis and
identified as R. et/i on the basis of the results of PCR-RFLP and RFLP analyses of
small-subunit rRNA genes, multilocus enzyme electrophoresis, and DNA-DNA
homology. They proposed a new biovar mimosae within R. etli obtained from M.
affinis which formed nitrogen-fixing nodules on the legume tree L. leucocephala.
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Zakhia et al. (2006) performed 16S ARDRA, SDS-PAGE of total cell proteins, and
16S and ITS rDNA sequencing and reported diverse and externally distributed
isolates in both ARDRA and SDS-PAGE analyses.

The modification of bacterial strains for synthesis of the peptide antibiotic
trifolitoxin and the transfer of such genes to other less-effective rhizobia is another
challenge under biotechnology field. The peptide antibiotic trifolitoxin produced by
some strains of R. leguminosarum bv. trifolii is toxic to a wide range of rhizobia
though trifolitoxin (#fx) genes expressed by R. etli were reported to be more
competitive for nodulation in unsterilized soil than its close isogenic strain (Robleto
et al. 1997). The chromosomal DNA transferred from the salt-tolerant Bacillus
species into a strain of R. leguminosarum made it salt tolerant (Mabrouk and
Belhadj 2012).

5.7 Diversity of Rhizobia from Arid Zone Plants

The rhizobia of arid zone plants nodule various naturally growing trees and herbs,
in cultivated and noncultivated lands, including legumes native to arid regions. The
majority of rhizobia isolated from arid zone plants have a wide diversity. Many are
closely associated with various partners, while some are selective and specific with
narrow host range (Perret et al. 2000; Tan et al. 1999). For example, Leucaena
leucocephala is one of the wide-host range legumes and is nodulated by various
strains of bean-nodulating rhizobia (Mhamdi et al. 2000). Similarly, P. vulgaris has
been reported with diverse strains of rhizobia belonging to different species of
R. leguminosarum, R. etli, and R. tropici (Van Berkum et al. 1996). Bakhoum et al.
(2014) reported a large diversity among rhizobial strains from arid and semiarid
zones associated with A. senegal on the basis of IGS 16S-23S rDNA and observed
that the distribution of root-nodulating bacteria associated with A. senegal was
correlated to physical and chemical characteristics of the soils. The characterization
and isolation of native rhizobial population is essential for the efficient exploitation
of biological nitrogen fixation.

Diversity has great importance in the function of root nodulation and assists the
plants to cope up with soil stresses (Bala and Giller 2007). Rhizobial populations’
diversity could be greatly influenced by the plant provenance used for trapping, and
analysis of rhizobia from different geographic regions along with their host plants is
essential to characterize better interactions between rhizobia, legumes, and geo-
graphical factors (Liu et al. 2005). A. senegal is a multipurpose species and has
major importance for the reforestation of arid and semiarid zones and is much
valued by rural populations as a source of fodder and timber and gum Arabic
(Muller and Okoro 2004). Enormous genetic diversity has been reported among
the root-nodulating bacteria that are able to nodulate A. senegal (Sarr et al. 2005;
Fall et al. 2008).

The clusterbean root nodules provide greater recovery to the crop and help in
fixing the atmospheric nitrogen in adequate quantity (Pathak 2015a, b). Strains of
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legume bacteria are selective in terms of the crop species they nodulate, and the plant
within a cross-inoculation group can be inoculated with a culture of the right kind of
bacterial strains (Stafford and Lewis 1980). For example, clusterbean belongs to the
cowpea cross-inoculation group and the rhizobial strain that formed nodules on cowpea
also formed nodules on cluster bean roots (Hassen et al. 2014; Pathak 2015a, b).
Boukhatem et al. (2012) investigated the diversity of rhizobia associated with Acacia
species and reported that the in vitro tolerances of rhizobial strains to NaCl and high
temperature varied regardless of their geographical and host plant origins. They
reported that the A. saligna was efficiently nodulated with the widest diversity of
rhizobia including both fast-growing (Rhizobium, Ensifer, Mesorhizobium) and slow-
growing ones (Bradyrhizobium). Bakhoum et al. (2014) revealed higher genetic
diversity among rhizobial strains of semiarid region than in the arid region and the
distribution of root-nodulating bacteria associated with A. senegal was influenced by
soil physical and chemical characteristics. They further observed that the rhizobial
strains nodulating A. senegal were closely related to Mesorhizobium plurifarium.
Araujo et al. (2015) reported high species diversity of rhizobia-nodulating P. lunatus
on the basis of partial sequence of the 16S rRNA genes analysis.

The rhizobia of the leguminous trees under arid conditions have been classified
into different genera including Rhizobium, Bradyrhizobium, Sinorhizobium, and
Mesorhizobium (Tan et al. 1999; Wang et al. 1999; Tighe et al. 2000; Zahran et al.
2000) on the basis of phenotypic, genotypic, and molecular analysis. Various
workers grouped the rhizobia isolated from A. senegal and P. chilensis, on the
basis of phenotypic characteristics (Zhang et al. 1991), lipopolysaccharide profiles
(Lindstrom and Zahran 1993), profiles of proteins, plasmids, and fatty acids, and
DNA-DNA hybridization (Zahran 1997) and phylogenetic analyses (Haukka et al.
1996). Doignon-Bourcier et al. (2000) isolated 64 Bradyrhizobium strains from
nodules of native leguminous plant species in arid regions belonging to the genera
Cassia, Crotalaria, Sesbania, etc., and assessed the genotypic diversity. They
reported that these strains were diverse and formed 27 groups by amplified frag-
ment length polymorphism and 16 groups by intergenic gene spacers, PCR, and
restricted fragment length polymorphism.

5.8 Conclusion

The industrial fertilizer production is costly and requires large inputs of fossil fuel
and results in pollution in the form of greenhouse emissions and fertilizer runoff.
The symbiotic/biological nitrogen fixation is not only inexpensive but also sustain-
able process to substantiate or gradually replace chemical fertilizers to improve the
production and productivity of legumes. The rhizobia and legume adapt well under
different ecological conditions including arid region and fix considerable amounts
of nitrogen. The adverse environmental conditions of arid region may affect the
quality and quantity of the rhizobia. Identification and use of efficient rhizobial
strains and species that could effectively work under stressed soil environment may



74 R. Pathak et al.

improve the productivity of the nutrient-poor arid soils. Breeding for enhanced
nitrogen fixation for soil acidity/alkalinity, root rot disease, phosphorus tolerance,
soil pH, high temperatures, and scanty soil moisture needs to be addressed.
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Chapter 6
Rhizobium in Rice Yield and Growth
Enhancement

Kalaivani K. Nadarajah

6.1 Introduction

As a staple diet and an important food crop in most parts of the world, rice
cultivation faces issues with increasing world population, stagnancy of land for
agriculture, and various biotic and abiotic stresses that reduce yield (Hossain and
Fischer 1995). Hence, it is crucial to increase yield capacity through varietal and
improvement on cultivation methods. Enhanced seedling emergence and plant
growth and development are required for improved rice yield. Efficient nutrient
uptake and utilization ensures good growth and yield. Rice utilizes nitrate as its
source of nitrogen in flood and anaerobic state. While rice farmers have been trying
to increase yield through external application of fertilizers, more recent studies in
rice-growing countries have shown that rice growth can be enhanced through the
application of plant growth-promoting rhizobacteria that increase the capabilities of
plants to absorb nutrients from soil (Ayyadurai et al. 2006). PGPRs have been
utilized in increasing or improving seedling vigor, germination, and development.
In recent years, inoculating seeds with rhizobacteria has been applied as a means of
improving microbial soil population. This practice has resulted in promotion of
crop yield through the excretion of biologically active compounds that increases
seedling germination, vigor, and protection against non-beneficial microbes. There
has been an increase in interest of the role of soil microbes and its role as beneficial
microbe in non-legume plants (Gutiérrez-Zamora and Martinez-Romero 2001;
Yanni et al. 2001).

This growth-enhancing rhizobacteria were classified according to their relation-
ship with the roots such as (1) rhizospheric bacteria, (2) rhizoplane bacteria,
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(3) endophytic bacteria, and (4) specialized structure bacteria. Another form of
classification based on Vessey (2003), clustered groups (1)—(3) as extracellular
PGPR (ePGPR) while (4) was classified as intracellular PGPR (iPGPR). Examples
of the ePGPR are Bacillus, Serratia, Erwinia, Pseudomonas, Caulobacter, Micro-
coccus, Chromobacterium, Arthrobacter, and Agrobacterium, while iPGPR
includes Azorhizobium, Allorhizobium, Bradyrhizobium, Mesorhizobium,
Rhizobium, and Sinorhizobium. The information obtained at the molecular level
with regards to the symbiotic relationship between Rhizobium-legume has provided
sufficient basis into the role of this organism in rhizobium-rice interactions (Mia
et al. 2005). Initial studies into the rhizobium-rice interaction implicated the role of
this organism in modifying the root architecture and thus leading to better vegeta-
tive and reproductive growth (Yanni et al. 2001). However, the ability of PGPRs is
not only limited to biologically fixing nitrogen (BNF) in plants, but extends to other
mechanisms that jointly contribute towards growth, development, and the yield of
crops.

Studies conducted on these microorganisms have shown that exudates from
these microorganisms affect roots and hence improve nutrient uptake, resulting in
overall improvement in rice yield and growth (Gopalakrishnan et al. 2015;
Perrine-Walker et al. 2007). In a study conducted by Yanni and Dazzo (2010),
Rhizobium leguminosarum trifolii was able to increase rice yield by 1045%
through exudate and plant root interactions. ePGPR and iPGPR are implicated in
promotion of plant growth through nitrogen fixation, mineralization, phytohor-
mone, siderophore production, disease resistance, and abiotic stress management.
An extensively studied exudate from this group of organisms is indole acetic acid
(IAA) which has been reported to trigger germination. The Rhizobium spp. has
also been shown to produce a range of phytohormones such as gibberellins
(GA) and auxin (AUX) (Atzorn et al. 1988). Microbes such as Azotobacter,
Acetobacter, and Herbaspirillum spp. are able to synthesize GA, AUX, CK, and
TAA, all of which have a role to play in the plant growth and developmental
process (Salmeron et al. 1990; Lugtenberg and Kamilova 2009; Bhattacharyya and
Jha 2012).

These organisms are currently being researched in non-leguminous crops such as
rice (Mehboob et al. 2012). More and more strains of rhizobacteria are being
discovered in rice environment or being introduced from the root systems of
other organisms into the rice root systems. Current efforts are being directed
towards understanding how these organisms may contribute towards yield enhance-
ment in rice and other cereals and in understanding the mechanisms involved in
non-legume rhizobia interactions. Understanding the organisms, the mechanism
and the genes involved in this interaction will better serve the application of this
organism in the field and towards sustainable agriculture. This chapter will provide
information on the rhizobium—non-legume interaction, the role of this organism in
rice, the mechanism and application of this group of organism in rice, and the
synergism involved in this plant-microbe interaction.
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6.2 Rhizobium and Non-legumes

Due to the high N requirement of cereals for optimal growth and yield, agriculturist
and scientists have initiated studies to look into the potential of BNF in fulfilling
these needs (Gutiérrez-Zamora and Martinez-Romero 2001). In the past decade,
there has been interest in utilizing this group of beneficial organisms in assisting
with symbiotic BNF in cereals (Khush and Bennet 1992). Research conducted on
the colonization of leguminous and non-leguminous plants have shown that a
similar strategy is employed by rhizobia in colonizing non-leguminous roots as in
legumes. Nodulation can be induced in rice and other cereal crops by Rhizobia. One
such example is the colonization of the non-leguminous Paraponia roots with
rhizobia that resulted in the development of root hair curling and infection thread
in the roots as in legumes. The developmental changes in roots enabled the
establishment of N, fixing symbiotic nodules with rhizobia. In the recent years, it
has been revealed that the signaling pathways involved in mycorrhizal symbiosis of
land plants were also present in nodule symbiosis (Bender et al. 1987).

Initially, diazotrophic organisms were studied for their ability to enhance
growth. It was later determined that the growth enhancement evident with
diazotrophic organisms was a consequence of other non-BNF bacterial products
which results in improved growth and yield in plants (Dobbelaere et al. 2001). This
associative group of organisms, however, releases only a small portion of its fixed
nitrogen as most of it is utilized in its development. The endophytic diazotrophs are
capable of colonizing roots of non-leguminous plants and reducing N,. Strains of
bacteria such as Azospirillum, Herbasprillum, Rhizobium, Klebsiella, and
Acetobacter have been known to colonize roots of maize, rice, and other cereal
crops (Bellone et al. 1997). The colonization of the interior root system by these
endophytes protects them from competition or inhibitory effects of microorganisms
within the rhizosphere as well as to provide a more efficient means of exchanging
metabolic substances between microbes and hosts. In these past years, research has
shown that endophytes do have the ability to transfer fixed N to their host plants
(James et al. 2000). This has been seen through the endophytic interaction of
Rhizobium to fix and transfer N, to leguminous (Pisum sativa, Vichia faba, and
Phaesolus vulgaris) and non-leguminous (Oryza sativa, Zea mays, Triticum
aestivum) plants.

Diazotrophic endophytes such as Azoarces sp strain BH72, R. leguminosarum,
Herbasprillum seropedicae, and Klebsiella pneumoniae colonize the root
arenchymic and cortex tissues of cereals and grass-like crops (Reinhold and
Hurek 1988). The vascular tissues are ideal for endophytes to colonize due to low
O, and allocation of photosynthate. The inoculation of non-legumes, especially
cereals with diazotrophs results in intercellular establishment of these bacteria
within the root system leading to endophytic N, fixation for promotion of growth
in crops.
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6.3 Rhizobium in Rice

Studies conducted on soil in rice fields have observed a high level of diversity in N,
fixing bacteria population (James et al. 2000). In the late 1990s, Yanni et al. (1997)
isolated R. leguminosarum bv trifolii from clover in rice-growing regions of the
Nile. Crop rotation of clover and rice in the fields resulted in higher crop yield. The
high levels of fixed nitrogen in the soil was kept constant through the mineralization
of the N rich crop residues by R. leguminosarum bv trifolii. Field trials and growth
chamber experiments further established the role of these isolates to promote shoot,
root, and seedling vigor. In addition, rhizobia such as Bradyrhizobium and
Azorhizobium are efficient nitrogen fixers in wild and cultivated rice, respectively
(Engelhard et al. 2000). Therefore, the presence of rhizobial endophytes in rice may
increase productivity through nitrogen fixation and enhanced absorption of nutri-
ents from soil (McCully 2001). Various studies have looked at the extent of
colonization by rhizobia under laboratory conditions and their effects on rice
seedling growth under different environmental conditions. Studies have shown
that the rice—rhizobia interaction vary from variety to variety due to the variation
perhaps in root exudates and also the difference in soil ecology (Yanni et al. 2001;
Chaintreuil et al. 2000; Dazzo et al. 2000; Perrine et al. 2001).

The process of colonization extends from the rhizosphere into the apoplastic and
intercellular regions before making its way to the vessels (James et al. 2000) where
the main colonization happens. Through various laboratory techniques, the route of
entry taken by the bacteria has been studied to understand the mode of infiltration
and colonization (Prayitno et al. 1999; Chaintreuil et al. 2000; Verma et al. 2004;
Perrine-Walker et al. 2007). The endophytic organisms have been reported to
actively colonize root and are able to dominate the root surroundings through
perhaps a mechanism similar to the rhizobia-legume quorum sensing (Verma
et al. 2004). The bacteria colonize intercellular spaces in the cortex through the
clumps of rhizobia at rice root surface and emerging lateral roots (Reddy et al.
1997, Dazzo et al. 2000; Prayitno et al. 1999; Yanni et al. 2001; Chaintreuil et al.
2000). The infectivity of rice roots by Rhizobia results in the disruption of the
cytoplasmic membrane (Reddy et al. 1997) evoking a localized plant defense
response (Reddy et al. 2000). As a result of the colonization of cereal roots, there
is an increase in levels of phenolic substances in the plant tissue, which activates
stress response in vivo (Pieterse et al. 2002). The presence of phenolic compounds
within the host post infiltration is an indication that the rhizobium is being circu-
lated within the host and thence leading to a defense response.

Certain natural occurring rhizobium like Azorhizobium spp. and Azospirillum
spp. can enter directly into the intercellular region of rice lateral roots through cuts
or wounds (Cocking et al. 1994; Jain and Gupta 2003). In addition to being able to
infect the lateral roots, some strains are able to infect the rice roots via their root
hairs. Through GFP labeling it was demonstrated that rhizobium colonized rice
roots through the formation of clumps along the root’s grooves or lateral roots and
root tips (Dazzo et al. 2000). The bacteria attach to the root zone in a supine and
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polar orientation (Yanni et al. 2001). Azorhizobium caulinodans use the region
between the epidermal and xylem tissue to enter the root system of cereals. The
endosymbionts colonizing the xylem may provide a non-nodular niche for nitrogen
fixation in rice and other non-leguminous crops (Cocking 2000). The effect of
Rhizobia on the increase of biomass and yield in rice has been observed with the
utilization of strains such as Rhizobium sp. (Sb16) and Corynebacterium sp.(Sb26).
Further Bradyrhizobium when applied in rice grown gnobiotically improved on rice
yield (Bhattacharjee et al. 2008).

Yanni et al. (2001) in their study observed that R. leguminsarum bv trifolii
produced degrading enzymes that lyased cell walls and facilitated colonization of
the rice roots. Induction of nodular structures in rice has been generated through
treatment of seedling with Rhizobia in the presence of an enzyme mix containing
cellulose and pectolyase in the presence of sugars (mannitol) (McCully 2001). The
degrading enzyme mix had made it possible for Rhizobia to colonize the root and
create the elongated nodular structures. In these root systems, nitrogenase was at
low levels. However, the ability to generate nodules in non-legumes has resulted in
studies expanding into utilization of this group in nitrogen fixation of other cereal
crops (Al-Mallah et al. 1989, 1990). In addition to the degrading enzymes, Gough
et al. (1996) reported a role for flavonoid and naringenin in colonization of
non-legume roots by Azorhizobium sp. This process in rice is nod-gene-indepen-
dent and nonspecific enabling any Rhizobium to invade and colonize the root
epidermal cells (Perrine et al. 2001). In addition, rice root exudates did not activate
the expression of nodulation genes in various rhizobia. Further experiments
conducted with the transgenic MtENODI?2 rice line exhibited Nod factors that
were activated in a tissue-specific manner (Reddy et al. 2000). From these findings
we are able to conclude that the signal transduction in ENOD gene expression is
partially conserved in rice (Reddy et al. 2000). This pattern of colonization by
rhizobia on rice plants has also been observed in plants treated with a synthetic
auxin, 2, 4-dichlorophenoxyacetic acid (2,4-p). 2, 4-p induced the formation of
“pseudonodules” or modified root outgrowths (Ridge et al. 1993; Rolfe et al. 1997).
This type of root structure can also be induced by auxin-producing rhizobia (Reddy
et al. 2000). By using the A. caulidonans ORS571::GUS marked strain,
intercellular association was observed and occasionally some intracellular occu-
pancy was found in apparently dying epidermal cells (Rolfe et al. 1997). Hussain
et al. (2009) reported that in an experiment where Rhizobium phaseoli (A2, A3,
S17, NB8), Mesorhizobium ciceri (CRI-28, CRI-31, CRI-32, CRI-38) and
R. leguminosarum (LSI-23, LSI-26, LSI-29, LSI-30) were obtained from nodules
of leguminous crops and applied to rice, strains LS1-29 and A2 showed the best
yield and growth statistics with improved N, P, and K content in rice.

Although both the legume and non-legume systems show similarities in the entry
through colonization of root hairs or invasion of cracks, the Sym that is involved in
symbiosis of mycorrhiza and rhizobia in legumes has no role in non-legume
systems (Perrine et al. 2007). This was proven through the examination of the
infection process in wild-type and mutants of the Sym genes. The rice mutants
(Os-DMI3, Os-CASTOR, and Os-CYCLOPS) showed impaired mycorrhizal
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symbiosis (Chen et al. 2009) implying no direct role for Sym in the process. The
colonization is dependent on the formation of infectious threads in the rice root
system. One stellar example of colonization was observed under waterlogged
conditions where the epidermal fissures at lateral roots were induced to form
pockets. These pockets facilitate the inter- and intracellular thread and nodule
formation and hence has no requirement for the Sym genes which is involved in
infection of root hairs and nodule organogenesis (Capoen et al. 2005). Under these
growth conditions, R. leguminosarum bv trifolii R4 colonized the lateral roots
(Perrine et al. 2001, 2005; Prayitno et al. 1999). The difference seen in the role of
Sym genes is possibly due to the linear infiltration in non-legumes as opposed to
thread-like invasive forms in legumes (Perrine et al. 2007). This observation
supports that no Sym plasmids are required for rice root colonization (Perrine
et al. 2001). The only shortcoming in this conclusion is that only one strain was
used to make this observation, and hence it is impossible to conclude if this finding
is strain specific.

6.4 Mechanism and Application of Rhizobium in Rice

While Rhizobium spp. have shown a more prominent role in increasing yield and
enhancing growth in legumes. The following segments will look into the applica-
tion of this group of organisms in either directly or indirectly contributing towards
yield and growth enhancements in non-legumes, specifically rice (Fig. 6.1).

6.4.1 Direct Promotion
6.4.1.1 Nitrogen Fixation

Nitrogen is a significant contributor towards the increase of yield in rice. Most often
N is provided as fertilizers which is only partially absorbed by the plants (30—40%)
(Choudhury and Khanif 2001). To reduce waste/loss of N to environment, it has
been suggested to include a BNF component (Ladha and Reddy 1995) to convert
atmospheric N into plant usable nitrogen via enzymatic interactions (Wilson and
Burris 1947). In current agricultural practices, however, almost 65 % of N is
contributed by BNF (Bhattacharyya and Jha 2012). The diazotrophs that live in
the rhizosphere utilize the carbon source in soil to grow while colonizing the roots
and fixing nitrogen (Sessitsch et al. 2002). Compared to the group of organisms that
colonize within the rhizosphere, the endorhizospheric organisms are more efficient
at fixing nitrogen as it is not limited by inhibition or competition in the rhizosphere.
Following the first report in 1989 of Alcaligenes faecalis colonizing intercellular
regions of the root system (You and Zhou 1989), several endophytic diazotrophs
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Fig. 6.1 The interaction between rhizobia and rice. The rhizobial determinants and effects on
direct and indirect promotion towards yield and growth in rice.

(Azospirillum, Burkholderia, Corynebacterium, Enterobacter, and Klebsiella) were
found to actively colonize the roots of wild rice.

BNF is suitable in flooded rice soils due to adequate moisture, inadequate
aeration, neutral pH, and the discontinuous and heterogeneous system with respect
to low redox potential. The flooded rice ecosystems provide an environment for
microorganisms belonging to the aerobic, microaerophilic, facultative, and obligate
anaerobic groups. Flooding also does promote biochemical processes that results in
loss of nitrogen through nitrification-denitrification, leaching, volatilization, soil
erosion, and other natural processes. However, microbial N, fixation still attributes
to major source of fixed nitrogen (Ishizuka 1992). The type and population density
of the nitrogen-fixing organisms in any rice plantation would depend largely on the
soil as well as other ecological factors. For us to appreciate the practical relevance
of this group of organism, it is essential that we study the importance of all the
dominant nitrogen-fixing group of organisms in the field.

The contribution of free-living organisms such as cyanobacteria and photosyn-
thetic bacteria in the rhizosphere of flooded soil in paddy fields is difficult to
ascertain. As such aerobic heterotrophic nitrogen fixers like Azotobacter are con-
sidered more efficient fixers of N, in flooded soils. However, anaerobic organisms
such as Clostridium, Desulfovibrio, Klebsiella, Enterobacter, and Pseudomonas
sp. (Yoo et al. 1986; Barraquio et al. 1983) are definitely better nitrogen fixers then
the above-mentioned groups. The coexistence of aerobic and anaerobic organisms
in the soil is responsible for the nitrogenase activity in the soil. A major group of
organisms that we find in the paddy soil are associative diazotrophs like
Azospirillum sp., Pseudomonas diazotrophicus, and Enterobacter sp. (Rajagopal
et al. 1988). The Azospirillum—rice interactions have been studied for their
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potential as diazotrophic rhizocoenosis (You and Zhou 1989; Rao and Adhya
1994). Endophytic diazotrophs (e.g., Rhizobium spp., Herbaspirillum spp., and
Azoarcus spp.) are more protected and efficient in fixation compared to those
found in rhizospheric interactions. These endophytes find micro-niches within the
plants to initiate their N, fixation by penetrating rice roots and colonizing the inter-
and intracellular regions of cortex (Hurek et al. 1994). These organisms involve
multifarious relationships involving hormonal effect, nitrate assimilation, and N,
fixation, which is delicately and intricately controlled by the rice macro- and micro-
environments.

6.4.1.2 Phosphate Solubilizers

Next to N, organic and inorganic P is also a growth- and development-limiting
nutrient. Microbial processes result in P solubilization by acids produced and
proton extrusion (Nahas 1996; Surange et al. 1995). Phosphate solubilizers like
R. leguminosarum and R. meliloti produce LMW organic acids that reduce inor-
ganic phosphorous to 2-ketogluconic acid (Deubel et al. 2000). Consequently, these
organic acids bind to the cation in phosphates and convert it to the soluble form
through their hydroxyl and carboxyl groups (Sagoe et al. 1998). Microbial enzymes
such as acid phosphatases, phosphohydrolases, phytase, phosphonoacetate hydro-
lase, p-a—glycerophosphatase, and C—P lyase are essential for phosphate minerali-
zation (Glick 2012; Skrary and Cameron 1998). Some bacterial strains, however,
are able to solubilize and mineralize P and the P solubilizing tendency of these
organisms are a factor that contribute towards plant growth enhancement (Khiari
and Parent 2005; Tao et al. 2008). Phosphate solubilizing microbe/bacteria
(PSM/PSB) solubilize P at a higher rate than fungi and the main strains identified
for this purpose are the bacteria from genera Rhizobium, Pseudomonas, Bacillus,
and Enterobacter (Whitelaw 2000).

Phosphorus is a crucial component in aerobic rice cultivation where in the event
of 30-70% lesser water, phosphorus binds to Fe and Al in acidic and aerobic soils
resulting in a problem with phosphorus availability (Bouman et al. 2005, 2006).
PSMs when inoculated into the soil may assist with enhancing the efficiency of
utilizing the naturally or synthetically produced P resources. In addition to improv-
ing P acquisition in P deficient soils, PSMs also suppress disease and hence
contribute towards sustainable aerobic rice production (Salimpour et al. 2010).
Currently in addition to R. leguminosarum and R. meliloti, isolates that have shown
good improvement in P uptake are Pseudomonas putida, Pseudomonas fluorescens,
and Pseudomonas aeruginosa. All these strains have been shown to also suppress
disease and induce systemic resistance in non-legumes (Saikia et al. 2006).
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6.4.1.3 Siderophore Formation

In soil prone to flooding, the anaerobic and acidic state of the soil increases ferric
(Fe**) ion reduction to ferrous (Fe*) (Stein et al. 2009). In aerobic state, however,
the Fe supply is limited for all forms of life (Lemanceau et al. 2009). pH, redox
potential, and the availability of other mineral nutrients affect the Fe ion content in
the soil. Microorganisms that produce siderophores can overcome this limited
supply of iron in soil. Early studies conducted by Yanni et al. (2001) did not
detect any siderophores on CAS agar, and hence the role of siderophores in
Rhizobium-rice interaction was inconclusive. However, other research groups
have studied various strains of Rhizobium (R. meliloti, R. leguminosarum
bv. phaseoli, R. leguminosarum bv. trifolii, R. leguminosarum bv. viciae,
R. tropici) and reported siderophore production in all these isolates. Some of
these isolates have been found in the root system or the area surrounding rice
rhizosphere (Antoun et al. 1998; Arora et al. 2001; Carson et al. 2000; Chabot et al.
1996; Rajkumar et al. 2010). In addition to Rhizobium spp., genera such as
Enterobacter and Burkholderia have been reported to produce high levels of
siderophores in rice roots (Souza et al. 2013, 2014). Siderophores produced have
been linked to alleviation from heavy metal stress, iron uptake, and disease
resistance.

6.4.1.4 Phytohormone Production

Phytohormones are substances produced in micromolar concentration by a large
number of bacteria. Patten and Glick (1996) reported that a large percentage (80%)
of rhizospheric bacteria produce IAA. Amongst the known producers of IAA are
R. leguminosarum, R. japonicum, R. meliloti, R. lupine, R. trifolii, and R. phaseoli
(Afzal and Bano 2008; Antoun et al. 1998; Biswas et al. 2000a, b; Boiero et al. 2007,
Chi et al. 2010; Chandra et al. 2007; Dazzo et al. 2005; Naidu et al. 2004;
Senthilkumar et al. 2009; Yanni et al. 2001; Weyens et al. 2009). IAA enhances
growth and development by improving shoot/root growth and seedling vigor. It
increases root surface area and thus improves nutrient absorption. As a result of this,
the roots exude chemicals into the soil supporting further microbial population and
root interaction contributing to pathogenesis and phyto-stimulation (Glick 2012).
This hormone is essentially important in nodule formation. Molla et al. (2001) had
previously reported that inoculation of rice roots with Rhizobium increased IAA and
gibberellic acid (GA) in rice varieties. Rhizobium strain E10, E11, IRBG74, and
Bradyrhizobium sp. IRBG271 in rice reported elevated IAA levels (Biswas et al.
2000a, b). These strains also showed an increase in N, P, K, and Fe intake into rice
plants. Following this report, the efficiency of these strains in producing IAA at high
levels was examined where the study showed a dependence on tryptophan for higher
IAA production. Tryptophan is required for production of IAA and strain E10 was
more efficient at conversion of tryptophan to IAA in rice (Yanni et al. 2001).



92 K.K. Nadarajah

Besides IAA, GA and cytokinins (CK) are also produced by various Rhizobium
strains (Boiero et al. 2007; Senthilkumar et al. 2009) in rice. GA is involved in plant
cell elongation and seed germination and is produced by a large number of
rhizospheric microbes such as Rhizobium and S. meliloti (Boiero et al. 2007). As
in the other phytohormones, CK is responsible for cell division and root develop-
ment. Senthilkumar et al. (2009) in studying the effect of plant growth promoters
reported Rhizobium strains as potent producers of CK. Rhizobium sp. and
B. japonicum have been reported to produce abscisic acid (ABA) when colonizing
plant root systems (Boiero et al. 2007; Dobbelaere et al. 2003). ABA is transported
through xylem and phloem to stimulate root growth, inhibit shoot growth and
induce proteinase inhibitors and thence the activation of the defense (Davies
1995; Mauseth 1991). In addition to the above, Rhizobia produce other biomole-
cules like vitamins and lumichrome that enhance plant growth, development, and
yield in rice and other plants (Matiru and Dakora 2004).

6.4.1.5 ACC Deaminase

Bacteria that produce high levels of ACC are known to inhibit ethylene levels in
plants (Glick 2014). 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase
plays a key role in plant development where it produces alpha ketobutyrate and
NH; from ACC. Therefore, inoculating plants with ACC deaminase-producing
rhizobia will reduce plant ethylene level and increase root length. ACC deaminase
producers such as R. hedysari, R. japonicum, R. leguminosarum bv viciae and
R. gallicum have longer root with the ability to handle heavy metal, pathogen,
drought, salinity, and radiation tolerance (Duan et al. 2009; Hafeez et al. 2008; Ma
et al. 2003a, b, 2004; Okazaki et al. 2004; Uchiumi et al. 2004). A study by
Bhattacharjee et al. (2012) focused on the colonizing, chemotaxis, growth-
promoting ability of R. leguminosarum bv. trifolii SN10 in various rice varieties
in India. This microbial culture resulted in enhanced IAA and ACC deaminase level
providing efficient biofertilizer potential in rice crop production. The presence of
IAA and AA deaminase changed root architecture, resulting in improved shoot
growth, nodulation, mineral uptake, and nitrogen fixation (Glick 2012).

6.4.2 Indirect Growth Promotion
6.4.2.1 Biocontrol

The biocontrol of PGP organisms has always been attributed to various mechanisms
such as the production of antimicrobial agents, cell wall degrading enzymes,
siderophores, and competition for nutrients (Nadarajah 2016). Rhizobium spp. have
been known to generate growth properties through solubilization and mineraliza-
tion, stress management and disease resistance (Biswas et al. 2000a, b; Dakora
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2003; Dobbelaere et al. 2003). The rhizobial associations with cereal or grass-like
crops can be produced without any nodule-like structures. However, the interac-
tions between graminaceous plants and Rhizobium vary from plant to plant and
environment to environment.

Burr and Reid (1994) reported that R. leguminosarum bv viciae was able to
reduce Rhizoctonia solani and Fusarium spp. spp. infections in both leguminous
and non-leguminous plants. Sheath blight disease, caused by R. solani in rice, has
been successfully inhibited by R. leguminosarum bv phaseoli RRE6 and
R. leguminosarum by trifolii ANU843 (Chandra et al. 2007; Mishra et al. 2000).
Studies conducted using strains such as R. leguminosarum bv. trifolii, R. trifolii,
R. leguminosarum bv. viciae, R. meliloti, and R. vietnamiensis implicated deter-
minants such as antibiotics and cell wall degrading enzymes as main inhibitors of
the phytopathogens (Bardin et al. 2004; Chandra et al. 2007; Ozkoc and Deliveli
2001; Shaukat and Siddqui 2003; Siddiqui and Mahmood 2001; Siddiqui et al.
1998, 2000).

Increasing crop productivity through application of Rhizobia as biocontrols and
biofertilizers is one way of increasing income of poor farmers. This technology has
been shown to enhance nutrient absorption (P, K, Ca, Mg, and Fe) and at the same
time induce systemic resistance within rice plants. Therefore, further research needs
to be conducted in understanding how Rhizobia are able to influence nutrient uptake
and plant defense mechanisms within rice.

6.4.2.2 Induced Systemic Resistance

Various researchers have reported on the role of Rhizobia in the stimulation of
induced systemic resistance (ISR). Their role has been identified in the inhibition of
soil-borne pathogenic diseases as well as in the reduction of nematode infestations.
The trigger of this immune system is accomplished through the intricate yet
complex interaction between various bacterial exudates and compounds and the
activation of signal transduction pathways within the plant systems. Most often
these pathways are either salicylic acid (SA) dependent or SA independent. As rice
has been reported to contain high levels of endogenous SA, the induction of ISR in
rice is dependent more on jasmonate (JA) and ethylene (ETH)-dependent pathways.
Organisms such as R. leguminosarum bv trifolii, R. leguminosarum bv phaseoli,
and R. etli have been reported to produce biostimulators that are able to induce ISR
in plants (Mishra et al. 2006; Peng et al. 2002; Singh et al. 2006; Yanni et al. 2001).
R. leguminosarum bv trifolii ANU843 and R. leguminosarum bv phaseoli RRE6
produce phenolic acids such as gallic, ferulic, and cinnamic in rice. The production
of these phenolic compounds induces systemic resistance and therefore provides
protection against pathogenic stresses. In certain cases, the presence of the entire
organisms is not necessary in inducing SR. There have been reports that cellular
components of Rhizobium can induce ISR through LPS, CLP, and various other
derivatives (Lugtenberg and Kamilova 2009; Nadarajah 2016).
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6.4.2.3 Rhizobia in Abiotic Resistance

PGPRs have been proven effective in assisting plants cope with stresses in varying
environments. Native or indigenous microbes have been selected and studied in
their ability to address biotic and abiotic stresses due to their tolerance to these
factors (Mrabet et al. 2005). Some of the stresses facing rice plantations are
drought, soil salinity, acid or alkali soils, and chemical stress. Each of these factors
can affect rice yield as well as affect the microbial population. The response of
Rhizobium in legumes has been extensively studied. However in non-legume
systems, similar abilities of Rhizobium to alleviate stress have been reported. The
ability of Rhizobium and Bradyrhizobium to moderate abiotic stresses has been
reviewed in Kulkarni and Nautiyal (2000).

6.4.2.4 Drought Stress

Global warming has resulted in various consequences such as drought and salini-
zation. High temperatures have resulted in altered nodulation efficiencies and
reduction in colonization by rhizobia. Rhizobia exposed to hot and dry environ-
ments have shown reduced effectiveness in enhancing yield and growth although
certain strains are able to tolerate extreme temperatures. Though not all Rhizobia
isolates are efficient in arid or semiarid conditions to increase growth and yield,
some have shown remarkable positive attributes which makes these isolates a
beneficial group of organisms that should be included into sustainable agriculture
of rice.

While studies conducted on R. phaseoli and R. leguminosarum bv phaseoli
have shown reduced efficiency in crop nodulation, some of these organisms are
known to have adaptive attributes which allows them to cope with stresses through
production of proteins such as LPS, EPS, and heat shock proteins (Nandal et al.
2005). Rhizobia are able to withstand arid climates through improved nutrient and
water holding capacity in the rhizosphere as a consequence of secreted EPS and
catalases. R. phaseoli (MR-2), R. leguminosarum (LR-30) and M. ciceri (CR-30 and
CR-39) were able to increase yield and growth in drought prone areas through the
production of determinants. One possible reason behind the efficiency of these
strains may lie in the ability to produce IAA, which enhances plant root length, and
increase water acquisition efficiencies (Hussain et al. 2015).

6.4.2.5 Salt Stress

Salinity is another problem faced by arid and semiarid land. The presence of salt in
soil reduces the efficiency of nutrient uptake. In addition, salinity also affects the
process of nodulation as in drought. Species of rhizobium, such as R. meliloti and
R. fredii (Zhang et al. 1991), are salt tolerant while most remain sensitive



6 Rhizobium in Rice Yield and Growth Enhancement 95

(R. leguminosarum; Chien et al. 1992). The ability to withstand salt stress is
facilitated by LPS, protein profiles, and EPS in cells. Salt stress is regulated by
several gene families in Rhizobium spp. (R. etli, R. tropici). As in drought, these
organisms are able to withstand soil salinity through the production of chemicals
such as IAA, GA, ABA, and CK that promote an increase in root length, root
surface area, and nutrient uptake (Egamberdieva and Kucharova 2009). In certain
cases, the production of CK together with antioxidants has resulted in the accumu-
lation of ABA which eliminates reactive oxygen species.

Treatment of plants with determinants such as EPS has been reported to increase
plant water and salinity resistance due to improvement is soil architecture (Sandhya
et al. 2009). In addition to EPS which has the ability to reduce plant absorption of
Na+, the production of certain phytohormones such as ABA at high levels has the
ability to increase tolerance to salt stress (Naz et al. 2009). It was also reported that
rhizobacterial organisms such as Rhizobium that live in extreme conditions such as
salt stress and salinity eventually build tolerance to these environments and are able
to adapt and function in the capacity as PGPs. In Egypt, an experiment conducted
on reclaimed land from the sea showed improved efficacy in rice yield and growth
when R. leguminosarum bv trifolii was applied. This indicates that the higher yield
observed in the salinity stress area may be alleviated by the endophytic rhizobial
interactions. Similar findings have been observed in pigeon pea with
Bradyrhizobium spp. and Rhizobium loti in chickpea. Hence, it may be beneficial
to rice farmers to utilize these organisms especially in areas prone to stresses such
as salinity and drought (Yanni and Dazzo 2010, 2015).

6.4.2.6 Soil Acidity

Low pH has its consequence on yield. As in the above stresses, the high proton
content in soil also affects the colonization of the roots by beneficial microbes. The
low pH results in a drop in calcium and phosphates in the soil which tends to cause
crop failure. While acidity may inhibit some strains of soil bacteria, Azorhizobium,
Rhizobium, and Bradyrhizobium have been shown to be acid tolerant. As in salinity
and drought, determinants such as EPS or polyamines/glutathiones help with acid
tolerance. R. tropici recruited glutathione while R. leguminosarum bv trifolii accu-
mulated K and P to facilitate acid tolerance (Muglia et al. 2007; Watkin et al. 2003).

6.4.2.7 Heavy Metal Resistance

Heavy metal negatively impacts the growth of plants and microbes within the
environment. In past years, the approach towards handling this heavy metal con-
tamination is called bioremediation. Certain microorganisms have specific path-
ways that enable them to utilize heavy metals and reduce heavy metal
contamination in the environment. These organisms will enable growth of heavy
metal free plants despite the presence of heavy metal in their surroundings. Heavy
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metal individually or in combination adversely affects the genetic diversity and
nodulation in Rhizobium sp. by affecting the activity of the nod genes (Stan et al.
2011). Determinants such as EPS and LPS have both contributed towards heavy
metal resistance in Rhizobium spp. (Liu et al. 2001). In addition to the identification
of determinants involved, Lakzian et al. (2002) in their research mentioned the role
of plasmids in relation to tolerance towards heavy metal. Rhizobium species such as
R. etli, R. meliloti, R. leguminosarum bv. trifolii, R. leguminosarum bv. viciae,
B. japonicum, and Bradyrhizobium sp. have been identified as heavy metal-tolerant
strains (Kinkle et al. 1994). These microorganisms were able to reduce the toxic
heavy metals to nontoxic forms in the soil.

6.4.2.8 Synergism in Rhizobial Colonization

Studies performed on the effect of Rhizobium co-inoculated with mycorrhizae have
shown better results than observed when Rhizobium spp. were used solely on rice.
This indicates that the interaction of both microorganisms and their exudates with
those of rice roots have resulted in better absorption of nutrients and thus better
yield and growth. Research has shown that numerous PGPs are able to work
together with other organisms such as Bacillus, Pseudomonas, Azospirillum, Strep-
tomyces, and Enterobacter species in improving growth in legumes. Similarly,
current work has been directed towards the synergistic effect of these microbes
and Rhizobium spp. towards direct or indirect effects in yield and growth in rice.
Rhizobium spp. when co-inoculation with the above-mentioned organisms
increased phytohormones, vitamins, N, fixation, and siderophore production
(Cassan et al. 2009; Akhtar et al. 2012; Elkoca et al. 2008). In addition to the
factors that directly affect the growth and yield of crops, these organisms have
shown influence on inhibiting phytopathogens such as Fusarium oxysporum and
R. solani in rice (Nadarajah 2016). Collectively researchers have shown that
co-inoculation shows better performance compared to single inoculum in managing
both biotic and abiotic stresses.

6.5 Conclusion

The complexity of plant—microbe interactions, particularly in associative relation-
ships, poses further stiff challenges in working out possible exploitation strategies.
The major limitation is the energy diversion and budgeting for an effective and
efficient management of biological nitrogen fixation associated with rice. Operation
of several mechanisms may occur in determining the extent of associative response
of Rhizobium spp. on plant growth and yield. Probably, the additive response of the
active mechanisms could be responsible for bringing out the overall associative
benefits. Thus, a better understanding is necessary of the mechanisms that contrib-
ute to better associative relationship between Rhizobium spp. and non-legumes, in
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this case rice. Understanding the rhizobial-rice interaction will enable a judicious
management of water, organic matter, and agrochemicals in rice cultivation. Again,
large variation will be seen in different strains of Rhizobia, and this interaction is
more complex when we include the rice genotype, soil condition, climate, and
agricultural management practices employed. Continuous identification of
Rhizobia which are able to colonize and contribute positively to rice is essential
in addition to understanding the mechanisms that are at play in rhizobia-rice-
environment. Therefore, the way forward is to utilize modern developments and
fully exploit the technological advancements in understanding and manipulating
the associative relationship between Rhizobium-rice. It is, however, too early to
predict immediate major advances in genetic manipulation and development of
genetically engineered super strains with exceptional capabilities for adoption in
the rhizosphere. The knowledge gained so far is too limited to effect a consistent
positive interaction between plant and bacteria, let alone the thrust on commercial
exploitation of microbial technology, for maximizing the yields.
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Chapter 7
Plant Growth-Promoting Rhizobium:
Mechanisms and Biotechnological Prospective

Anita Patil, Ankit Kale, Gaurav Ajane, Rubina Sheikh, and Surendra Patil

7.1 Introduction

The use of microbial agents for improving agriculture productivity depends on soil
and plant health. Usually, the rhizospheric soil, inhabited and influenced by plant
roots, is rich in nutrients, due to accumulation of amino acids, organic acid, fatty
acids, phenols, plant growth regulators, sterols, sugars, and vitamins released as
exudates, secretion, and deposition (Gopalakrishnan et al. 2015). The accumulation
of simple and complex natural matter results in enrichment of soil (10-100-fold).
Microbial flora includes bacteria, fungus, and algae along with protozoa, among
which rhizospheric bacteria significantly influenced the plant growth. Rhizospheric
bacteria can be further categorized according to their proximity and association
with roots: (1) bacteria, which live near to root surfaces (rhizosphere); (2) group of
bacteria colonizing the root surfaces (rhizoplane); (3) group of bacteria entering
inside and residing in root tissues, inhabiting spaces between cortical cells (endo-
phytes); and (4) group of bacteria living inside cells in specialized root structures
known as root nodules.

The bacterial group belonging to these classes are referred to as plant growth-
promoting rhizobacteria (PGPR). Bacteria belonging to categories 1-3 are further
classified as extracellular plant growth-promoting rhizobacteria (¢ePGPR) and cat-
egory 4 as intracellular PGPR (iPGPR). The ePGPR includes the genera Bacillus,
Pseudomonas, Erwinia, Caulobacter, Serratia, Arthrobacter, Micrococcus,
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Flavobacterium, Chromobacterium, Agrobacterium, and Hyphomicrobium,
whereas iPGPR includes the genera rhizobium, Bradyrhizobium, Sinorhizobium,
Azorhizobium, Mesorhizobium, and Allorhizobium (Gopalakrishnan et al. 2015).
They are reported as the nonpathogenic soil-borne microorganisms which can
promote plant growth, yield, and increased disease resistance. As the plant growth
promotion considered being the results of improved and balance nutrient mobili-
zation, along with hormone and metabolite production by plant growth-promoting
rhizobia. They are the soil bacteria inhabiting around/on the root surface and are
directly or indirectly involved in plant growth promotion in normal and stressed
conditions.

The increased disease suppression can occur through microbial antagonistic
mechanisms or the induction of systemic resistance (ISR) or systemic acquired
resistance (SAR) in plants. Due to the use of PGPR, the global demand and
dependence on hazardous agricultural chemicals, which disturbs the agro-ecosys-
tem balance, were reduced drastically. The known species of Rhizobium (Rhizo-
bium, MesoRhizobium, BradyRhizobium, AzoRhizobium, AlloRhizobium, and
SinoRhizobium) have been widely used for effective establishment of the
nitrogen-fixing symbiosis with leguminous crop plants (Bottomley and Maggard
1990). Rhizobium spp. are gram-negative soil bacteria that have a profound scien-
tific and agronomic significance due to their ability to establish nitrogen-fixing
symbiosis with leguminous plants, which is of major importance in the maintenance
of soil fertility (Somasegaran and Hoben 1994). Rhizobium promotes growth by
direct and indirect mechanisms (Tables 7.1 and 7.2).

7.2 Direct Promotions

7.2.1 Nitrogen Fixation

The various biochemical reactions of BNF occurred through symbiotic association
of N,-fixing microorganisms with legumes that convert atmospherical elemental
nitrogen (N,) into ammonia (NHj3). Rhizobia are soil bacteria that colonize legume
roots and induce nodules in which atmospheric nitrogen is converted into plant-
available compounds. The number and diversity of indigenous rhizobia in the
rhizosphere depend on a number of abiotic and biotic factors and proximity to
other organisms (Karas et al. 2015). Various Rhizobium species, including
Mesorhizobium, Bradyrhizobium, Azorhizobium, Allorhizobium, and
Sinorhizobium), are in intimate symbiotic association with leguminous plants due
to the chemotactic response to flavonoid metabolites released as signals by host
plant. Such behavior results in the induction and expression of nodulation (nod)
genes in Rhizobium species and leads to specific lipo-chitooligosaccharide signals
(LCO), which trigger mitotic cell division and lead to the formation of nodules
(Matiru and Dakora 2004). The nodulation on leguminous plants depends upon
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Table 7.1 Rhizobia as plant growth promoters—direct mechanisms
Rhizobium sp./Growth promoting
traits Activity References
N, fixation
Bradyrhizobium sp. (vigna)RMS8 Enhanced the nodule numbers, Wani et al.
leghemoglobin, yield with high protein (2007a)
content along with shoot, root, and soil
nitrogen
Mesorhizobium sp. RC3 Higher dry matter accumulation, more Wani et al.
number of nodules, yield with high pro- | (2008)
tein content and enhanced shoot, root,
and soil nitrogen
Rhizobium sp. RP5 More dry matter accumulation, more Wani et al.
nodule, with high yield and protein con- | (2007b)
tent (P)
Rhizobium leguminosarum strain | Enhanced growth, nodulation, and Ahemad and

MRP1

leghemoglobin content, increased N2
and P, high yield and seed protein content

Khan (2010a)

Mesorhizobium strain MRC4 Significant increase in nodulation and Ahemad and
leghemoglobin content, along with Khan (2009a,
higher shoot and root nitrogen and phos- |2010c)
phate content

Siderophore production

B. Japonicum Siderophore production Wittenberg

et al. (1996)

R. ciceri Siderophore production Berraho et al.
(1997)
Rhizobium BICC 651 Produced a catechol siderophore to Datta and
acquire iron under iron-poor condition Chakrabartty
(2014)
Rhizobium meliloti Siderophore-producing strains and act as | Ghorpade and

potential biocontrol agent against
Macrophomina phaseolina that causes
charcoal rot of groundnut

Siderophore production from “Stem
nodule of Aeschynomene indica” (weed
legume)

Gupta (2016)

Rhizobium nepotum

Siderophore production for plant growth

Naik and
Dubey (2011)

Phytohormone production

Mesorhizobium ciceri IAA production Wani et al.
(2007¢)

Rhizobium leguminosarum IAA production Dey et al.
(2004)

Rhizobium leguminosarum Cytokinin Noel et al.
(1996)

(continued)



108

Table 7.1 (continued)
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Rhizobium sp./Growth promoting

traits Activity References

PHB production

B. japonicum nifH, nifDK structural gene responsible Hahn et al.
for nitrogenase activity to fix and produce | (1984)

massive PHB accumulates

Rhizobium elti, Pseudomonas
stutzeri

Production of poly-f-hydroxybutyric
acid (PHB)

Belal (2013)

Sinorhizobium leguminosarum Produces polyhydroxy butyrate (PHB) in | Rebah et al.

bv. viciae, R. leguminosarum sludge and in industrial wastewater (2009)

bv. leguminosarum

Rhizobium ORS571 Large amounts of PHB are induced under | Stam et al.
conditions of oxygen limitation (1986)

Mesorhizobium spp. Exopolysaccharide secretion Ahemad and

Khan (2009a)

Phosphate solubilization

Mesorhizobium mediterraneum Enhance growth and phosphate content in | Peix et al.
chickpea plant (2001)

Rhizobium and Bradyrhizobium P solubilization, produce high level of Abd-Alla
acid phosphatases, reduce pH of medium | (1994)

R. leguminosarum Production of 2-ketogluconic acid with Halder and

R. meliloti P-solubilizing ability Chakrabarty

(1993)

Heavy metal mobilization

(Rhizobium RL9) Increase growth, nodulation, nitrogen, Wani and
leghemoglobin yield in lentil plant Khan (2012,
against Pb and Ni metals 2013)

R. leguminosarum Enhance plant growth and biomass in Hadi and

maize against Pb

Bano (2010)

S. meliloti

Enhance biomass in black medic against
Cu

ACC deaminase

R. japonicum, B. elkani, M. loti,
R. leguminosarum, Sinorhizobium
spp.

Produce high level of ACC deaminase

Subramanium
et al. (2015)

R. leguminosarum bv. trifolii
SN10

Produces indole acetic acid and ACC
deaminase which enhances rice growth

Philippe et al.
(2012)

diverse factors such as plant—bacterial symbiont compatibility, physical and chem-
ical composition of soil, and presence of differing bioactive molecules, viz.,
flavonoids, polysaccharides, and hormones associated with them (Hayat et al.
2010). Rhizobial infection occurs when bacteria enter into the root in a host-
controlled manner and are then trapped inside the cavity of curling roots (Fig. 7.1).

The N, fixation process is carried out by enzyme, the nitrogenase complex (Kim
and Rees 1994), which is a two-component metalloenzyme consisting of
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Table 7.2 Rhizobia as plant growth promoters—indirect mechanisms

Rhizobium species/Growth
promoting traits

Activity

References

Biocontrol

R. leguminosarum
bv. trifolii,

R. leguminosarum
bv. viciae, R. meliloti,

Secretion of antibiotics and cell
wall-degrading enzymes that
inhibit phytopathogens

Chandra et al. (2007), Siddiqui
and Mahmoud (2001), Siddiqui
et al. (1998, 2000)

R. trifolii
P. fluorescens and Biocontrol agents to suppress Villacieros et al. (2003)
S. meliloti pathogens in Alfalfa

B. japonicum, R. meliloti,
and R. leguminosarum

Biocontrol against pathogens
such as Macrophomina
phaseolina, Rhizoctonia solani,
Fusarium solani of Okra and
sunflower

Ehteshamul-Haque and
Ghaffar (1993), Ozkoc and
Deliveli (2001), Siddiqui and
Shaukat (2003)

Induce systemic resistance

Rhizobial strain RH 2

Defense-related enzymes, viz.,
L-phenylalanine ammonia lyase
(PAL), peroxidase (POX), and
polyphenol oxidase (PPO) level,
get increased which decreases
the production of 1,3-glucanase
and polymethyl galacturonase
by the pathogen

Dutta et al. (2008)

Rhizobium leguminosarum
bv. viceae FBG05

Induction of systemic resistance
in faba bean (Vicia faba L.)
against bean yellow mosaic
potyvirus (BYMYV)

Elbadry et al. (2006)

Rhizobium etli G12

Rhizobium etli G12 reduces
early root infection by the
potato cyst nematode
Globodera pallida

Hasky-Gunther et al. (1998)

Rhizobium strain

Systemic resistance (ISR) is
induced in bean (Phaseolus
vulgaris L.) mediated by
rhizobacteria against bean rust
caused by Uromyces
appendiculatus

Osdaghi et al. (2009)

Production of metabolites (v

olatile and nonvolatile antibiotics)

R. leguminosarum
bv. trifolii,

R. leguminosarum
bv. viciae, R. meliloti,

Secretion of antibiotics and cell
wall-degrading enzymes that
inhibit phytopathogens

Chandra et al. (2007), Ozkoc
and Deliveli (2001), Siddiqui
and Shaukat (2003), Siddiqui
and Mahmoud (2001), Siddiqui

R. trifolii et al. (1998, 2000)
HCN production

Mesorhizobium sp. HCN production Wani et al. (2008)
Mesorhizobium loti MP6 HCN hydrocyanic acid produc- | Chandra et al. (2007)

tion along with siderophore,
TAA, enhances the seed and
plant growth

(continued)
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Rhizobium species/Growth
promoting traits

Activity

References

Rhizobium species

HCN production

Abd-Alla (1994), Tank and
Saraf (2010)

Bradyrhizobium sp.

TAA, HCN, ammonia,
siderophores,
exopolysaccharides

Ahemad and Khan (2011c, d, e,
2012b)

Lytic enzymes

Rhizobium stain

Produce enzymes including
chitinases, cellulases, -1,3
glucanases, proteases, and
lipases that can lyse a portion of
the cell walls of many patho-
genic fungi

Frankowski et al. (2001), Kim
et al. (2008), Singh et al. (1999)

Abiotic stress

R. tropici co-inoculated
with Paenibacillus
polymyxa

Enhancement of plant height,
increase in shoot dry weight and
nodule number (drought stress)

Figueiredo et al. (2008)

Mesorhizobium spp.

Overproduction of 60 kDa
unknown protein (temperature
stress)

Rodrigues et al. (2006)

Rhizobium phaseoli

Overcome the adverse effect of
salinity in the presence of tryp-
tophan, increase nodulation and
yield

Zahir et al. (2010)

R. loti and Bradyrhizobium

R. loti multiplied at pH 4.5, but
Bradyrhizobium strains failed to
multiply at that pH

Cooper et al. (1985)

R. tropici, R. meliloti, and
R. loti

R. tropici and R. loti are mod-
erately acid tolerant and

R. meliloti is very sensitive to
acid stress

Vlassak and Vandurleyden
(1997), Tiwari et al. (1992),
Brockwell et al. (1991)

Rhizobial strain

Acid-tolerant alfalfa-nodulating
strains of rhizobia, isolated from
acidic soils, were able to grow at
pH 5.0 and formed nodules in
alfalfa with a low rate of nitro-
gen fixation

Del Papa et al. (1999)

Bradyrhizobium The fast-growing strains of Graham et al. (1994)
rhizobia are less tolerant to acid
pH than slow-growing strains of
Bradyrhizobium
R. meliloti Mutant strains of R. meliloti are | Athar and Johnson et al. (1996)

competitive with naturalized

alfalfa rhizobia and symbioti-
cally effective under drought
stress

(continued)
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Table 7.2 (continued)

Rhizobium species/Growth

promoting traits Activity References

Heavy metal stress

Rhizobium sp. Greater accumulation of HM in | Younis (2007)
nodules than roots and shoots

Bradyrhizobium RMS8 Enhance growth performance Wani et al. (2007a, b)

R. leguminosarum Enhance plant growth and Hadi and Bano (2010)
biomass

Pesticide tolerance

Rhizobium MRP1 Enhanced biomass (Herbicide Ahemad and Khan (2010a, b)
Quizalafo-p-ethyl)
Rhizobium MRL3 Leghemoglobin content, root Ahemad and Khan (2010a, b)

and shoot N, root and shoot P,
seed yield, and seed protein
(Herbicide Clodinafop)
Rhizobium MRP1 Concentration-dependent pro- Ahemad and Khan (2011a,
gressive decline in PGP sub- 2012a)

stances except
exopolysaccharides Fungicide
Hexaconazole)

Rhizobium strain MRL3 Exploited as a bio-inoculant to | Ahemad and Khan (2011a, b)
augment the efficiency of lentil
exposed to insecticide-stressed
soil insecticidal)

(a) (b) (c) (d)

Fig. 7.1 (a) Rhizobial infection to root, (b) trapping of bacteria to root curlings, (¢) formation of
infection thread by which Rhizobium reaches base of root, and (d) development of nodule
primordium in the cortex of root into a nodule

(1) dinitrogenase reductase (iron protein) and (2) dinitrogenase (with metal cofac-
tor). Usually, dinitrogenase reductase provides electrons with high reducing pow-
ers, while dinitrogenase uses these electrons to reduce N, to NHs3. Further based on
metal cofactor, three different N-fixing systems are classified into Mo-nitrogenase,
(b) V-nitrogenase, and (c) Fe-nitrogenase.

The nif genes responsible for N, fixation are found in both the symbiotic and
free-living systems. The nif gene includes the structural genes, involved in the
activation of Fe protein, Fe-Mo cofactor synthesis, electron donation, and few
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regulatory genes essential for functioning of enzymes. In rhizobia, symbiotic
activation of nif genes is dependent on the low oxygen level, which is regulated
by a set of genes called fix-genes (Kim and Rees 1994). The N, fixation is a high-
energy demanding process, which is supposed to require 16 moles of ATP for each
mole of reduced nitrogen (Glick 2012). Thus, if the bacterial carbon resources can
be directed toward oxidative phosphorylation, it results in the synthesis of ATP
required by legume plants.

7.2.2 Siderophore Formation

The bacteria acquire iron by the secretion of low-molecular mass iron chelators
referred to as siderophores, which have high association constants for complexing
iron. Most of the siderophores are water soluble and can be divided into extracel-
lular and intracellular siderophores. Generally, rhizobacteria differ regarding the
siderophore cross-utilizing ability; some are proficient in using siderophores of the
same genus (homologous siderophores), while others could utilize those produced
by other rhizobacteria of different genera (heterologous siderophores). Plants
assimilate iron from bacterial siderophores by different mechanisms, for instance,
chelate and release of iron, the direct uptake of siderophore—Fe complexes, or a
ligand exchange reaction (Schmidt 1999). Numerous studies of the plant growth
promotion vis-a-vis siderophore-mediated Fe uptake as a result of siderophore
producing rhizobacterial inoculations have been reported (Rajkumar et al. 2010;
Ahemad et al. 2014). Siderophores act as solubilizing agent for iron in limiting
conditions and can also form a stable complex with heavy metals, viz., Al, Cd, Pb,
Zn along with radionuclides U and Np (Neubauer et al. 2000). Thus, the binding of
bacterial siderophores to metal increases its solubility and can make it available to
plants, which can help to alleviate the stress.

7.2.3 Phytohormone Production

Symbiotic and non-symbiotic bacteria can promote plant growth directly by the
production of plant hormones (Dobbelaere et al. 2003). The rhizospheric bacteria
possess the ability to synthesize and release auxins as secondary metabolites, which
are further used by plants for developmental processes and in defense response
(Patten and Glick 1996). Rhizobium leguminosarum were reported to produce
growth hormone indole-3-acetic acid in rice associated with significant growth-
promoting effects as inoculants on rice seedlings (Biswas et al. 2000).
Mesorhizobium loti MP6 associated with Brassica along with IAA was reported
to produce chrome-azurol, siderophore, and hydrocyanic acid, enhance germina-
tion, and increase vegetative growth and yield (Chandra et al. 2007).
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The bacteria belonging to Rhizobium have been shown to produce auxins via
indole-3-acetamide formation, and genes controlling IAA production have been
reported (Ahemad and Khan 2011a, b). However, the synthesis of IAA by Rhizo-
bium spp. in the presence and absence of tryptophan has been demonstrated (Wani
et al. 2007b). The IAA produced by rhizobacteria increases the root surface area
and length, which provides higher access to soil nutrients. In turn, TAA also
loosened root walls to facilitate more root exudates, which support the growth of
rhizosphere bacteria (Glick 2012). IAA affects plant physiology by plant cell
division, extension, rate of xylem development, adventitious root formation, pig-
ment formation, photosynthesis, etc.; thus, rhizobacterial IAA can act as effector
molecules in plant-microbial interaction in pathogenesis and phytostimulation
(Spaepen and Vanderleyden 2011). Rhizobia influence crop growth and develop-
ment by changing the physiological status (Glick and Bashan 1997) and morpho-
logical characteristics of inoculated roots (Yanni et al. 1997).

Rhizobium strains are also reported as the potent producers of cytokinins during
their establishment (Senthilkumar et al. 2008), which stimulate cell division and
root development and root hair formation (Frankenberger and Arshad 1995).
Rhizobium as PGPR is supposed to produce gibberellins (Boiero et al. 2007).
Gibberellins are phytohormones (GA1-GA89) which are responsible for stem
elongation and leaf expansion. It promoted bolting of the plants, parthenocarpy in
fruits, increase in fruit size, breaking of tuber dormancy, and sex expression of
flowers. Rhizobium sp. and B. japonicum were reported to produce abscisic acid
(Boiero et al. 2007), which stimulates the stomatal closure, inhibits shoot growth,
promotes root growth, increases storage proteins, and produces proteinase inhibi-
tors essential to provide pathogen defense and counteract with gibberellins
(Mauseth 1991).

7.2.4 PHB Production

The carbon storage polymer poly-p-hydroxybutyrate (PHB) is a potential biode-
gradable alternative to plastics, which plays a key role in the cellular metabolism of
many bacterial species. Most species of rhizobia synthesize PHB, but not all species
accumulate it during symbiosis with legumes. The ability to accumulate PHB during
symbiosis appears to be dependent on the physiology of the nodule formed by the
host plant. Two major types of root nodules are formed in the rhizobia—legume
symbiosis: (1) determinate nodules, which do not possess a persistent meristem and
instead form a spherical-shaped structure, and (2) indeterminate nodules, which
possess a continuous meristem resulting in a long, cylindrical structure (Hadri et al.
1998). PhbB and PhbC are key enzymes in the anabolic arm of the PHB cycle and are
encoded on the S. meliloti chromosome. Both phbB and phbC mutants of S. meliloti
strain Rm1021 are deficient in the ability to produce succinoglycan, resulting in dry,
non-mucoid colonies when grown under carbon-rich conditions; this phenotype is
not observed in PHB degradation mutants (Aneja et al. 2004).
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7.2.5 Phosphate Solubilization

Phosphorus (P), the second important plant growth-limiting nutrient after nitrogen,
is abundantly available in soils in both organic and inorganic forms. The P is
required for differing metabolic processes, viz., energy transfer, signal transduc-
tion, biosynthesis of biomolecules, and plant physiology. Majority of P is
unavailable due to its fixation with various elements in soil, thus remaining
unavailable to plants. The phosphate-solubilization potential of Rhizobium (e.g.,
Rhizobium/Bradyrhizobium) was associated with the production of 2-ketogluconic
acid and reduction of pH of the medium (Halder and Chakrabarty 1993). The ability
of rhizobia to solubilize both organic and inorganic P has been exploited for
increasing the yield of plants. The plant absorbs P in soluble forms, monobasic
(H,0,) and diabasic (HPO,>") ions, which is available by release of mineral
dissolving compounds, e.g., organic acids anions, protons, hydroxyl ions, CO,,
liberation of extracellular enzymes, and then in turn release of P during substrate
degradation (Sharma et al. 2013).

7.2.6 Synthesis of ACC Deaminase Enzyme

Usually, ACC deaminase production is reported in rhizospheric bacteria that can
colonize the plant root (Belimov et al. 2001). Ethylene is a potent growth regulator in
plants, which regulates ripening, promotes adventitious root, and stimulates germi-
nation by breaking seed dormancy (Esashi 1991). As higher ethylene concentration
is toxic to plants (inhibits root elongation), the PGPR reduces its concentration by
the activity of enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase,
which hydrolyzes ACC, the precursor of ethylene in plants (Yang and Hoffman
1984). The end product of this hydrolysis, ammonia and a-ketobutyrate, can be used
by rhizobia/bacterium as sole sources of nitrogen and carbon essential for their
growth (Klee et al. 1991; Gopalakrishnan et al. 2015). The various strains of
rhizobia, such as R. Leguminosarum bv. viciae, R. hedysari, R. japonicum,
R. gallicum, B. japonicum, B. elkani, M. Loti, and S. meliloti, were known to produce
ACC deaminase (Gopalakrishnan et al. 2015). It has been confirmed that IAA
producing bacteria are reported to produce high levels of ACC, which inhibit
ethylene levels reported to promote plant growth, enhanced rhizobial nodulation,
and mineral uptake (Glick 2012).
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7.3 Indirect Promotions

The ability of biocontrol bacteria to indirectly promote plant growth has been the
source of considerable interest, both in terms of (i) types of mechanisms used by the
biocontrol bacteria and (ii) commercial use of such bacteria instead of chemical
pesticides. In fact, these two objectives are largely complementary and are
environment-friendly approach (Lugtenberg and Kamilova 2009). Besides induced
resistance in plants, rhizobacteria are also known to be involved in an indirect
mechanism by acting as biocontrol agents (Glick 2012). During their growth in
rhizosphere, they compete for nutrients and niche exclusion. Induced systemic
resistance (ISR) and antifungal metabolite (antibiotics) production are the predom-
inant methods for controlling pathogenic or nonpathogenic competitors.

Biocontrol is a process through which a living organism limits the growth or
propagation of undesired organisms or pathogens. Several rhizobial strains are
reported to have the biocontrol properties. Hence, usage of these strains against
soil-borne pathogens can lead to potential control. The mechanisms of biocontrol
by rhizobia include competition for nutrients (Arora et al. 2001), production of
antibiotics (Bardin et al. 2004; Chandra et al. 2007; Deshwal et al. 2003a), produc-
tion of enzymes to degrade cell walls (Ozkoc and Deliveli 2001), and production of
siderophores (Carson et al. 2000; Deshwal et al. 2003b).

7.3.1 Competition for Nutrient and Space

The indigenous rhizobia represent the most vigorous competition encountered by
inoculants. Rhizobium is an unusual organism in that no resting stage is known, and
thus, it is inoculated into soil in its vegetative stage. Consequently, after establish-
ment in soil, Rhizobium encounters microbial competition from predators, antago-
nists, inhibitors, and competitors for space, nutrients, and growth substances
produced by host plant or available in soil. Rhizobium is a facultative organism.
It can survive and multiply in soil in the complete absence of vegetation (Brockwell
1963); it can grow in rhizosphere of many plant species (Rovira 1961; and once
inside the nodule, it grows fast and can form population analogous to pure culture
due to enormous growth). Once it colonizes the soil, Rhizobium can be established
as nodulating and permanent strain.

7.3.2 Induced Systemic Resistance

PGPB can trigger a phenomenon in plants known as ISR similar to SAR essential to
activate their defense mechanisms in response to infection by a broad range of
pathogens and insect herbivores (Pieterse et al. 2009a, b). ISR-positive plants react
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faster and more strongly to pathogenic attack by inducing several defense mecha-
nisms. ISR is not targeted toward any specific pathogens, but it is effective at
controlling diseases caused by pathogens. Present in rhizosphere, ISR involves the
production of jasmonate and ethylene signaling within the plant, which stimulate
the host plant’s defense responses (Verhagen et al. 2004). Besides ethylene- and
jasmonate-induced signals, other bacterial molecules such as the O-antigenic side
chain of the bacterial outer membrane proteins, lipopolysaccharide, flagellar pro-
teins, pyoverdine, chitin, fp-glucans, cyclic lipopeptide surfactants, and salicylic
acid have all been reported to act as signals for the ISR.

Various rhizobial species are reported to induce systemic resistance in plants by
producing bio-stimulatory agents, including R. etli, R. leguminosarum bv. Phaseoli,
and R. leguminosarum bv. trifolii (Yanni et al. 2001; Peng et al. 2002; Singh et al.
2006; Mishra et al. 2006). Even the individual cellular components of the bacterium
rhizobia are reported to induce ISR, viz., lipopolysaccharides, flagella, cyclic
lipopeptides, homoserine lactones, acetoin, and butanediol (Lugtenberg and
Kamilova 2009). ISR is involved in priming for enhanced defense, rather than
direct activation of resistance by systemic immunity elicited by beneficial microbes
maintained over prolonged periods. ISR is associated with microbial antagonism in
the rhizosphere; altered plant—insect interactions enrich their microbiome that pro-
vides protection against diseases that promote plant health. ISR-inducing beneficial
microbes must also produce elicitors that are dependable for the onset of systemic
immunity. ISR is supposed to be the result of a long-distance signaling mechanism
that in rhizobial and mycorrhizal symbiosis is responsible for autoregulating the
colonization density of the symbionts (Stachelin et al. 2011; Pieterse et al. 2012) as
to balance the costs and benefits of mutualism.

7.3.3 Production of Metabolites (Volatile and Nonvolatile)

Phytopathogenic microorganisms are a major threat to sustainable agriculture
which decrease yield and soil health and have adverse effects on environment
and harmful effects on human health (Gupta et al. 2015). PGPR’s capacity to
colonize and inhibit certain root zone microflora suggests that they have great
potential for altering the environment of rhizosphere beneficial for plant growth
due to secretion of volatile metabolites, viz., antibiotics (Kloepper and Schroth
1981) and diffusible metabolites, i.e., lytic enzymes. The strains including
R. Leguminosarum bv. trifolii, R. leguminosarum bv. viciae, R. meliloti,
R. trifolii, S. meliloti, and B. japonicum have been reported to secrete antibiotics
and cell wall-degrading enzymes that can inhibit the phytopathogens (Bardin et al.
2004; Siddiqui et al. 2000).
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7.3.3.1 Antibiotics

PGPR produces antibiotics inhibiting the growth of “saprophytic pathogens” associ-
ated in root zones (Suslow et al. 1980). PGPR can develop resistance to specific
antibiotics due to increased use of these strains; thus, combination of biocontrol
strains that synthesize one or more antibiotics is recommended (Compant et al. 2005).

Rhizobia produce a narrow-spectrum peptide antibiotic, trifolitoxin (TFX),
which assessed microbial diversity changes in the rhizosphere of bean plants
(Robleto et al. 1998). The secretion of peptide antibiotic trifolitoxin (TFX) by
R. Leguminosarum bv. trifolii T24 was reported to control disease. B. Japonicum
reported to produce rhizobiotoxin directly protect soybean crop against
M. Phaseolina (Chakraborty et al. 1984). Bacteriocin is produced by 13 of 27 strains
of R. japonicum and 4 of 15 cowpea rhizobia; its in vitro production was highly
irregular and depended on culture conditions (Roslycky 1967).

The two types of bacteriocins produced by R. leguminosarum are small and
medium bacteriocins (Hirsch 1979). The small bacteriocin can diffuse through
cellophane and is heat labile and resistant to proteolytic enzymes, whereas the
medium one is unable to diffuse through cellophane. It is heat labile and resistant to
proteolytic enzymes. Bacteriocins are bactericidal substances produced by bacteria
and are active against bacteria of the same or closely related species (Tagg et al.
1976; Salto et al. 1979). Bacteriocins produced by Rhizobium spp. have been
characterized as phagelike (Schwinghaner et al. 1973), protease-sensitive, or
protease-resistant (Schurter et al. 1979) substances. They possess restricted antimi-
crobial activity. The production and primary characterization of an antimicrobial
substance (AMS) with a broad activity spectrum produced by Rhizobium trifolii
IARI and of a bacteriocin-like substance (BLS) produced by R. trifolii Rel-
1 (Joseph et al. 1983). These AMS are equally similar to those produced by
R. japonicum (Gross and Vidaver 1978) and R. trifolii (Schwinghamer 1971).
These bacteriocins are dialyzable and resistant to heat and proteolytic enzymes.

7.3.3.2 Hydrogen Cyanide Production

HCN, a secondary metabolite produced by several PGPR strains, has deleterious
effects on their growth. The rhizospheric microorganisms have been known to
protect their host plants by producing HCN, which protects their host but is
inhibitory to several phytopathogens. Rhizobia are relatively less efficient in
HCH production, as only 12.5 and 3% strains were found to be HCN producers
(Beauchamp et al. 1991; Antoun et al. 1998). The production of metabolites such as
HCN along with phenazines, pyrrolnitrin, viscoinamide, and tensin by rhizobia has
been reported as biocontrol mechanisms (Bhattacharyya and Jha 2012).

As reported, HCN is a powerful inhibitor of metal enzymes, such as copper-
containing cytochrome C oxidases, and is highly toxic to all aerobic microorgan-
isms at picomolar concentrations. HCN first inhibits the electron transport and
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energy supply and leads to death of the organisms. It seems to inhibit functioning of
enzymes and natural receptor’s reversible mechanism of inhibition (Corbett 1974),
and it is also known to inhibit the action of cytochrome oxidase (Gehring et al.
1993). The different bacterial genera have shown to produce HCN, including
species of Alcaligenes, Aeromonas, Bacillus, Pseudomonas, and Rhizobium (Devi
et al. 2007; Ahmad et al. 2008).

7.3.3.3 Lytic Enzyme Production

Many microorganisms produce and release lytic enzymes that can hydrolyze a wide
variety of polymeric compounds, including chitin, proteins, cellulose, hemicellu-
lose, and DNA. Expression and secretion of these enzymes by different microbes
result in the suppression of plant pathogen activities directly. The involvement of
Rhizobium enzymes that degrade plant cell wall polymers is a key step through the
infection process in root nodule symbiosis. The production of lytic enzymes such as
chitinase, B-1,3 glucanase, protease, and lipase which lyse the pathogenic fungal
and bacterial cell walls had been reported in rhizobia (Gopalakrishnan et al. 2015).

R. leguminosarum biovar trifolii during infection of white clover roots leading to
development of the root nodule symbiosis is the passage of the bacteria across the
root hair wall (Sahlman and Fahraeus 1963; Napoli and Hubbell 1975). This rigid
assemblage of plant polysaccharides and glycoproteins constitutes a barrier to host
specificity (Al-Mallah et al. 1987). Various hypotheses have been proposed to
explain how this event occurs: (1) rhizobia redirect growth through the root hair
wall from the tip to the localized site of infection and cause invagination rather than
penetration of the root hair wall, forming the tubular structure of the infection
thread (Nutman 1956); (2) homologous Rhizobium strains induce the host plant to
produce polygalacturonases, which soften the root hair wall at the site of infection
and thus allow the bacteria to penetrate between microfibrils to the cell membrane
and initiate an infection thread (Ljunggren and Fahraeus 1961); (3) wall-degrading
enzymes produce a localized degradation that completely traverses the root hair
wall, allowing direct penetration by the bacteria (Hubbell 1981). The strongest
evidence for the involvement of wall hydrolysis in the R. leguminosarum
bv. trifolii-white clover infection process involves wall hydrolysis (Callaham and
Torrey 1981). Rhizobial infection of legumes is a delicately balanced process, in
which wall-degrading enzymes are involved; their production may be restricted to
account for slow, localized penetration without destruction of the root hair and
subsequent abortion of the infection process (Hubbell 1981). The role of
lytic enzymes in the infection of legumes by Rhizobium species has been confirmed
to be involved pectinolytic (Prasuna and Ali 1987), cellulolytic (Morales et al.
1984), and hemicellulolytic enzymes.
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7.4 Abiotic Stress Resistance of Rhizobia

PGPR as stress relievers has been recommended and is the best option for devel-
oping stress-tolerant crops with minimized costs and environmental hazards. In the
Rhizobium—legume symbiosis, the process of N, fixation is strongly related to the
physiological state of the host plant. During BNF, competitive and local rhizobial
strain is not expected to express its full capacity due to limiting factors (e.g.,
salinity, soil pH, nutrient deficiency, mineral toxicity, soil nitrate, soil temperature,
heavy metals and biocides temperature extremes, insufficient or excessive soil
moisture, inadequate photosynthesis, plant diseases, and grazing) (Thies et al.
1995; Zahran 1999).

The most problematic environments for rhizobia are marginal lands with low
rainfall, extremes of temperature, acidic soils of low nutrient status, and poor water-
holding capacity. Rhizobium and Bradyrhizobium species vary in their tolerance to
major environmental factors as they possess some key tolerance mechanism/path-
ways against certain stress factor. The best option for developing stress-tolerant
crops with minimized production costs and environmental hazards can be the use of
PGP microbes as stress relievers and might therefore open new applications for a
sustainable agriculture.

7.4.1 Salt and Osmotic Stresses

The legume—Rhizobium symbiosis and nodule formation are sensitive to salt or
osmotic stress as it inhibits the initial step’s symbioses. Soybean root hairs showed
little curling or deformation when inoculated with B. japonicum in the presence of
170 mM NaCl, and nodulation was completely suppressed by 210 mM NaCl
(Tu 1981). The reduction of N,-fixing activity leads to a reduction in respiration
of the nodules, and a reduction in cytosolic protein production, specifically
leghemoglobin, by nodules, leads to the decline of dry weight and N, content in
the shoot (Cordovilla et al. 1995). The salt-induced distortions in nodule structure
could also be reasons behind the decline of the N2 fixation rate and photosynthetic
activity under salt stress (Georgiev and Atkias 1993).

The genera Rhizobium and Bradyrhizobium are more salt tolerant than their
legume hosts; they show marked variation in salt tolerance. Growth of R. meliloti
was tolerant of 300-700 mM NaCl (Sauvage et al. 1983). Strains of
R. leguminosarum have been reported to be tolerant to NaCl concentrations up to
350 mM NaCl in broth culture (Breedveld et al. 1991). Rhizobium strains from
Vigna unguiculata were tolerant to NaCl up to 5.5%, which is equivalent to about
450 mM NaCl (Mpepereki et al. 1997).

Rhizobia utilized the mechanism of osmotic adaptation in which intracellular
accumulation of low-molecular-weight organic solutes called osmolytes, which
counteract the dehydration effect of low water activity through the medium but
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not to interfere with macromolecular structure or function. In the presence of high
levels of salt (up to 300400 mM NacCl), the levels of intracellular free glutamate
and/or K1 were greatly increased (sometimes up to sixfold in a few minutes) in cells
of R. Meliloti, R. fredii, Sinorhizobium fredii, and rhizobia from the woody legume
Leucaena leucocephala. K1 strictly controls Mg21 flux during osmotic shock
(Zahran 1999).

An osmolyte, N-acetylglutaminyl-glutamine amide, accumulates in cells of
R. meliloti dependent upon the level of osmotic stress (Smith et al. 1994). The
disaccharide trehalose plays a role in osmoregulation higher levels in cells of
R. leguminosarum (Breedveld et al. 1991) and peanut rhizobia (Ghittoni and
Bueno 1996) under the increasing osmotic pressure of hyper salinity. The disac-
charides sucrose and ectoine act as energy source/chemical mediators and were
used as osmoprotectants for Sinorhizobium meliloti (Gouffi et al. 1999). The
intracellular accumulation glycine betaine increases more in the salt-tolerant strains
of R. meliloti than in sensitive strains (Smith et al. 1988). These osmoprotective
substances may play a significant role for the maintenance of nitrogenase activity in
bacteroids under salt stress. When externally provided, glycine betaine and choline
enhance the growth of Rhizobium tropici, S. meliloti, S. fredii, R. galegae, and
Mesorhizobium loti (Boncompagini et al. 1999). The content of polyamines, e.g.,
homospermidine, increases in salt-tolerant cells and acid-tolerant strains of R. fredii
(Fujihara and Yoneyama 1993) and is supposed to maintain the intracellular pH and
repair the ionic imbalance caused by osmotic stress.

7.4.2 Extremes of Temperature (Hot/Cold)

The rhizobia, for which the optimum temperature range for growth is 28-31 °C, and
many are unable to grow at 37 °C (Zahran 1999). Temperature affects root hair
infection, bacteroid differentiation, nodule structure, and nitrogen fixation. These
processes usually function over a range of ~5 °C, but this differs between legumes
and is obviously dependent on the environment the rhizobia naturally occupy
(Zahran 1999).

Temperature stress is generally divided into two classes: heat shock and cold
shock. The heat-shock response is very similar to the acid stress response. Heat
shock proteins (HSPs), viz., chaperones and proteases formed, contribute to heat
tolerance by conferring heat protection on the bacteria but do not alter the internal
temperature on the cell (Yura et al. 2000). The rhizobia possess so many HSPs in
comparison to other bacteria; it may be, so they can bring about an immediate
response in times of heat stress, minimizing damage caused R. leguminosarum
which contains at least three copies of the HSP gene cpn60 that encode for Cpn60
(or GroEL) (Wallington and Lund 1994). The Cpn60 protein interacts with another
protein called Cpn10 (or GroES) encoded by cpnl0, and a copy of a cpnl0 gene is
upstream of at least two of the cpn60 genes. A superfamily of at least six small



7 Plant Growth-Promoting Rhizobium: Mechanisms and Biotechnological Prospective 121

HSPs, one of which is essential for symbiosis, has also been located throughout the
Rhizobium, though initially in B. japonicum (Natera et al. 2000).

Cold shock effects with a loss of membrane and cytosol fluidity and with the
stabilization of secondary structures of RNA/DNA lead to a decrease in the
efficiency of central dogma followed by low-temperature adaptation that allows
continued growth at low temperatures (Panoff et al. 1997). Cold shock response
also leads to the production of many cold shock proteins (CSPs) mainly chaperones
and proteases (Phadtare et al. 2000). The CSP chaperones are primarily used to bind
to RNA/DNA to prevent stabilization and allow translation and transcription to
proceed as usual (Phadtare et al. 2000). A CspA homologue is present in S. meliloti
and is induced following a temperature downshift from 30 to 15 °C, along with the
three rRNA (1rrn) operons. Both HSPs and CSPs have been shown to be induced by
other stresses, as part of a cross-protection, and by the NolR regulator, which is
more associated with the nodulation process (Chen et al. 2000).

7.4.3 pH Stress

Rhizobium displays varying degrees of pH resistance as measured by its ability to
grow in neutral or slightly acidic soil (Zahran 1999). Some mutants of
R. leguminosarum have been reported to be able to grow at a pH 18 and as low as
4.5. S. meliloti are viable only down to pH 5.5 (Foster 2000); S. fredii can grow well
between pH 4 and 9.5 and able to successfully nodulate in legumes (Richardson and
Simpson 1989).

Rhizobium contributed to acid tolerance by producing acid shock proteins
(ASPs) which do not alter the internal pH of the cell (Foster 1993). There are two
main types of ASPs: chaperones and proteases. Chaperones are proteins that either
bind to other proteins, preventing them from misfolding, or can also repair proteins
that have already misfolded as a result of the acidic conditions (Foster 2000).
Proteases break down any misfolded proteins that the chaperones cannot save
(Foster 2000). About 20 genes have been identified in R. leguminosarum that are
specific to the acid stress response in rhizobia and are termed act genes (acid
tolerance) (Kurchak et al. 2001).

In S. meliloti, genes actR and actS encode for the regulator and sensor in acid
shock response (Tiwari et al. 1996b). ActS is the membrane-bound product of acts
that, on detection of external acidity, activates ActR (product of actR) via phos-
phorylation. ActR then goes on to activate the transcription of other acid response
genes within the bacterium (Tiwari et al. 1996b), and research on S. meliloti has
shown that calcium (Tiwari et al. 1996a) and in R. tropici glutathione (Riccillo et al.
2000) can also play a key role in acid tolerance. The thiol forms a complex with the
reactive protonated species, thus removing their effect over the bacterial cells. Acid
shock has also been shown to induce the pH-regulated repressor (PhrR) protein
(Reeve et al. 1998). Rhizobium that produces greater amounts of
exopolysaccharides (EPS) is able to survive in acidic conditions more successfully
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(Cunningham and Munns 1984). R. leguminosarum bv. trifolii has been reported to
colonize soil and produce nodulation at a higher frequency in alkaline conditions up
to pH 11.5 (Zahran 1999). Homospermidine, a polyamine, accumulates in
B. japonicum in alkaline conditions, although its function is unknown (Fujihara
and Yoneyama 1993).

7.4.4 Oxidative Stress

The stress is caused by increased levels of superoxide anions (O,"), hydrogen
peroxide (H,0,), or hydroxyl radicals (HO"). These reactive species, which can
be generated by exposure to radiation, metals, and redox-active drugs, can lead to
the damage of all cellular components (Storz and Zheng 2000). Rhizobium over-
comes this stress in order to undergo symbiosis with legumes (Santos et al. 2001).
S. meliloti contains three genes that encode for catalases, katA, katB, and katC
(Sigaud et al. 1999). KatA is involved in protecting free-living cells from oxidative
stress, while KatB and KatC are required for cells to successfully bypass plant
defense systems and undergo the nodulation process (Jamet et al. 2003). Oxidative
shock has also been shown to induce the PhrR repressor protein (Reeve et al. 1998).
Rhizobium cells have been shown to be resistant to oxidative shock as part of a
cross-protection and by the NolR regulator (Chen et al. 2000). Glutathione has also
been shown to contribute to the oxidative stress response in R. tropici, in the same
way as it does in acid tolerance, though it is unknown how (Riccillo et al. 2000).
Perhaps the thiol forms a complex with the reactive oxygen species, thus removing
their effect over the bacterial cells.

7.4.5 Metal Stress

Metal ions usually cause oxidative stress by Fenton’s reaction in bacterial cell and
lead to expression of genes to a specific metal, such as nickel (Singh et al. 2001).
The response in terms of high intercellular carbohydrates and large cell inclusions
increases the resistance of R. leguminosarum to cadmium, copper, nickel, and zinc
(Zahran 1999). The production of thiols counteracts against the heavy metal-
induced oxidation and is supposed to bind to the metal ions, forming a complex,
and prevents cell damage by inactivating the ion’s redox potential in toxicity caused
by cadmium, gold, mercury, and lead (Singh et al. 2001).
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7.5 Rhizobia Association with Non-legumes

Report suggests the beneficial PGPR of rhizobia beneficial for legumes and
non-legumes (Antoun et al. 1998; Yanni et al. 1997). The rhizobial association
with non-leguminous plants such as maize, rice, wheat, lettuce, and radishes may be
strong or weak; these associations may be at rhizosphere, inside plant tissue
(endophytic), and upper plant part (phyllospheric).

These rhizobia are capable of colonizing the roots of non-legumes; this interac-
tion produces phytohormones, siderophores, and HCN. For the better symbiotic
association, both non-legumes exude amino acids, vitamins, organic acids,
enzymes, nucleotides, sugars, and plant metabolites (Rovira 1956), whereas
rhizobia exudate nutrient sources and perform PGPR activity. In cereals—legumes
crop rotation systems, inoculation of the preceding cereal crop with Rhizobia and
Bradyrhizobia increases nodule volume, the dry weight of shoots, number of pods,
and the final yield. B. japonicum, R. leguminosarum, S. meliloti, and Arctic rhizobia
are some of the examples of bacterial species, which participate with legumes and
non-legume plants. A number of reports available suggest that rhizobia can colo-
nize roots of non-leguminous plants and are able to survive in the internal tissue
system.

7.6 Plant Tissue Culture and Rhizobium Symbiosis

Rhizobium is always one of the foremost examples of nitrogen-fixing bacteria in
natural conditions. Nowadays, new approaches are arising looking toward the
Rhizobium applications in tissue culture, including legume symbiosis; these
required best conditions for effective rhizobial infection with callus for organogen-
esis (Holsten et al. 1971). This interaction provides a test system for studying
various facts related to legume symbiosis with minimal inference from plant
influence. Since the last 3—4 decades, different works have done on Rhizobium
role in tissue culture study. The presence of Rhizobium considered for the similar
activity as to supply nitrogen to the growing plants in plant tissue culture. Nitroge-
nase activity has been studied with respect to root, stem, and leaf through culture
using different strains of Rhizobia. The medium free from supplements and hor-
mones like nitrate, 2, 4-D, kinetin, etc., shows the rooting from the Rhizobia-
infected callus, whereas untreated plants remained undifferentiated (Rao 1976).
The morphological changes which accompany the onset of nitrogenase activity in
callus tissue were found to parallel closely the changes observed in intact nodule
systems.
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7.6.1 Establishment of Symbiosis

This symbiotic association can be established in vitro between Rhizobium and
cultured plant cell or tissue. For the successful association plant, cultured cells
are grown on the solid media surface provided with the low level of inorganic
nitrogen and then inoculated with Rhizobium at log phase. The whole system is
cost-effective and provides multiple replicates of the samples. The same medium is
to be used throughout the experiment to avoid disturbances in the growth of cells.
The change in acetylene level confirms the association of plant and bacteria, which
can be done by nitrogenase assay. This assay can be recorded within 3 weeks.

Relatively little is known regarding the factors controlling infection or the
development of nitrogenase in the nitrogen-fixing symbiosis between leguminous
plants and bacteria. The sensitive acetylene reduction assay technique for the
detection of nitrogenase activity (Hardy et al. 1968) and the demonstration that
symbiosis can be established between Rhizobium and plant cell tissue cultures
in vitro (Holsten et al. 1971) allow a novel approach to study these problems.

Various attempts have been shown in plant tissue culture derived from legumes
and non-legumes of successful induction of nitrogenase activity in Rhizobium
(Child and Larue 1974; Child 1975). Some experiments are shown below:
(1) Fusion of legumes and non-legumes protoplast, and the hybrid plants have the
ability to associate with Rhizobium; (2) forced association of N,-fixing bacteria
with non-legume tissue culture, and possible regeneration; (3) induced transfer of
nitrogen-fixing bacteria into protoplast; and (4) transfer of nif gene in non-legumes
and plant regeneration. The infection process took place in a liquid nutrient medium
containing growth promoters. After some days, the cells were transferred to a
similar medium lacking with growth promoters, to allow the establishment of
nitrogenase activity. As it is very difficult to form symbiosis between Rhizobium
and suspension culture cells in conventional vessels, the first established symbiosis
in callus culture on solid medium is reported on Gamborg’s BS and B5c media
(Gamborg 1970).

7.7 Genetic Engineering of Nif

Nif gene is present in symbiotic Rhizobia species and free-living bacteria like
Klebsiella pneumonia. Cloning of Nif gene has been achieved in various examples.
Nif of K. Pneumonia contains seven operons, including cluster of 15 genes working
together. However, the gene technology can be used to obtain more efficient
Rhizobium-legume symbiosis, which is of agro-industrial use.

Transfer of Nif gene (isolated from K. pneumonia) in non-nitrogen-fixing organ-
ism, including bacteria and cereals and other plants, is also now possible (Hardy
and Havelka 1975; Dixon et al. 1979). In this way, recombinant plasmid containing
Nif gene can be transformed, and these protoplasts containing Nif gene will
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regenerate in new plant which will be able to fix atmospheric nitrogen. Another
interesting method by phage-mediated gene transfer in plants is also explained
(Doy et al. 1973).

Induction of tumor in plants using A. tumefaciens is a well-established method
(Lippincott and Lippincott 1975; Kado 1976); this tumor is resultant of transfer of
T-DNA of A. tumefaciens in the plants (Schell et al. 1976). Ti plasmid can be
manipulated in Rhizobium thus. The bacteria get the ability to induce tumor in
plants without losing their ability to induce tumor (Van Larebeke et al. 1977). One
recent study explains the intergenic transfer of Ti plasmid and nodulating plasmid
between A. tumefaciens and Rhizobium (Brenner et al. 2005).

Rhizobium possesses large plasmids; it is explained that Nif gene might be
present on these plasmids; thus, the possibilities arise of transferring Nif gene
from Rhizobium to A. tumefaciens, which may lead to transfer of Nif gene in Dicots
as well. Agrobacterium and Rhizobium possessed closed relationship that is already
confirmed by 16s rRNA analysis (Fred et al. 2007).

In recent studies, it is found that A. tumefaciens as a natural genetic engineer is
now available for transfer of gene in plants. Rhizobia have an open source, better,
safer, more environmental friendly, and fewer restrictions in plant biotechnology as
compared to A. tumefaciens. Now new transgenic can be generated using binary
vector carried by rhizobia. Several methods have been available for transfer of
plasmid DNA in rhizobia, including conjugation and electroporation; transforma-
tion and transduction are used to transfer DNA into rhizobia species. It has been
suggested that some species of Rhizobium, including SinoRhizobiumm meliloti,
have sufficient transformation efficiency tested on monocots and dicots
(Broothaerts et al. 2005). Now researchers are looking toward interaction between
host plants and Rhizobia for more exploration to these fields, i.e., “Rhizobia-
mediated transformation” (Patel and Sinha 2011).
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Chapter 8
Recent Trends in Identification and Molecular
Characterization of Rhizobia Species

Pranay Jain and Ram Kumar Pundir

8.1 Introduction

Agricultural sustainability may represent the greatest encumbrance to increasing
food production. On the other hand, as a component of sustainability, replacement
of chemical fertilizers by bio-fertilizers has the potential to lower costs for farmers,
to increase yields, and to mitigate greenhouse-gas emissions and pollution of water
and soil. Rhizobia and plant growth-promoting rhizobacteria (PGPR) have been
broadly used in agriculture. Sustainability probably represents the greatest chal-
lenge to increase food production. The agricultural sector is forced to adopt new
technologies dynamically to maintain high yields—without clearing new land for
agriculture—and to minimize degradation of land that is occurring worldwide.
Since the Green Revolution, the use of chemical fertilizers has played a key role
in increasing yields; however, costs are often a major limitation to farmers in
developing and poor countries, whereas, for developed countries, pollution of
water and soil by fertilizers and greenhouse-gas emissions are sources of concern.
Rhizobial inoculants have been applied to legume crops as bio-fertilizers for over
half a century (Okon and Labandera-Gonzalez 1994; Bashan and Bashan 2005;
Hungria et al. 2005).

Rhizobia have been widely used in agricultural systems for enhancing the ability
of legumes to fix atmospheric nitrogen (Teaumroong and Boonkerd 1998). Nitrogen
was known to be an essential nutrient for plant growth and development. Intensive
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farming practices that accomplish high yields need chemical fertilizers, which are
not only cost-effective but also may create environmental problems. Nitrogen is
essential in plant cells for synthesis of enzymes, proteins, chlorophyll, DNA, and
RNA, thus essential for plant growth and production of food and feed (Matiru and
Dakora 2004). Nitrogen is the most limiting nutrient for the growth of leguminous
plants like common beans, soya beans, cow peas, and garden peas because that
present in the soil cannot support growth (Howieson and Committee 2007).

The extensive use of chemical fertilizers in agriculture is currently under debate
due to environmental concern and fear for consumers’ health. Consequently, there
has recently been a growing level of interest in environmentally friendly sustainable
agricultural practices and organic farming systems (Rigby and Caceres 2001; Lee
and Song 2007). Increasing and extending the role of bio-fertilizers such as
Rhizobium would decrease the need for chemical fertilizers and reduce adverse
environmental effects (Ogutcu et al. 2008).

The rhizobia, which are widely used in agricultural systems, are represented by
7 genera containing about 40 species as Alphaproteobacteria: Allorhizobium,
Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium (Wei
et al. 2002), and a species in the genus Methylobacterium (Sy et al. 2001). Recently,
symbiotic nitrogen-fixing species have also been defined among the genera
Burkholderia and Cupriavidus within the beta subclass of proteobacteria (Moulin
et al. 2001). The diversity of the rhizobia is however not clear, particularly consid-
ering the large number of leguminous species and their wide geographical distribu-
tion (Wei et al. 2002). Since rhizobia are taxonomically very diverse (Wolde-Meskel
et al. 2004), efficient strain classification methods are needed to identify genotypes
displaying such as superior nitrogen-fixation capacity (Sikora et al. 2002). Molecular
techniques have helped to develop easy and quick methods to microbial characteri-
zation including works distinguish genera, species, and even strains (Schneider and
De Brujin 1996; Giongo et al. 2008). The polymerase chain reaction (PCR) and the
use of primers corresponding to consensus repetitive sequences scattered in the
eubacteria genome, such as enterobacterial repetitive intergenic consensus (ERIC)
and enterobacterial repetitive sequences (BOX) can create highly characteristic
patterns when distinguished in agarose gels, providing well separation on strain
level (Adiguzel 2006). ERIC sequences are highly protected among rhizobia
genomes, and they were used to select and classify different rhizobia strains in
population works and to evaluate the environmental effect in defined populations
(Giongo et al. 2008). Recently, wild legumes and their symbionts have drawn the
attention of ecologist because of their tolerance to extreme environmental conditions
such as severe drought, salinity, and elevated temperatures. For rhizobial inoculants,
a molecular dialogue between the host plant and the bacterium results in root
nodulation and nitrogen fixation, involving plant flavonoids and bacterial nodulation
(Nod) factors, identified as lipochitooligosaccharides (LCOs) (Ferguson et al. 2010);
however, the roles of other molecules, such as those related to type-III secretion
systems and exopolysaccharides (EPSs) (Downie 2010) have also been emphasized.
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Many researchers have focused on the genetic diversity of Rhizobium isolated from
several countries around the world (Mutch et al. 2003; Moschetti et al. 2005; Shamseldin
et al. 2009). However the taxonomy of rhizobia is very diverse (Wolde-Meskel et al.
2004), molecular techniques based on the PCR provided easy and quick methods to
microbial characterization (Shoukry et al. 2013). The 16S rRNA gene sequencing is an
excellent tool for molecular characterization of the different isolates of Rhizobium
(Ismail et al. 2013).

Due to their considerable agricultural and environmental significance, Rhizobium
species have been extensively studied. During the last decades, the assessment of
diversity within rhizobial natural population in various regions of the world has
received increased attention. The development of numerous molecular genetic
methods and other serological techniques has been greatly contributed to these
investigations. The availability of several sensitive and accurate PCR-based
genotyping method (Jensen et al. 1993) has enabled the differentiation among
closely related bacterial strains and detection of a higher rhizobial diversity than
previously considered. Consequently, the taxonomy of root- and stem-nodulating
bacteria has been deeply changed in recent years.

8.2 Approaches for Identification of Rhizobia

Rhizobia are Gram-negative soil bacteria capable of inducing formation of nodules
in the leguminous plants in which atmospheric nitrogen is reduced to ammonia.
This mutualistic relationship between rhizobia and legumes is the most important
biological mechanism for providing nitrogen to the plants as an alternative to the
energy expensive ammonia fertilizer (Freiberg et al. 1997). Inoculation of legumi-
nous seeds with the selected rhizobial strains is being widely practiced to amelio-
rate the plant yield by enhanced root nodulation and nitrogen uptake of the plant
(Babic et al. 2008). Due to their paramount environmental and agricultural signif-
icance, these legume symbionts are being extensively characterized. Recently, the
assessment of diversity within rhizobial natural populations in various regions of
the world has received increased attention.

8.2.1 Culture Characteristics

In a combined approach of phenotypic and genotypic characterization, Rai et al. (2012)
obtained 28 indigenous rhizobial isolates from different chickpea growing regions in
peninsular and northern India and analyzed their diversity. The field isolates were
compared to two reference strains TAL 620 and UPM-Cal42 representing
Mesorhizobium ciceri and M. mediterraneum, respectively. Phenotypic markers such
as resistance to antibiotics, tolerance to salinity, temperature, pH, phosphate solubili-
zation ability, growth rate, and also symbiotic efficiency showed considerable diversity
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among rhizobial isolates. Their phenotypic patterns showed adaptations of rhizobial
isolates to abiotic stresses such as heat and salinity. Two salt-tolerant strains (1.5%
NaCl by T1 and T4) with relatively high symbiotic efficiency and two P-solubilizing
strains (66.7 and 71 pg/ml by T2 and T5) were identified as potential bioinoculants.
Molecular profiling by 16S ribosomal DNA restriction fragment length polymorphism
(RFLP) revealed three clusters at 67% similarity level. Further, the isolates were
differentiated at intraspecific level by 16S rRNA gene phylogeny. Results by these
workers assigned all the chickpea rhizobial field isolates to belong to three different
species of Mesorhizobium genus. 46% of the isolates grouped with Mesorhizobium loti
and the rest were identified as M. ciceri and M. mediterraneum, the two species which
have been formerly described as specific chickpea symbiont. This was the first report
on characterization of chickpea-nodulating rhizobia covering soils of both peninsular
and northern India.

Naz et al. (2009) aimed to isolate and characterize PGPR (Rhizobia) from
rhizosphere (EC: 2300 pS/cm; pH: 8.6) of four halophytes: Sonchus arvensis L.,
(sow thistle), Solanum surratense Burm. F., (yellow berried night shade), Lactuca
dissecta D. Don., (wild lettuce), and Chrysopogon aucheri (Boiss.) Stapf (golden
beard grass) collected from Khewra Salt Range and compared with Rhizobium
isolate from S. surratense Burm. F. of arid soil (EC: 210 pS/cm; pH: 7.9) of Attock
(treated as control). The isolates were identified and characterized on the basis of
colony morphology and biochemical traits viz. Gram staining, catalase and oxidase
tests, and carbon and nitrogen source utilization pattern. The survival efficiency of
isolates was measured in culture (colony forming unit/g soil). The genetic diversity
among the isolates assessed by RAPD-DNA fingerprinting and PCR was done for
the presence of 16S rRNA gene. On the basis of carbon/nitrogen source utilization
patterns, Rhizobium isolates placed in five different groups and were designated as
Rkh1, Rkh2, Rkh3, Rkh4, and Rak5 but random amplified polymorphic DNA
(RAPD) tests categorized the isolates into two clusters. The RAPD results were
further analyzed by MVSP software; similarity matrix was measured and converted
into dendrogram using UPGMA clustering method.

A study was undertaken by Wagh et al. (2015) to investigate the occurrence of
nitrogen-fixing bacteria (NFB) from soil and root nodule of Nashik area. Four soil
samples and two root nodule samples were collected randomly to estimate micro-
bial population which used plate count method. The study characterized NFB
strains isolated from leguminous plant species. The characterization of isolated
cultures was done through colony morphology analysis, cellular morphology and
biochemical properties which included Gram staining, catalase test, methyl red test,
Voges Proskauer test and citrate utilization and nitrate reduction pattern. Isolation
of DNA was done with the modified CTAB method. The isolated DNA was
subjected to Agarose gel electrophoresis and observed under UV light. The pres-
ence of nifH check by using PCR which gave 700 bps amplicon in 03 isolates.
These isolates could be useful to produce efficient bio-fertilizers for agriculture.

Zhang et al. (1991) studied on the diversity of Rhizobium bacteria isolated from
the root nodules of leguminous trees. 60 rhizobial strains isolated from the root
nodules of Acacia senegal and Prosopis chilensis in Sudan were compared with
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37 rhizobia isolated from woody legumes in other regions and with 25 representa-
tives of recognized Rhizobium species by performing a numerical analysis of
115 phenotypic characteristics. Cultures were grown to log phase in YEM agar or
broth before inoculation. The strains were then streaked onto YEM agar plates and
several tests like hydrolysis of urea, precipitation of calcium glycerophosphate,
reduction of nitrate, production of melanin, utilization of carbon sources were
performed as well as resistance to intrinsic heavy metals and antibiotics and
tolerance of NaCl were also determined.

Suliasih and Widawati (2005) investigated the occurrence of NFB from soil
samples of Wamena Biological Garden (WbiG). Eleven soil samples were collected
randomly to estimate microbial population which used plate count method. During
their work, yeast extract mannitol agar (YEMA) was used for growing Rhizobium
and Mannitol Ashby agar medium for isolating Azotobacter and Okon medium for
Azospirillum. The number of bacterial colony was estimated after 7 days of
incubation at room temperature and then were identified following the methods
of Bergey’s Manual of Systematic Bacteriology.

Khan et al. (2008) reported the isolation and identification of nitrogen-fixing
microorganisms during the seedling (30 days after seed sowing) stage of rice
(BR 10) rhizosphere soil grown in Non-calcareous grey flood plain soil of
Bangladesh. Four individual strains were microbiologically identified based on
the selection criteria, and it was found out that their biochemical tests were strictly
similar to Enterobacter spp., for strain-1, Klebsiella spp. for strain-2, Bacillus spp.
for strain-3, and Azospirillum spp. for strain-4. They were anaerobic in nature.

Messaoud et al. (2014) isolated and characterized phenotypically the rhizobial
strains from the soils belonging to the Meknes-Tafilalet region in order to select
strains that were able to nodulate Bituminaria bituminosa. Samples from 23 differ-
ent sites belonging to the Meknes-Tafilalet region were collected in order to select
rhizobial strains that are able to nodulate B. bituminosa. The morphological,
cultural, and phenotypic parameters of isolated strains were studied. The pheno-
typic characteristics included colony morphology, growth speed, tolerances to
temperature, salt, and pH. The results highlighted the important biodiversity of
the isolated rhizobial strains and opened opportunities for the development of new
bio-fertilizer.

8.2.2 Physiological and Biochemical Approaches

Shoukry et al. (2013) obtained eight locally isolates of Rhizobium sp. from different
soil locations were characterized and determined of their nodulation efficiency. The
obtained results exhibited that all the isolated strains were R. leguminosarium bio
viciae and the eight isolates produced the highest mean of nodules per plants which
reached (104 nodules) for isolate RLS. The obtained results after salt tolerance and
antibiotic response of the R. leguminosarium strains showed that the isolate
No. RL7 was the superior strain for salt tolerance. The following strain for salt
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tolerance was the isolate (RL2). The high growth rate of the R. leguminosarium
strains could be considered as an indicator of salt tolerance. Moreover, the isolated
strains (RL3, RL4, and RL7) showed the highest level of antibiotic resistance since
they were resistant to five antibiotics.

In a study carried out by L’taief et al. (2007), several phenotypic markers were used
to determine the biodiversity of rhizobial strains nodulating Cicer arietinum L. in
various areas of Tunisia. They included symbiotic traits, the use of 21 biochemical
substrates, and tolerance to salinity and pH. Numeric analysis of the phenotypic
characteristics showed that the 48 strains studied fell into three distinct groups.

The investigation was carried out by Mishra et al. (2013) who isolated bacteria-
nodulating cluster bean from the areas of arid and semiarid regions of Rajasthan to
identify effective and competitive strains tolerant to various abiotic stresses such as
temperature, pH, and salinity. A total of 15 rhizobium isolates from cluster bean
nodules were characterized on the basis of cultural analysis and screened for
physiological traits. Most isolates were tolerant to pH between 6.0 and 8.0, NaCl
concentration between 0.5 and 3% and temperature between 37 and 42 °C. These
rhizobial isolates were characterized by RAPD to estimate their relationship on
molecular basis and compared with their tolerance to various abiotic stresses.

Park et al. (2005) isolated and characterized diazotrophic growth-promoting
bacteria from rhizosphere of agricultural crops of Korea. Burk’s nitrogen-free
semisolid and solid medium was used throughout the study and the pH of the
medium was adjusted to 7 £ 0.1. Physiological and biochemical characters of the
bacterial isolates were examined according to methods described in Bergey'’s
Manual of Systematic Bacteriology. Gram reaction was performed as per standard
procedures and tests like plate assays and fatty acid analysis were also done.

In a study by Singh et al. (2013), root-nodulating bacteria were isolated and
characterized from the root nodules of Sesbania sesban leguminous plants growing
in regions of Mumbai and its suburban areas. A total of 17 isolates isolated on YEMA
medium. These isolates were further studied for their morphological characters and
biochemical characterization along with one reference culture (NCBI-TUR1). Out of
17, morphologically six Rhizobium strains were rod-shaped, Gram-negative, and
mucous producing. These isolates were unable to grow in the presence of 0.1%
methylene blue and lactose. With the help of biochemical characterization, it was
confirmed that those all six isolates were Rhizobium species. These isolates were
studied for different salt concentration range from 5 to 9.0%, and culture shows less
growth as the concentration of salt increased. All isolates grow at pH 6.0-11.0 but
none of the isolates grow at pH 12.0. The optimum physical parameters for the
growth of fast-growing rhizobia were found in pH between 7.0 and 8.0 and 28 °C
temperature. BIOLOG test was performed in order to understand the nutrient require-
ment and utilization pattern of Rhizobium species. The goal of isolation of Rhizobium
species associated with Sesbania sesban sample would be the assessment of rhizobial
genetic diversity. The tolerance to high salinity, pH, and their survival in such harsh
environmental conditions make these rhizobial isolates valuable to improve the
productivity of the leguminous plants cultivated under extreme environments.
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Mirza et al. (2001) isolated nitrogen fixing, phytohormone-producing bacteria
from sugarcane and their beneficial effects on the growth of micropropagate
sugarcane plantlets. For isolation, serial dilutions of the bacterial growth in the
semisolid medium in ARA-positive vials were spread on LB agar plates and
incubated at 30 °C for 2448 h. Colonies appearing on plates were picked and
streaked on fresh LB agar plates. All the different types of colonies were again
inoculated in N-free semisolid media and were assayed for confirmation of acety-
lene reduction activity. Physiological and biochemical tests were performed using
the QTS-20 miniaturized identification system (DESTO Laboratories, Karachi,
Pakistan). Oxidation fermentation test and catalase test were also performed for
the identification of the isolates.

Holguin et al. (1992) worked on the isolation of new diazotrophic bacteria,
Listonella anguillarum and Vibrio campbellii, and one non-nitrogen-fixing bacte-
rium, Staphylococcus sp., from the rhizosphere of mangrove trees. The cellular
morphology of the pure isolates was determined with light microscopy (Zeiss).
Species identification was done by FAME analysis through gas chromatography of
cell fatty acid methylesters that have a chain length between 9 and 18 carbons long.
During their trials, it was found that Staphylococcus sp., indicates interaction with
the above two diazotrophic bacteria and results in increase or decrease in the
nitrogen-fixing capacity of the two diazotrophs.

A total of 251 bacteria were isolated from the surface-sterilized roots of
11 legumes except Lathyrus odoratus (Ozawa et al. 2003). Thirty one isolates of
these bacteria showed ARA of 2.6-450 nmol/h/culture when grown in the JNFb
media. 16S rRNA gene sequence analysis and physiological characteristics of the
31 isolates showed that the isolates were Agrobacterium radiobacter, A. tumefaciens,
Azospirillum lipoferum, Bradyrhizobium elkanii, Burkholderia cepacia, Frateuria
aurantia, Klebsiella oxytoca, K. pneumonia, Rhizobium gallicum, R. sp., Starkeya
novella, and Xantobacter flavus.

Prabudoss and Stella (2009) isolated Gluconacetobacter diazotrophicus from
sugar-rich crops like sugarcane (root, stem bud, and leaves), sweet potato, pine
apple, and wild cane. Nitrogen-fixing efficiency of the isolates was evaluated by
using acetylene reduction activity following the standard procedure. It was found
out that the nitrogen-fixing ability of the isolated strains were comparatively high
from that of the reference strains, indicating the superiority of the isolates.

Thirty nodule isolates from bean (Phaseolus vulgaris L.) grown in Eski3ehir,
Turkey were studied by Kucuk et al. (2006) for their physiological and biochemical
characteristics. Most isolates produced abundant extracellular polysaccharides,
tolerated high salt concentration (5% NaCl), grew at a temperature of 42 °C, and
synthesized melanin. They were able to grow at pHs ranging from 3.5 to 9.0. The
majority of the isolates showed an intrinsic resistance to the antibiotics chloram-
phenicol (20 and 50 pg/ml), erythromycin (30 pg/ml), kanamycin (10 pg/ml), and
streptomycin (40, 80, and 100 pg/ml).

Hassen et al. (2014) evaluated nodulation of bacterial strains isolated from the root
nodules of indigenous and exotic forage legumes. The nodulation authentication trial
was conducted following the Koch’s postulate experiment under glasshouse
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condition and revealed that all bacterial strains were root nodule microsymbionts of
the forage legumes from which they were initially isolated. Nodulation and improved
growth of the legumes was achieved by the tested strains with statistically significant
(p = 0.05) increase in plant biomass and nodule number in comparison with the
un-inoculated controls. To elucidate their identity and phylogenetic relatedness, the
effective strains were selected and characterized by means of the 16S ribosomal RNA
sequence analysis. The analysis confirmed that the isolates nodulating Macrotyloma
axillare, Desmodium uncinatum, Indigofera spicata var. spicata, and Stylosanthes
gracilis predominantly belong to the genus Bradyrhizobium. Vigna unguiculata and
Vigna sp. were nodulated by strains belonging to members of the genus
Bradyrhizobium, Sinorhizobium, and Rhizobium.

An attempt was made by Ahmed and Abdelmageed (2015) to evaluate the
diversity of 16 Rhizobium leguminosarum bv. viceae strains isolated from different
schemes in Shendi area, Sudan. Morphological and cultural characteristics were
performed viz. colony morphology, Gram staining, and motility. Biochemical and
physiological tests include acid—base production, oxidase and catalase tests were
carried out. The effects of antibiotics on the growth of Rhizobium strains on YEMA
media were tested using measurement of diameters of the growth inhibition zones.
Growth of pure rhizobial isolates on (YEM) medium having variable range of pH
(5.5-8.5) and different concentrations of NaCl (0.5-6.6%) were recorded. The
isolates studied were motile, Gram-negative, and rod-shaped and catalase- and
oxidase-positive bacteria. Regardless the location of isolation, Rhizobium strains
tested showed significant differences (p < 0.05) in their sensitivity to the antibi-
otics. Strain SHUOS1F34, SHUMAF6, and SHUGF37 were the most sensitive
strains whereas strain SHUJ15F2, SHUSSF4, and SHUR2F36 were the most
tolerant ones to almost all antibiotics tested. With the exception of strain
SHUNOF35, which tolerate high pH values up to 8.5, the growth rate of all strains
increased steadily with increasing pH from 5.5 reaching the maximum at
pH 6.5-7.5 and then declined to 8.5. In all the tested strains, the growth rate
decreased with increasing salt concentration from 0.5 up to 6%.

The diversity of rhizobia associated with introduced and native Acacia species in
Algeria was investigated from soil samples collected across seven districts distrib-
uted in arid and semiarid zones by Boukhatem et al. (2012). The in vitro tolerances
of rhizobial strains to NaCl and high temperature in pure culture varied greatly
regardless of their geographical and host plant origins but were not correlated with
the corresponding edaphoclimatic characteristics of the sampling sites, as clearly
demonstrated by principal component analysis. Based on 16S rRNA gene sequence
comparisons, the 48 new strains isolated were ranked into 10 phylogenetic groups
representing five bacterial genera, namely, Ensifer, Mesorhizobium, Rhizobium,
Bradyrhizobium, and Ochrobactrum. Acacia saligna, an introduced species,
appeared as the most promiscuous host because it was efficiently nodulated with
the widest diversity of rhizobia taxa including both fast-growing ones, Rhizobium,
Ensifer, and Mesorhizobium, and slow-growing Bradyrhizobium. The five other
Acacia species studied were associated with fast-growing bacterial taxa
exclusively.
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8.2.3 Nucleic Acid Hybridization and Sequencing

The variability in the effectiveness of native Rhizobium isolates even on a single
cultivar of a legume crop and gives the impression that the nitrogen-fixing ability of
Rhizobium could be improved either by strain selection or by genetic manipulation.
Since the nitrogen-fixing ability is expressed only in symbiotic association, it is not
possible to find out whether the restriction on the bacterial gene expression is due to
the bacterial genome or the plant. Among fast-growing rhizobia, on the basis of
physiological properties and nucleic acid hybridization studies, a cluster could be
identified grouping strains of R. leguminosarum, R. phaseoli, and R. trifolii, which is
called the R. legurninosarum cluster, whereas strains of R. meliloti form a separate
cluster (Gibbins and Gregory 1972). Recent genetic evidence has confirmed this
separation in two clusters (Kondorosi et al. 1980).

The genetic diversity of ten rhizobial isolates (R. leguminosarum) isolated from
root nodules of broad beans (Vicia faba L.) growing in ten locations in Egypt were
investigated by Ismail et al. (2013) using 16S rRNA gene partial sequence. The
average genetic distance among the studied isolates was low (0.193) with the lowest
genetic distance between isolates collected from South Sinai and Zefta and the
highest genetic distance between North Sinai and Quesna isolates. The studied
isolates formed two main groups based on cluster analyses and principal coordinate
analysis. The grouping pattern of the isolates in both analyses was independent of
their geographic location. Further, the isolation-by-distance analysis showed no
correlation between genetic and geographic distance of the studied isolates
(r =0.118, p = 0.71). The results suggested that the genetic diversity of Egyptian
rhizobia across the studied locations was very low, probably due to the narrow
genetic background of Egyptian rhizobia.

A Gram-negative, nonmotile, fast-growing, rod-shaped, bacterial strain VKLR-
01 T was isolated by Kesari et al. (2013) from root nodules of Pongamia that
grew optimal at 28 °C, pH 7.0 in the presence of 2% NaCl. Isolate VKLR-01
exhibited higher tolerance to the prevailing adverse conditions such as those of
salt stress, elevated temperatures, and alkalinity. Strain VKLR-01 T consisted of
the major cellular fatty acid as Cig.;07¢ (65.92%). Strain VKLR-01 T was found
to be a nitrogen fixer using the acetylene reduction assay and PCR detection of a
nifH gene. On the basis of phenotypic, phylogenetic distinctiveness and molecular
data (16S rRNA, recA, and atpD gene sequences, G + C content, DNA-DNA
hybridization, etc.), strain VKLR-01 T = (MTCC 10513 T = MSCL 1015 T) was
considered to represent a novel species of the genus Rhizobium for which the
name Rhizobium pongamiae sp. nov. was proposed.

de Freitas et al. (2014) determined the characteristics of native rhizobia isolates
from nodules of Mimosa tenuiflora and Mimosa paraibana grown in pots with soils
collected under Caatinga vegetation and compared the restriction ribosomal DNA
profiles of the isolates with those of 16 reference strains. All plants formed
abundant indeterminate nodules and all nodule isolates formed fast-growing colo-
nies. No colony altered the medium to an alkaline reaction and most of them
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produced low or medium amounts of extracellular polysaccharides. White and
creamy colonies predominated among the isolates but orange and green colonies
were present. Differences among the isolates from the Mimosa species tested were
indicated by the greater phenotypic diversity of those obtained from M. tenuiflora.
The analysis of the 16S rDNA gene suggested that the isolates from M. tenuiflora
and M. paraibana were closely related and closer to B-rhizobia than to a-rhizobia.
However, the similarity with all the tested p-rhizobia reference strains was rela-
tively low which suggested that the isolates might belong to different bacteria
species.

8.2.4 PCR Fingerprinting Technologies

For molecular characterization of the rhizobial strains, various types of PCR
technologies could be utilized. Suitable technique should be used out of the several
PCR techniques such as RAPD analysis, RFLP analysis, amplified ribosomal DNA
restriction analysis (ARDRA) analysis, or 16S rDNA sequencing. PCR-based
fingerprinting techniques, such as terminal restriction fragment length polymor-
phism (T-RFLP), denaturing gradient gel electrophoresis (DGGE) and single strand
conformation polymorphism (SSCP), have been widely used in the study of rhizo-
bial communities. In general, fingerprinting techniques rely on the amplification of
16S rRNA gene fragments by PCR, but 16S rRNA gene copy number per genome
vary from 1 up to 15 or more copies depending on the bacterial species. The
numbers of rRNA gene copies are related to the life strategy of bacteria; taxa
with low copy numbers and inhabit low nutrient environment (Kang et al. 2010).

The quantitative PCR or qPCR is a molecular technique widely used for detec-
tion and quantification of specific genes and their expression from DNA and RNA
samples from various environments. It is a sensitive technique allowing detection of
the signal produced by DNA fragment amplification in real time during each cycle
of the PCR reaction. This technique could provide important insight into the
distribution of specific rhizobial genes in the rhizosphere and bulk soils (Sgrensen
et al. 2009) because it is not only used to detect and quantify 16S rRNA genes but
also functional genes involved in relevant processes in the rhizosphere, such as
nutrient cycling and phytopathogen biocontrol.

A study was done by Al-Judy and Majeed (2013) where ten of rhizobial isolates
and strain studied were either local isolate from chickpea root nodules or non-local
(Syrian and Turkish) obtained from ICARDA. These isolates were identified and
characterized on the basis of colonies morphology and biochemical tests including
Gram staining, catalase and oxidase tests. The genetic diversity among the isolates
was assessed by RAPD-PCR fingerprinting by using five primers. The RAPD result
showed high ability to detect genetic polymorphism in Rhizobia and have the
ability to generate unique bands (marker) especially in Shiekhan 3(10)bands
Mosle(8)bands isolates that were isolated from chickpea plants.
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Oraon and Singh (2013) studied diversity of Rhizobium spp. in agricultural lands
of Madhya Pradesh. Physicochemical properties of soil were studied using standard
methods while molecular methods used to study diversity within Rhizobium spe-
cies. Further, population analysis of Rhizobium species in relation to genetic
diversity was carried out using 16S rDNA-RFLP PCR. Rhizobium were identified
and genetically by determining the %G + C content of the whole genome, followed
by restriction enzyme (Mbo I, Hap II, Taq I, Msp I, Cfo I, Nde II, Dde I, Rsa I)
treatment of PCR amplified product of 16S rDNA segment was performed. The
sequences recognized by the restriction enzymes are distributed at variable intervals
in the genome of an organism and also vary in number. The separation carried out
by electrophoresis (1.6-2% agarose gel) resulted in specific banding pattern differ-
ing within as well as among different species.

Molecular diversity studies of 19 rhizobia isolates from chickpea were
conducted by Yadav et al. (2013) using simple sequence repeats (SSR) and 16S
rDNA-RFLP markers. Phenotypic characterization with special reference to salin-
ity and pH tolerance was performed. These isolates were identified as different
strains of Mesorhizobium, Rhizobium, Bradyrhizobium, and Agrobacterium.
Twenty SSR loci of M. ciceri distributed across the other rhizobial genome clearly
differentiated 19 rhizobial isolates. Analogous clustering supported the results of
16S rDNA sequence-based phylogeny. Analysis of the 16S rDNA sequences from
M. ciceri strains revealed that nucleotide variables (signature sites) were located at
20 different positions; most of them were present in the first 820 bp region from 5’
terminal. Interestingly, 14 signature sites were located in two main regions, the
variable region V1 (nt 527-584), and variable region V2 (nt 754-813). The
secondary structure and minimal free energy were determined in these two regions.

In a study carried out by Suneja et al. (2016), the normal nodulating chickpea
cultivar (HCS) and revertant of non-nodulating cultivar ICC 4993 NN designated as
ICC 4993 (R) were used to study and characterize the rhizobia infecting both
cultivars. On the basis of growth characteristic and nodulation, 43 rhizobial isolates
from revertant of non-nodulating cultivar and 8 rhizobial isolates from normal
nodulating cultivar were selected. Heterogeneity of the rhizobia infecting both of
the cultivars was estimated by ERIC as well as RFLP analysis of 16S rDNA
sequence. Based on the presence of different ERIC profiles, rhizobial isolates
from cv. ICC4993 (R) formed eight different clusters and those from cv. HCS
formed three clusters at 80% similarity. A combined dendrogram of all the
mesorhizobial isolates from the two cultivars showed two clusters at 70% similarity
and eight subclusters at 80% similarity level. Similarly, RFLP patterns showed that
rhizobial isolates from cv. ICC4993 (R) formed 11 clusters while those from cv.
HCS5 formed two clusters at 80% similarity. A combined dendrogram of
mesorhizobial isolates from the two cultivars formed 12 clusters at 80% level of
similarity. Using both methodologies, heterogeneity (if any) of mesorhizobia-
nodulating cvs. ICC4993 (R) and HCS could not be ascertained. Further sequencing
of partially amplified 16S rDNA of three rhizobial isolate from cv. ICC4993
(R) and one from cv. HC5 showed more than 98% similarity with Mesorhizobium
muleiense and Mesorhizobium mediterraneum. The phylogenetic analysis of 16S
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rRNA partial sequence revealed 11 monophyletic clades. The isolates NN78 and
HC 1065 were clustered along with M. mediterraneum strain PECA20 while NNs13
and NN90 formed a separate cluster.

The study carried out by Prasad (2014) established a phylogenetic relationship
between four Rhizobia species isolated from different plant nodules by RAPD
marker. The genomic DNA of good quality without any degradation was success-
fully isolated from Rhizobia. In total four Rhizobia isolates were studied for their
polymorphism at molecular level. Out of four random primers three primers,
namely, OPZ 8, 9, and 10 produced clear banding patterns. From the electrophoretic
banding pattern, cluster analysis was carried out using frequency similarity coeffi-
cient. The results of this study indicated that RAPD provided a high degree of
discrimination between the strains.

Ogutcu et al. (2009) conducted a study to determine the phenotypic and geno-
typic differences in R. leguminosarum subsp. ciceri strains isolated from perennial
wild chickpeas (Cicer anatolicum) from high altitudes (2000-2500 m) in mountains
of Erzurum, Eastern Anatolia, Turkey. In this study, rep-PCR (ERIC-, REP-, and
BOX-PCR) fingerprinting methods were used for the genotypic characterization
and phylogenetic analysis of R. leguminosarum subsp. cicero strains isolated from
perennial wild chickpeas. The results showed a high intraspecies diversity among
the strains in terms of rep-PCR (ERIC-, REP-, and BOX-PCR) profiles.

In a study, Shamseldin et al. (2005) recovered 12 rhizobial isolates from nodules
of common bean (P. vulgaris) grown in two different locations of Egyptian soils.
The most effective strains for nodule formation and nitrogen fixation were selected.
Strain specificity with the bean cultivars Saxa, Canoca, and Giza 6 from Germany,
Colombia, and Egypt were studied. The strains were characterized by ARDRA of
16S and 23S rDNA, plasmid DNA content, and 16S rDNA sequencing. A high
degree of genetic diversity was observed among the strains used. The strains were
separated into three genotype groups. Genotype A was displayed by seven isolates
classified as Rhizobium etli, while genotype B was displayed by a single isolate,
classified as R. gallicum. Genotype C included four isolates which were unable to
renodulate P. vulgaris, which were related to Agrobacterium tumefaciens. Single
strains were further characterized by specific physiological tests and measurements
such as acetylene reduction activity, nodule/root biomass ratio, and shoot and root
fresh weight.

Toolarood et al. (2012) studied the genetic diversity of 48 rhizobia isolated from
root nodules of alfalfa, cultivated in different regions of Iran, was studied by RFLP
analysis of PCR-amplified intergenic region (IGS) and 16 s rRNA gene. Analysis of
the intergenic region between 16S and 23S rDNAs (IGS) showed a considerable
diversity within these microsymbionts. At the similarity of 70%, these rhizobia
were clustered into four groups: I, II, III, and IV. Two genera, Sinorhizobium and
Agrobacterium, were identified among the isolates by PCR-RFLP of 16S
rRNA gene.

Costa et al. (2014) evaluated the diversity of rhizobial isolates obtained from
root nodules of pigeon pea plants grown at the eastern edge of the Brazilian
Pantanal. The bacterial isolates were isolated from root nodules from field-growing
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pigeon pea grown in two rural settlements of the Aquidauana municipality. The
bacterial isolates were characterized phenotypically by means of cultural charac-
terization, intrinsic antibiotic resistance (IAR), salt and high incubation temperature
tolerance, and amylolytic and cellulolytic activities. The molecular characterization
of the bacterial isolates was carried out using ARDRA and Box-PCR techniques. In
addition, the symbiotic performance of selected rhizobial isolates was evaluated in
a greenhouse experiment using sterile substrate. The molecular fingerprinting of
these bacterial isolates also showed a highly diverse collection, with both tech-
niques revealing <25% similarity among bacterial isolates. The results obtained in
this study indicated the presence of a highly diversified rhizobial community
nodulating the pigeon pea at the eastern edge of the Brazilian Pantanal.

In one study, Orel et al. (2016) collected crown gall-affected grapevine samples
from major vineyards, located in different Turkish provinces. One hundred and three
bacterial strains were obtained from 88 vineyards and 18 grapevine varieties; they
were tumorigenic when inoculated in tobacco, sunflower, and Datura stramonium
plants and were identified as Rhizobium vitis using biochemical and physiological
tests as well as PCR and specific primers. Nineteen R. vitis strains presented a
number of anomalous biochemical and physiological characters. PCR and opine-
specific primers revealed the presence of octopine/cucumopine-type plasmid in
82 R. vitis strains, nopaline-type plasmids in 18 strains, and vitopine-type plasmids
in three strains. Clonal relationship of strains was determined using pulsed field gel
electrophoresis following digestion of genomic DNA with the restriction endonu-
clease Pmel. The greatest genetic diversity was found for the strains from Denizli,
Ankara, and Nevsehir provinces. Nopaline and vitopine types of R. vitis were
detected for the first time in Turkey.

Reinhardt et al. (2008) isolated and identified 14 strains of NFB from different
agricultural plant species after performing the culture characteristics tests and
molecular characterization. The strains were characterized by RAPD, ARDRA,
and 16S rDNA sequence analysis. Out of 14 strains 13 were assigned to known
groups of nitrogen-fixing bacteria, including organisms from the genera
Azospirillum, Herbaspirillum, Pseudomonas, and Enterobacteriaceae. Remaining
one strain was grouped with Acidovorax avenae, but with low similarity and
phenotypic results were inconclusive.

In a study by Sankhla et al. (2015), the phenotypic as well as genetic diversity of
20 root nodule bacterial strains isolated from root nodules of Crotalaria medicagenia
growing in Thar Desert of India were investigated. All bacterial isolates were fast
growing and highly diverged in their phenotypic characteristics such as salt and pH
tolerance. All isolates distributed into three groups based on ARDRA pattern while
formed 11 groups on the basis RAPD patterns, which indicates high genetic diversity
among them. The 16S rDNA sequencing and BLAST result of seven isolates suggested
that microsymbionts of C. medicagenia belong to the only Ensifer genus. On the basis
of phylogenetic analysis of 16S rRNA gene sequences, these Ensifer strains closely
related to old world rhizobia (E. kostiensis, E. saheli, E. terangae) as well as new world
rhizobia (E. mexicanus, E. americanus), but formed new lineages, thus these are novel
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strains of Ensifer. It was suggested that in the alkaline soil of the Thar Desert
C. medicagenia was nodulated by diverse Ensifer species.

Sessistsch et al. (1997) found that P. vulgaris L. (common bean) was nodulated
by rhizobia in the fields around the Seibersdorf laboratory despite the fact that
common bean was not been grown for a long time. Using PCR analysis with
repetitive primers, plasmid profiles, nifH profiles, PCR-RFLP analysis of the 16S
rRNA gene and of the 16S rRNA-23S rRNA intergenic spacer and the nodulation
phenotype, two well-differentiating groups could be distinguished. One group
showed high similarity to Rhizobium sp. R602sp, isolated from common bean in
France, while the other showed the same characteristics as R. etli. The researchers
detected little variation in the symbiotic regions but found higher diversity when
using approaches targeting the whole genome. Many isolates obtained in the study
might have diverged from a limited number of strains; therefore, the Austrian
isolates showed high saprophytic and nodulation competence in that particular soil.

Saeki et al. (2010) demonstrated various experimental approaches to character-
ization of soybean-nodulating rhizobial communities in relation to host genotype
and geographical distribution which included using environmental DNA, including
DGGE, terminal RFLP (T-RFLP) analysis, and automated ribosomal intergenic
spacer analysis (ARISA), targeting 16S rDNA, the 16S-23S rDNA ITS region, and
other genomic and RNA sequences. The study highlighted the diversity and geo-
graphical distribution of indigenous soybean-nodulating bradyrhizobia in Japan and
suggested that bradyrhizobial communities occupy different niches from north to
south determined by environmental factors such as temperature and host-plant
diversity. These results were, however, based on limited numbers of isolates from
nodules. For further advances in rhizobial ecology, a direct method should be
developed to characterize the rhizobial ecology of indigenous rhizobia in relation
to interactions with host soybean cultivars. In particular, rhizobial communities in
the soil should be compared with soybean-nodulating rhizobial communities to
clarify ecological interactions among host plant, rhizobia, and environmental fac-
tors, such as temperature.

Silva et al. (2012) characterized rhizobia isolated from the root nodules of
cowpea (V. unguiculata) plants cultivated in Amazon soils samples by means of
ARDRA and sequencing analysis to know their phylogenetic relationships. The 16S
rRNA gene of rhizobia was amplified by PCR using universal primers Y1 and Y3.
The amplification products were analyzed by the restriction enzymes Hinfl, Mspl,
and Ddel and also sequenced with Y1, Y3, and six intermediate primers. The
clustering analysis based on ARDRA profiles separated the Amazon isolates in
three subgroups, which formed a group apart from the reference isolates of
Bradyrhizobium japonicum and B. elkanii. The clustering analysis of 16S rRNA
gene sequences showed that the fast-growing isolates had similarity with
Enterobacter, Rhizobium, Klebsiella, and Bradyrhizobium and all the slow-growing
clustered close to Bradyrhizobium.

Genetic diversity in rhizobial strains was studied by Sajjad et al. (2008) using
RAPD markers. The strains isolated, using dilution plate method, from nodules of
lentil plant grown at different sites of Punjab, Pakistan were used in the study.
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Slow- and fast-growing colonies of rhizobial isolates were selected, isolated, and
purified by streaking. About 10 ml of broth culture of each isolate was used for
DNA extraction. PCR was performed using decamer oligonucleotide primers to
study DNA polymorphism among strains. Cluster analysis divided the strains into
two distinct groups A and B. The data showed that only the strains L-5, L-10, L-22,
and S-26 were able to solubilize soil phosphates.

A survey of native legume Rhynchosia minima was conducted by Tak et al.
(2014) at various sites/villages of district Jodhpur, Nagaur, Barmer, Bikaner, and
Jaisalmer of arid region of western Rajasthan in the months of September to
November during post-monsoon periods. Rhizobia trapping experiments were also
performed with rhizospheric soil collected from various sites in arid regions of Thar
Desert. The nodules in R. minima were found to be indeterminate with bark and
lenticels on the surface. More than 80 bacterial strains were isolated from R. minima
and around 57 bacterial isolates were purified and characterized at phenotypic,
biochemical, and molecular level. Bacteria isolates were screened for salt (NaCl)
and pH tolerance. Genetically diverse bacteria were grouped on the basis of DNA
fingerprinting like ARDRA and RAPD using RPO1 primer. On the basis of ARDRA
and RAPD pattern, selected root nodule bacteria were characterized by partial 16S
rRNA gene sequences and identified by closest match in BLAST. Phylogenetic
analysis reveals that Ensifersp is the most competent nodulating bacteria in this
native legume growing in alkaline soil of Thar Desert. 16S rRNA gene NJ tree
showed a separate clade of novel Ensifer sp. diversifying from old world rhizobia
Ensifer arboris TTR 38 T (Z78204) and Ensifer saheli LMG 7837 T (X68390).

The diversity of a collection of 21 bradyrhizobial isolates from Lima bean
(Phaseolus lunatus L.) was assayed by Ormeno-Orrillo et al. (2006) using molecular
methods. Moderately high to high genetic diversity was revealed by multilocus
enzyme electrophoresis (MLEE) analysis of seven enzyme loci and genomic fin-
gerprints with ERIC and BOX primers. Two groups with differences in growth rate
were found among the isolates and their differentiation as two divergent
bradyrhizobial lineages was supported by PCR-RFLP of the rpoB gene and sequence
analysis of the 16S rDNA and dnaK genes. Isolates with slow growth (SG) were
identified as Bradyrhizobium yuanmingense, while extra-slow growing isolates
(ESG) constitute a new lineage different from all described Bradyrhizobium species.
Three distinct symbiotic genotypes were detected among Lima bean bradyrhizobia
by PCR-RFLP and sequence analysis of the nifH and nodB genes. One genotype was
found in the ESG lineage and two in B. yuanmingense. Another symbiotic genotype
was detected in B. yuanmingense isolated from Lespedeza plants. The identified
bradyrhizobial lineages constituted sympatric species effectively nodulating Lima
bean on the coast of Peru.

El-Fiki (2006) used RAPD fingerprinting for strain identification and the assess-
ment of genetic diversity within a field population of Rhizobium (Bradyrhizobium
archus, B. japonicum, and R. leguminosarum bv. Trifolii). Total genomic DNAs
from different field isolates were amplified using two different arbitrary primers.
Different band patterns were obtained for all strains. Cluster analysis showed the
relationship of R. leguminosarumbv. Trifolii with B. archus (69%) and B. japonicum
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(63%). The results indicated that RAPD is a very discriminative and efficient method
for differentiating and studying genetic diversity of Rhizobium strains.

The study was conducted by Boakye et al. (2016) to assess the characteristics
and diversity of the rhizobia that nodulate some prominent tree legumes in three
soils of Ghana. Five introduced and/or indigenous tree legumes were initially
assessed for nodulation in three Ghanaian soils. After 12 weeks of growth in nursery
pots the 200 rhizobial strains isolated from their nodules were characterized
culturally, metabolically, and phenotypically. Sixty of these isolates were selected
randomly and their genotypic characteristics determined using PCR-RFLP of 16S
rRNA and intergenic spacer (IGS) genes. Each tree legume was nodulated by
isolates classified as fast or very fastgrowers or by isolates classified as slow- or
very slowgrowers with 54% of all the 200 isolates belonging to fast or very
fastgrowers. Morphologically, 85% of the colonies formed on YEMA were wet
and gummy while 70% were acid tolerant, i.e., they were able to grow at a pH of
3.5. Combined restriction of the 16S rRNA genes of the 60 rhizobial isolates with
five restriction enzymes clearly distinguished seven different clusters at 80%
similarity level. The majority of A. lebbeck isolates were distinct from those of
the Acacias and L. leucocephala. The M. thonningii isolates were related to
L. leucocephala isolates. Simple PCR of the ITS DNA provided several distinct
band sizes indicating great variation among the isolates and restriction of the ITS
with three different enzymes did not yield many further differences. Molecular
techniques revealed a great diversity among the rhizobia that nodulate tree legumes
in the tropics, and this may explain why many introduced and/or indigenous trees
are able to form nodules with indigenous rhizobia in this region.

A total of 40 bacterial isolates from the root nodules of Caragana microphylla
growing in desert soil in Ningxia, China, were analyzed for genetic diversity and
phylogenetic position by Dai et al. (2012). These isolates were classified into seven
types of 16S ribosomal DNA (rDNA) using PCR-RFLP analysis. They were grouped
into four clades, Rhizobium-Agrobacterium, Sinorhizobium, Phyllobacterium, and
Bradyrhizobium, when the phylogenies of 16S rDNA, recA, and atpD genes were
applied. Phylogenetic analysis showed that the tree generated from the 16S rDNA
sequencing agreed with that produced from the recA and atpD genes. By analyzing
phylogenetic relationship using the three loci, the isolates in the branches of
Phyllobacterium and Sinorhizobium could be identified as P. brassicacearum and
S. meliloti. The isolates in the branch of Rhizobium—Agrobacterium were the most
abundant microsymbiont of C. microphylla and were designated R. leguminosarum,
R. galegae, R. alamii, and A. tumefaciens. Two isolates with low sequence similarity
to the known species of Bradyrhizobium might be novel species in this genus.

Paffetti et al. (1996) investigated the genetic diversity of 96 Rhizobium meliloti
strains isolated from nodules of four Medicago sativa varieties from distinct
geographic areas and planted in two different northern Italian soils. The 96 isolates,
which were phenotypically indistinguishable, were analyzed for DNA polymor-
phism with the following three methods: (i) an RAPD method, (ii) an RFLP
analysis of the 16S—23S ribosomal operon spacer region, and (iii) an RFLP analysis
of a 25-kb region of the pSym plasmid containing nod genes. Although the bacteria
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which were studied constituted a unique genetic population, a considerable level of
genetic diversity was found. The analysis of molecular variance (AMOVA) method
was used to estimate the variance among the RAPD patterns. The results indicated
that there was significant genetic diversity among strains nodulating different
varieties.

Abi-Ghanem et al. (2013) collected isolates of R. leguminosarum from several
pea fields in Washington, examine genetic diversity among these isolates and
several commercial isolates of R. leguminosarum, and compare genetically distinct
isolates for their ability to fix N in a range of pea hosts. Seventy-nine isolates were
collected from pea root from four un-inoculated pea fields. Sequence-related
amplified polymorphism (SRAP) markers generated by PCR were used to discrim-
inate among isolates. Isolates fell into 17 clusters with robust bootstrap support
values. Nearly half of the isolates fell into a single large cluster, but smaller clusters
were also detected for isolates from all four-field locations. The majority of
commercial isolates fell into a distinct cluster. Four genetically distinct isolates
were compared for their efficiency in fixing N in a greenhouse experiment. Host
plant variety effects were significant for plant biomass due to N fixation and also for
the quantity of N fixed per variety. Significant effects of R. leguminosarum isolates
were observed for the quantity of N fixed per isolate, plant biomass, and the
quantity of N per plant.

In a study carried out by Loureiro et al. (2007), soybean nodules were collected
from 12 sites in the State of Mato Grosso, in the Brazilian Cerrados, where both
exotic soybean [Glycine max (L.) Merrill] and bradyrhizobial strains have been
introduced from 1 to 18 years before. All soils were originally devoid of rhizobia
capable of effectively nodulating soybean and varied in terms of chemical and
physical properties, inoculation procedures, and cropping systems. Rhizobial genetic
diversity was assessed on 240 isolates by rep-PCR fingerprinting with BOX primer,
and indices of diversity (abundance-based coverage estimator and traditional and
modified Shannon indices) were applied to the profiles obtained. The genetic diver-
sity was much greater than expected, as after the introduction of a maximum of four
strains, up to 13 profiles were identified, some sharing many similar bands with the
inoculant strains, but others quite distinct from the putative parental genotypes. The
increase in the number of rep-PCR profiles could be attributed to genetic variability
due to the stressful tropical environmental conditions, but also indicated that indig-
enous rhizobia became capable of nodulating the host legume. After the third year of
cropping with the host legume, inoculation did not affect rhizobial diversity. A high
content of clay decreased diversity in comparison with that seen in a sandy soil,
probably due to reduced aeration. Diversity was higher under the no-tillage system
when compared to the conventional tillage management, highlighting the importance
of maintaining crop residues in tropical soils.

Wei et al. (2008) characterized 29 rhizobial isolates from root nodules of the wild
legumes Astragalus, Lespedeza, and Hedysarum growing in the north-western region
of China, by numerical taxonomy, RFLP, and sequencing of PCR-amplified 16S
rDNA genes, and cross-nodulation with selected legume species. Based on the results
from numerical taxonomy, the isolates could be divided into two main groups
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(Clusters 1 and 2) and some single isolates at 82% similarity. Cluster 1 contained six
isolates from Astragalus, Lespedeza, and Hedysarum spp. Cluster 2 consisted of nine
isolates from Astragalus and Hedysarum species. The phylogenetic analysis based on
16S rRNA gene sequences showed that SH199, representing cluster 1, belonged to
the Rhizobium—Agrobacterium group, and SH290B, representing cluster 2, was
closely related to R. galegae and R. huautlense.

Distribution and diversity of rhizobial strains associated with A. senegal (L.)
Willd. in relation.

to seed provenances in soils from arid (Dahra) and semiarid (Goudiry) zones of
Senegal were investigated by Bakhoum et al. (2014). PCR-RFLP performed on
16S-23S rDNA intergenic spacer (IGS) of nodule crude extracts revealed a high
genetic diversity of rhizobial strains, which was higher in the semiarid region than
in the arid region. The distribution of rhizobial populations was influenced by soil
physical and chemical characteristics and by A. senegal provenances as shown by
the analysis of correspondence. In contrast, the phenotypic diversity of rhizobial
strains was not correlated with the soil origin. The phylogenetic tree (performed by
the maximum likelihood algorithm) of IGS 16S-23S sequences showed that most
of the rhizobial strains nodulating A. senegal were closely related to Mesorhizobium
plurifarium. Our results showed that rhizobial taxa associated with A. senegal were
mainly distributed according to soil physical and chemical characteristics and
A. senegal provenances. A large subset of A. senegal root-nodulating bacteria had
high diversity that correlated with the most favorable environmental conditions.

In a study carried out by Pandey et al. (2004), diversity of rhizobia recovered from
five medicinal legumes, Trigonella foenum graecum, Abrus precatorius, Mucuna
pruriens, Melilotus officinalis, and Vicia angustifolia was investigated. Nine bacte-
rial strains isolated on YEMA and showing tolerance to 2% NaCl were analyzed
along with reference strains, B. japonicum SB102, Sinorhizobium meliloti 102F
34, and R. gallicum R602spT using restriction patterns produced by amplified DNA
coding for 16S rDNA (ARDRA) with two enzymes Haelll and Mspl and were
placed in six genotypes. Four isolates from Trigonella, i.e., PP1, PP2, PP3, and PP4
were placed in two genotypes: one genotype was closely related to S. meliloti 102F
34 and the other to B. japonicum SB 102. Genetic diversity was also assessed by
repetitive PCR using BOX primers, wherein all the isolates were placed in five
genotypes. Based on repetitive PCR, isolates from nodules of Trigonella were
placed in single genotype. Nitrogen-fixing ability of the isolates was confirmed by
amplification of 781 bp nifH fragment in five isolates, PP1, PP2, PP3, PP4, and PP9.

8.2.5 Serological Techniques

Serological techniques have been used in the study of rhizobia for strain identifi-
cation, ecological investigation of serological relatedness of strains, and their
antigenic composition (Graham 1976). The techniques have also been used to
identify some organisms depending on their cells immune response to foreign
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organism that enters their body (Sadowsky 1983). The technique applies aggluti-
nation, immuno-diffusion, and immuno-fluorescence techniques in investigation of
rhizobia cells (Kapoor and Dudeja 1995). Agglutination reaction has been used to
assess the serological relatedness of strains and species of rhizobia (Ahmad et al.
1981). The studies conducted in Hawaii to examine serological relatedness of
25 strains of slow-growing Rhizobia japonicum by agglutination identified six
somatic serogroups (Koontz and Faber 1961). Raposeiras et al. (2006) reported
that SLA 2.2 native rhizobia strain and CIAT 899 commercial strains are compet-
itive strain for bean inoculation in soils with low fertility and reduced rhizobia
population. Gao et al. (2004) reported that strain 042B could form nodules and fix
nitrogen to both alfalfa and soybeans with nodule occupancy ranging from 82 to
90% while that of strain USDA110 ranging from 78 to 46%.

Bizarro et al. (2011) reported that 27/75 isolates from soybeans were similar to
original strain with strong correlation obtained in their genetic variability. Immuno-
diffusion is another technique used extensively to investigate the serological rela-
tionships between various strains and species of Rhizobium (Amarger 2001). It has
the resolving power in distinguishing between antigenically identical and closely
related but not identical strains (Dudman 1971). The studies for immuno-diffusion
of 62 fast-growing strains of lotus rhizobia indicated that while fast and
slowgrowers shared no common somatic antigen, internal antigen were shared by
fast-growing strains (Sadowsky 1983). Fluorescent Antibody (FA) is among the
most used technique for direct examination and identification of rhizobia strains in
the culture media, nodules, and direct enumeration of specific strains from the soil
(Crozat et al. 1987). The technique is essential because it needs only small amount
of antigen and antibody and is the only technique capable for the study of rhizobia
in situ (Assmus et al. 1997). Enzyme-linked immunosorbent assay (ELISA) is
another technique mostly used for identification of bacteria in the soil or in plants.
It uses antibodies and color change to identify a substance. Moawad et al. (2004)
assessed the competition for nodulation using FA technique and reported that
Phaseolus 163 inoculant strain occupied 30-40% in both soils and 38-50% of
nodules on Bronco cultivar and at least 50% of the nodules on the Bronco were
occupied by native rhizobia.

8.2.6 Microarrays

DNA microarrays are widely used for transcriptome analysis, single-nucleotide
polymorphism and mutation detection, resequencing, comparative genomics, and
identification of bacterial species (Lockhart and Winzeler 2000). However,
although DNA microarray technology holds promise for microbial ecology and
diagnosis, few microarray studies have been conducted to detect the presence of
particular genes in biological or environmental samples. The analysis of
transcriptome profiles of rhizobial strains by microarrays could give information
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on gene expression involved in the synthesis of several signals to control the
bacterial activity (Wu et al. 2011).

Bontemps et al. (2005) used a particularly well-suited microarray that consisted
of the nodulation gene nodC, which is shared by phylogenetically distant rhizobia.
41mer and 50mer oligonucleotides featuring the nucleotide diversity of two highly
conserved regions of the NodC protein were spotted on glass slides and cross
hybridized with the radioactive-labeled target genomic DNA under low-stringency
conditions. Statistical analysis of the hybridization patterns allowed the detection of
known, as well as new, nodC sequences and classified the rhizobial strains accord-
ingly. The microarray was successfully used to type the nodC gene directly from
legume nodules, thus eliminating the need of cultivation of the endosymbiont. This
approach could be extended to a panel of diagnostic genes and constitute a powerful
tool for studying the distribution of genes of interest in the environment, as well as
for bacteria identification.

vanPuyvelde et al. (2011) studied the transcriptome of Azospirillum brasilense
demonstrating that auxin indole-3-acetic acid is a signal molecule affecting its arsenal
of transport proteins and cell surface proteins. However, microarray analysis relies on
known genes from bacterial species; however, unknown genes are not detected.

Peng et al. (2014) investigated the differential transcriptomes of Mesorhizobium
huakuii 7653R 7653R bacteroids and free-living cells using RNA-Seq and microarrays.
The two approaches identified several thousand differentially expressed genes. The
most prominent up-regulation occurred in the symbiosis plasmids, meanwhile gene
expression is concentrated to a set of genes (clusters) in bacteroids to fulfill
corresponding functional requirements. The results suggested that the main energy
metabolism is active while fatty acid metabolism is inactive in bacteroid and that most
of genes relevant to cell cycle are down-regulated accordingly. For a global analysis,
the researchers reconstructed a protein—protein interaction (PPI) network for 7653R
and integrated gene expression data into the network using cytoscape. A highly
interconnected subnetwork, with function enrichment for nitrogen fixation, was
found, and a set of hubs and previously uncharacterized genes participating in nitrogen
fixation were identified.

8.2.7 Biosensors

Biosensors are defined as bacterial cells harboring a reporter gene, which is usually
a fluorescence marker such as a green fluorescent protein (GFP) cassette expression
(Sgrensen et al. 2009). This system allows detection of activity and colonization of
rhizobia at the single cell level in rhizosphere microsites or inside the plant roots by
epifluorescent and confocal microscopy.

Bacteria of the genus Bradyrhizobium are able to establish a symbiotic
relationship with peanut (Arachis hypogaea) root cells and to fix atmospheric
nitrogen by converting it to nitrogenous compounds. Quorum sensing (QS) is a
cell-cell communication mechanism employed by a variety of bacterial species to
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coordinate behavior at a community level through regulation of gene expression.
The QS process depends on bacterial production of various signaling molecules,
among which the N-acylhomoserine lactones (AHLs) are most commonly used
by Gram-negative bacteria. Some previous reports have shown the production of
QS signaling molecules by various rhizobia, but little is known regarding mech-
anisms of communication among peanut-nodulating strains. Nievas et al. (2012)
identified and characterized QS signals produced by peanut-nodulating
bradyrhizobial strains and to evaluate their effects on processes related to cell
interaction. Detection of AHLs in 53 rhizobial strains was performed using the
biosensor strains A. tumefaciens NTL4 (pZLR4) and Chromobacterium
violaceum CV026 for AHLs with long and short acyl chains, respectively.
None of the strains screened were found to produce AHLs with short acyl chains,
but 14 strains produced AHLs with long acyl chains. These 14 AHL-producing
strains were further studied by quantification of p-galactosidase activity levels
(AHL-like inducer activity) in NTL4 (pZLR4). Strains displaying moderate to
high levels of AHL-like inducer activity were subjected to chemical identification
of signaling molecules by high-performance liquid chromatography coupled to
mass spectrometry (LC-MS/MS). For each AHL-producing strain, we found at
least four different AHLs, corresponding to N-hexanoyl-pL-homoserine lactone
(C6), N-(3-oxodecanoyl)-L-homoserine lactone (30C10), N-(3-oxododecanoyl)-L-
homoserine lactone (30C12), and N-(3-oxotetradecanoyl)-L-homoserine lactone
(30C14). Biological roles of 30C10, 30C12, and 30C14 AHLs were evaluated
in both AHL-producing and -non-producing peanut-nodulating strains. Bacterial
processes related to survival and nodulation, including motility, biofilm forma-
tion, and cell aggregation, were affected or modified by the exogenous addition
of increasing concentrations of synthetic AHLs. Their results clearly demonstrate
the existence of cell communication mechanisms among bradyrhizobial strains
symbiotic of peanut. AHLs with long acyl chains appear to be signaling mole-
cules regulating important QS physiological processes in these bacteria.

Salome et al. (2009) described an electrochemical method for the determination
of the nitrate and nitrite reductase activities of Rhizobium japonicum. The advan-
tage of the method lied in the use of whole cells for the analysis and the team
developed this protocol for the assay of NO. The results obtained were comparable
to the spectrophotometric Griess assay. As the method is based on electrochemical
reduction, the commonly interfering biological components like ascorbic acid, uric
acid, dopamine, etc. could not interfere with the analysis. This method could be
extended to the fabrication of biosensors for nitrate and nitrite using the same
principle.

8.2.8 Proteomics

Proteomics is a high-throughput technology that has been used to investigate a wide
range of biological aspects including phylogenetic, molecular divergence studies,
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plant responses to different stresses, detailed studies on the structural components,
and biochemical pathways involved in symbiotic nitrogen fixation. Approaches,
such as transcriptome, proteome, and metabolome analysis in both symbionts,
promise to reveal much more detail about the metabolic flows in the nitrogen-
fixing nodule or even to description the novel unknown aspects (Khatoon et al.
2012).

In a study, Natera et al. (2000) identified root nodule proteins in Melilotus alba
during 12 days after inoculation by S. meliloti, including S. meliloti and bacteroid
proteins. Proteins involved in nodule formation and regulated by auxin have also been
identified in Medicago truncatula infected by S. meliloti (van Noorden et al. 2007).

Extracellular proteome of R. etli strain during different growth stages was
described by Meneses et al. (2010). Their results revealed that secretome of R. etli
consists of actively secreted proteins, which mostly are extracellular enzymes
(mostly degradation enzymes) and proteins that bind nutrients and extracellular
appendages, and proteins that have functions in the cytosol and are not actively
secreted but may be released into the culture medium. Function of many identified
proteins in extracellular proteome is still unknown.

To analyze the nodule organogenesis in legumes at the protein level in a time-
course study with soybean over the first 48 h, Salavati et al. (2012) coupled 2-D gel
electrophoresis with quantitative RT-PCR to analyze isolated proteins at different
time points from infected soybean root hairs at both transcriptional and translational
levels. Analysis of 56 proteins revealed the differential expression of plant proteins
associated with important events, such as metabolism, cell signaling, and disease/
defense response. The formation of infected legume nodules capable of fixing
nitrogen requires the bacteria to activate two plant programs: one leading to nodule
morphogenesis and the other leading to nodule infection.

Proteomic studies in combination with transcriptomics studies such as quantita-
tive RT-PCR can advance symbiosis analysis to a new level (Resendis-Antonio
et al. 2011). In combination with the genome sequencing, proteomics has been
recently become a powerful investigation of the most detailed physiological events
in plant, animal, and microorganisms (Thibivilliers et al. 2009).

While remarkable progress in proteomic study of symbiosis has been made in
model plants, a quite advancement in developing proteomic approaches in other
crops has been reached. The biggest obstacle to these proteomic applications is the
scarcity of well-annotated protein databases and sequences of proteins. Although
some techniques such as de novo sequencing and proteogenomics recompense this
paucity, there is still an urgent need to expand and curate plant protein databases.
Many existing databases, including Soybean, Medicago, and rice proteome data-
base should be expanded and integrated in the future (Sun et al. 2009).

It is assumed that the development and improvement of techniques, such as
metagenomics, metaproteomics, and metatranscriptomics, will provide more accu-
rate evaluation of the activities and compositions of microbial communities in
rhizospheres than classical molecular techniques, generating new questions about
the roles and functions of these microbial communities (S@grensen et al. 2009).
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8.2.9 Metagenomics, Metaproteomics,
and Metatranscriptomics

Metagenomics (environmental genomics) is the genomic analysis of microorgan-
isms by direct extraction and cloning of DNA from an assemblage of microorgan-
isms. The development of metagenomics stemmed from the ineluctable evidence
that as-yet-uncultured microorganisms represent the vast majority of organisms in
most environments on earth. This evidence was derived from analyses of 16S rRNA
gene sequences amplified directly from the environment, an approach that avoided
the bias imposed by culturing and led to the discovery of vast new lineages of
microbial life (Niedringhaus et al. 2011).

In order to study and evaluate the richness, distribution and activity of rhizobial
communities in bulk and rhizosphere soils, it is important to understand the ecolog-
ical functions of each species. Modern molecular techniques have shown that
bacterial diversity of bulk and rhizosphere soil is much greater than was predicted.
Soil metagenome study of 16S rRNA gene and ITS1 region using next generation
sequencing or second-generation sequencing technologies have revealed that 1 g
soil sample may contain 33,346 bacterial and archaeal OTUs (Mendes et al. 2011),
3320 fungal OTUs (Schmidt et al. 2013), 145-200 of fungal OTUs and 300 archaea
OTUs (Pires et al. 2012). Both Roche 454 and [llumina platforms have been used to
address the bulk and rhizosphere soils. Roche 454 pyrosequencing platform pro-
duces long read length (<450 bp) and high consensus accuracy more than Illumina
platform (Unno 2014). Uroz et al. (2010) by 454 pyrosequencing compared the
bacterial diversity of oak rhizosphere and bulk soil, finding that Proteobacteria,
Acidobacteria, Actinobacteria, and Bacteroidetes were the dominant taxa.

Metraproteomics provides a direct measure of proteins present in an environ-
mental sample such as soil, offering information about the functional roles of soil
microorganism, such as biogeochemical processes, degradation, or bioremediation
processes (Bastida et al. 2012). Nevertheless, numerous metaproteomics studies
have revealed the diversity of proteins that are expressed by the interactions
between plants and soil microbial communities.

Metatranscriptomics involves the characterization of a set of messenger RNA
(mRNA) (transcripts) produced in all cells, which would provide insight into the
metabolic processes of a microbial community (deMenezes et al. 2012). Conse-
quently, metatranscriptomics analysis has the potential to discover novel genes and
functions, allowing identification of active community members in both bulk and
rhizosphere soils, and to correlate them with their metabolic activities (Kim et al.
2014). However, metatranscriptomic approaches have not been widely used in the
rhizosphere, probably due to the instability of mRNAs and difficulties in their
extraction from complex ecosystems. Among the more notable methodological chal-
lenges are their short half-lives, difficulties in the separation of mRNA from other
RNA types (i.e., tRNA, rRNA, miRNA) and interference from humic compounds that
co-extract with nucleic acids from soil (Simon and Daniel 2011). In addition, few
studies have applied metagenomics, metaproteomics, and metatranscriptomics due
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also to the difficulties and expense related to simultaneous extraction of nucleic acids
and proteins from soil samples. Moreover, the majority of studies in bulk and
rhizosphere soils are mainly focused on bacteria, demonstrating the need for further
studies to obtain further insights into the molecular ecology of other microorganisms
present in rhizosphere microbiome, such as fungi, archaea, microalgae, and protozoa.

8.2.10 Conclusions and Future Prospects

An important bacterial group in the rhizosphere is defined as PGPR, which are able
to promote the growth, nutrient uptake, and pathogen biocontrol in plants (Mendes
et al. 2011). The most abundant groups of bacteria which potentially can promote
plant growth are Actinobacteria, Firmicutes, Proteobacteria (Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria) and Bacteroidetes and particularly the
genera Rhizobium, Azospirillum, Burkholderia, Pseudomonas, and Enterobacter.
During the last few decades, a wide variety of molecular techniques have been
developed and used as valuable tools for the study of diversity and function of
bacteria in the rhizosphere. However, the biases of each molecular technique must
be considered and evaluated during their application in the study of rhizobacteria.

Diversity in rhizobium has been revealed by many studies, and almost all of the
data reported previously indicate that there is a high level of genetic diversity in
these bacteria. An assessment of the genetic diversity and genetic relationships
among strains could provide valuable information about bacterial genotypes that
are well adapted to a certain environment. The advances in soil molecular and post-
genomic techniques have and will continue to improve understanding of the
compositions and activities of rhizobial communities, to target the rare or low
abundance rhizobacterial populations in the symbiotic relationships, and to predict
in situ responses, activities, and growth of rhizobial communities.
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Chapter 9

Genetic Construction of Stable Rhizobial
Genotypes for Improved Symbiotic Nitrogen
Fixation

Dharmesh Harwani, Jyotsna Begani, and Jyoti Lakhani

9.1 Genetic Approaches for Improved Symbiotic Nitrogen
Fixation

Plant symbioses with nitrogen-fixing rhizobia have great ecological and agricul-
tural importance as the source of available nitrogen. The main advantage of bio-
logical nitrogen fixation (BNF) is the increase in yield potentials without the use of
chemical nitrogen fertilizers and with the consequential decrease in pollution
(Freiberg et al. 1997; Stephens and Rask 2000; Vance 2001). The symbiosis of
plants with rhizobia is a promising model for genetic manipulations to improve the
efficiency of symbiotic nitrogen fixation as it is well studied at morphological,
physiological, molecular, and genetic levels. A significant amount of practical and
fundamental knowledge on the biology of the rhizobia has been gathered over the
years. However, due to the difficulty of examining particular bacterial genotype in
the background of huge numbers of heterogeneous microbiota, most studies on the
molecular ecology of rhizobia have been conceded predominantly in the last
decade. The study of the establishment of rhizobial genotype introduced into
natural soils, their rhizospheric colonization, nodular occupancy, and putative
transformation of genetic traits all necessitate the use of appropriately tagged stable
strains for their unequivocal recognition in a biologically diverse niche. During
symbiosis, explicit sets of both bacteria and plant genes are expressed, establishing
the basis for the differentiation process. Nitrogen is fixed by rhizobia inside the root
nodules that develop and function due to the complex genetic communications
between symbiotic partners. Reduction of nitrogen into ammoniac form is
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catalyzed by nitrogenase enzyme synthesized by differentiated bacteroids within
specialized membrane compartments known as symbiosomes. During symbiosis,
the host plant expresses set of nodule-specific genes and hence proteins for the
development of nodule structures, rapid absorption of fixed nitrogen, and an
effectual energy supply to bacteroids (Spaink et al. 1998). An extensive analysis
of genetic polymorphism in rhizobial strains enables us to characterize the genetic
potential to be used in genotyping for improvement of symbiotic nitrogen fixation.
In order to plan improvement strategies based on the genetic modification for the
development of stable rhizobial genotypes, molecular analysis of genes involved in
symbiosis, competitiveness, and stress response is of major importance. Being the
main producers of biologically fixed nitrogen in many terrestrial ecosystems, the
legumes should be inoculated with appropriate rhizobial strain for the sustainable
agricultural systems. And one of the major approaches for improvement of symbi-
otic nitrogen fixation is the selection of competitive and stable rhizobial genotype
(Thompson 1988; Provorov and Tikhonovich 2003; Tikhonovich and Provorov
2007). Using the methods of genetic engineering, rhizobial strains with improved
symbiotic activity have already been reported (Sharypova et al. 1992; Rengel 2002;
Sessitsch et al. 2002). The methods of engineering rhizobial strains with high
nitrogen-fixing activity include activation and introduction of effective gene sys-
tems that control key stages of symbiotic nitrogen fixation and inactivation of
negative regulators. Therefore in the following pages, brief description about rhizo-
bial genomes, symbiotic genes, nif genes, nod genes, stress genes, and other genes
involved in nitrogen fixation is also presented.

9.2 Biological Nitrogen Fixation

The nitrogen-fixing symbiosis between rhizobia and legumes is categorized as a
mutualistic symbiosis in which rhizobia are fed and sheltered by the plants and
legumes obtain combined nitrogen provided by rhizobia. BNF is a natural process
by which atmospheric nitrogen (N,) is reduced to ammonia (NH;3) (Lindstrom and
Mousavi 2010). The symbiosis is mostly regulated by accessory genes, which are
often in rhizobia located on transmissible elements such as plasmids and symbiotic
islands. In contrast to the essential genes that are carried by chromosome, the
accessory genes are dispensable for the rhizobia. Accessory genes encode various
characters of bacteria, for example, pathogenicity, antibiotic resistance, and toxins
and in rhizobia accessory gene regulate symbiotic elements. Protein coding acces-
sory genes confer ecological adaptation to bacteria, it could be that they might have
been acquired independently and evolved separately from core genes. And because
they are positioned on transmissible elements, they are highly receptive to hori-
zontal gene transfer (HGT) (Ochman and Moran 2001; Finan 2002; Martens et al.
2007; Harrison et al. 2010; Vinuesa 2010; Lindstrom et al. 2015). Rhizobia possess
two important sets of genes, nod and nif, for the BNF process. The nod genes are
accessory genes to rhizobia, while nif genes can also be found in other bacteria
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(Haukka et al. 1998). The initial step of nodule development and bacterial invasion
in symbioses is regulated by Nod factors encoded by a large number of nodulation
(nod) genes (Suominen 2000; Perret et al. 2000; Broughton et al. 2000; D’Haeze
and Holsters 2002; Osterman 2015). A set of nif genes encode the core subunits of
the nitrogenase enzyme complex in rhizobia (Franche et al. 2009; Lindstrom et al.
2015). From an evolutionary perspective, there are different hypotheses about the
phylogeny of nod and nif genes. Some studies proposed that the phylogeny of nod is
congruent with the phylogeny of the host plant (Dobert et al. 1994; Thomas et al.
1995) and the phylogeny of nifH is similar to 16S rRNA (Ueda et al. 1995). Few
studies have shown that HGT and vertical gene transfer might dictate the evolution
of nod and nif genes (Haukka et al. 1998; Laguerre et al. 2001; Bailly et al. 2007;
Menna and Hungria 2011; Lindstrom et al. 2015).

9.3 The Family Rhizobiaceae, Rhizobia, and Rhizobium

The family Rhizobiaceae Conn 1938 belongs to the order Rhizobiales of the class
Alphaproteobacteria. Rhizobia is a generic name for a wide range of bacteria
mostly fixing nitrogen in symbiosis with legume host plants. A single bacterial
genus, Rhizobium was present until 1982. At present, rhizobia are distributed in the
classes Alphaproteobacteria and Betaproteobacteria of the phylum Proteobacteria
(Garrity et al. 2005; Sprent 2008). Alphaproteobacterial rhizobia are accommo-
dated in the families Bradyrhizobiaceae, Brucellaceae, Hyphomicrobiaceae,
Methylobacteriaceae, Phyllobacteriaceae, and Rhizobiaceae of the order Rhizo-
biales. The genera Agrobacterium, Allorhizobium, Aminobacter, Azorhizobium,
Bradyrhizobium, Devosia, Mesorhizobium, Methylobacterium, Microvirga,
Ochrobactrum, Phyllobacterium, Rhizobium, Shigella, and Sinorhizobium belong
to the alpha subphylum of Proteobacteria. Burkholderia, Cupriavidus, and
Herbaspirillum belong to the families Burkholderiaceae and Oxalobacteraceae of
the class Betaproteobacteria (Lindstrom and Mousavi 2010; Carro et al. 2012). In
the year 1888, Beijerinck used Bacillus radicicola for the bacteria isolated from
nodules of different legumes. It was Frank who named these microorganisms as
Rhizobium with the type species of the genus as R. leguminosarum in 1889. This
species was originally depicted as Schinzia leguminosarum. Based on cross-
inoculation groups, R. leguminosarum, R. trifolii, R. phaseoli, R. meliloti, and
R. japonicum were described in the genus (Fred et al. 1932). In the year 1980,
there were only six species in the genus Rhizobium. Interestingly, the number of
Rhizobium species has been increased from 16 (2006) to 56 (2014) and 15 new
species have been described in 2015. For the distinction of fast-and slow-growing
rhizobia, Rhizobium japonicum has been transferred to the genus Bradyrhizobium
(Jordan 1982). Several new generic names have been described for rhizobia;
however, the genus Rhizobium contained around 40% species of rhizobia by 2013
(Lindstrom et al. 2015).
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9.4 Complete Genomes of Rhizobia

The investigation of complete genomes of rhizobia has improved our knowledge on
symbiotic and stress genes (Downie and Young 2001). The genes involved in
symbiosis can be located on symbiotic plasmids, as in S. meliloti (Barloy-Hubler
et al. 2000; Finan et al. 2001), R. etli (Gonzalez et al. 2003) and Mesorhizobium
amorphae (Wang et al. 1999) or on the chromosome as “symbiotic island” of low G
+C content (Downie and Young 2001) in Mesorhizobium loti (Sullivan et al. 1995)
and B. japonicum (Kaneko et al. 2002b). The chromosomal location has also been
suggested for rhizobia of chickpea (Cadahia et al. 1986). Acquirement and deletion
of Sym plasmids is a dynamic process, which plays a major role in the evolution of
rhizobia (Nakamura et al. 2004). The first complete sequence of the rhizobial genome
has been described for M. loti strain MAFF303099 (Kaneko et al. 2000a, b).
Immediately after this, the complete sequence of S. meliloti strain 1021 was
published (Capela et al. 1999; Barloy-Hubler et al. 2000; Finan et al. 2001). The
complete genome of B. japonicum strain USDA110 was released in 2002 (Barloy-
Hubler et al. 2001; Kaneko et al. 2002a, b). The genome sequence of
R. leguminosarum bv. viciae strain 3841 is available at http://www.sanger.ac.uk/
Projects/R_leguminosarum/. All strains of R. leguminosarum have many large
plasmids, but the copy number and size of plasmids vary among strains. The several
numbers of plasmids discriminate R. leguminosarum from the other rhizobia for
which complete genome sequences have been published. Several symbiotic plas-
mids and islands from diverse rhizobial species have also been sequenced (Freiberg
et al. 1997; Gonzalez et al. 2003; Sullivan et al. 2002). Research on whole genome
sequence studies of S. meliloti 1021 (Guo et al. 2003) and Rhizobium sp. NGR234
(Mavingui et al. 2002) has shown that the organization of rhizobial genomes can be
highly dynamic creating different genomic rearrangements via homologous recom-
bination between repeated DNA sequences. The accessibility of complete genome
sequences has revealed that lateral gene transfer and recombination are crucial
components in the evolution of genomes of bacteria (van Berkum et al. 2003). In
addition, the ability of bacteria to inhabit new environments and to act in response
to different selective pressures can be explained by the acquirement of novel genes
by HGT instead of gene modification through the accumulation of point mutations
(Francia et al. 2004). The transfer of symbiotic signals in soil and the formulation of
new Sym plasmids by genetic recombination could result in a heterogeneous pop-
ulation with elevated adaptability to interact and nodulate diverse legumes
(Soberon-Chavez et al. 1991).


http://www.sanger.ac.uk/Projects/R_leguminosarum
http://www.sanger.ac.uk/Projects/R_leguminosarum

9 Genetic Construction of Stable Rhizobial Genotypes for Improved Symbiotic. . . 169
9.5 Symbiotic Genes

The symbiotic genes responsible for the establishment of an effective symbiosis are
divided into nitrogen fixation genes, nif and fix (Kaminski et al. 1998), which are
involved in BNF and nodulation genes, nod, nol, and noe (Downie 1998), respon-
sible for nodulation (van Rhijn and Vanderleyden 1995; Freiberg et al. 1997). A
number of studies have shown that reasonably a small number of genes are required
for nodulation of legumes (Long 1989; van Rhijn and Vanderleyden 1995). Com-
posite events of gene conscription in combination with duplication and lateral gene
transfer contribute to the spread of symbiotic capabilities among rhizobia
(Moulin et al. 2004).

9.6 Nodulation Genes

A complex and dynamic molecular interaction is required for nodule formation
between the plant host and micro-symbiont. The commencement of symbiosis is
arbitrated by an exchange of diffusible signals (Caetano-Anollés 1997). Flavonoids
appear to be the most imperative plant exudates for the symbiosis (Perret et al. 2000)
because they direct the rhizobia to the rhizosphere by chemotaxis so as to enable
them to discriminate their host (Hirsch et al. 2001). The expression of nodulation
genes together with the NodD protein has been induced by flavonoids or iso-
flavonoids (van Rhijn and Vanderleyden 1995). The genetic control that determines
the production of lipo-chitooligosaccharides (LCOs) by rhizobia involves nodu-
lation genes known as Nod factors. Nod factors act as specific signal molecules and
induce early responses such as root hair deformation and cortical cell division in
legume hosts (Cullimore et al. 2001). Structural nodulation genes encoding Nod
factors can be classified into two categories, the common and the host-specific genes
(hsn). In addition to that genotype-specific nodulation (gsn) genes have also been
described. These genes are accountable for the nodulation of explicit plant geno-
types within a legume species. The nodABC genes are conserved structurally and
functionally and more often are the component of a single operon (van Rhijn and
Vanderleyden 1995). The lipo-chitooligosaccharide backbone is produced in rhizo-
bia under the control of single copy genes nodA (acyl transferase), nodB
(deacetylase), and nodC (N-acetylglucosaminyl transferase) (Downie 1998).
NodA differs in its fatty acid specificity, thus contributing to the rhizobial host
range (Roche et al. 1996). The nodl and nodJ genes are positioned downstream of
nodC and appear to be part of the same operon (van Rhijn and Vanderleyden 1995).
They encode proteins belonging to a bacterial inner membrane transport system of
small molecules (Vazquez et al. 1993). The hsn genes are dedicated to determining
the host range and mutations in these genes result in alteration of host range (van
Rhijn and Vanderleyden 1995). The nodF and nodG genes encode acyl carrier pro-
teins and nodE encodes an aceto-acetylsynthase (Sharma et al. 1993). The nodP,
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nodQ, and nodH genes are implicated in the alteration of the Nod factor (Roche et al.
1991). The majority of nod genes have a conserved promoter sequence known as the
nod box (Freiberg et al. 1997). The activation of other nod genes is NodD dependent.
This is the only nodulation gene that is constitutively expressed even in
non-symbiotic bacteria (Long 1989).

9.7 Nitrogen-Fixing Genes

The nifA gene product, the nitrogenase complex is transcribed under specific
environmental conditions under low-oxygen tension (Batut and Boistard 1994).
The nifHDK genes encode structural proteins of the nitrogenase enzyme and
nifENB genes encode enzymes implicated in the synthesis of the nitrogenase
Fe-Mo co-factor. The nifSWX genes encode proteins of anonymous functions and
are required for nitrogenase activity (Brencic and Winans 2005). The fix genes
correspond to a heterogeneous class which includes genes implicated in the devel-
opment and metabolism of bacteroids. The fixL, fixJ, and fixK genes encode
regulatory proteins. The fixL and fixJ genes belong to prokaryotic two-component
signal transduction system (Agron and Helinski 1995). The sensor FixL activates
FixJ by phosphorylation which induces the expression of the regulatory fixK and
nifA genes, products of which regulate transcription of the majority of nitrogen
fixation genes (Luyten and Vanderleyden 2000). Bacteroids with mutations in fixLJ
are impaired in their development (Vasse et al. 1990). The fixABCX genes code for
an electron transport chain to nitrogenase, mutations in which completely eliminate
nitrogen fixation in S. meliloti and B. japonicum. The fixGHIS gene products are
envisaged to be trans-membrane proteins (Fischer 1994). The membrane-bound
cytochrome oxidase that is required for respiration of the rhizobia in low-oxygen
tension is coded by fixNOQP genes (Delgado et al. 1998).

9.8 Stress Genes

Ecological conditions may act as restrictive factors to the establishment and main-
tenance of the effective symbiosis and thus BNF. Various stress factors like salt and
osmotic stress, soil moisture deficiency, temperature extremes, soil acidity/sodicity,
nutrient deficiency, and soil amelioration can affect adversely rhizobial efficiency
(Zahran 1999). Rhizobia show an induced synthesis of several heat shock proteins
(Hsps) like chaperons and proteases when experiencing the sudden increase in
growth temperature (Nakamura et al. 2004). Chaperons are implicated in the proper
folding of denatured proteins whereas for the degradation of irreversibly damaged
proteins proteases are required. These two types of Hsps are also essential during
normal growth. (Miinchbach et al. 1999; Nocker et al. 2001). The GroEL which is
the most intensively studied stress-related proteins is expressed constitutively, and it
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encodes a chaperonin (Govezensky et al. 1991; Fischer et al. 1993) and is required
for the assembly of a functional nitrogenase (Govezensky et al. 1991; Fischer et al.
1999) and for the correct folding of the regulatory protein NodD (Govezensky et al.
1991; Fischer et al. 1993, 1999; Ribbe and Burgess 2001). Rhizobia demonstrate
calcium concentration dependent and adaptive acid tolerance response (Dilworth
et al. 2001). The adaptive tolerance has been shown to necessitate de novo protein
synthesis during adaptation to acid stress (O’Hara and Glenn 1994). Using Tn5
mutagenesis, gusA fusions and proteome analysis, genes crucial for growth at low
pH like actA, actP, exoR, actR, and actS have been identified (Glenn et al. 1999).
Thus, the rhizobia that have been exposed to sublethal acid stress will have relatively
enhanced survival chances in soils with low pH, than rhizobia that have been grown
at neutral pH’s (Rickert et al. 2000). An osmo adaptive response is induced in
rhizobia under salt stress, which is exemplified by the repression of biosynthetic
flagella and pilin genes flaA, flaB, flaC, flaD, pilA, chemotaxis genes cheY1, cheW3,
mcepX, mepZ and by the overexpression of genes involved in the surface polysac-
charide biosynthesis exoN, exoY, exsl (Riiberg et al. 2003).

9.9 Rhizobial Genetic Hubs

In order to improve BNF both host and symbiont genetic resources involved in
fixation process must be assessed and manipulated. The host-associated rhizobial
populations are of special interest as comprising the genetic polymorphism and
symbiotically superior strains. The rhizobial population obtained from the
genetic hub of the host plant is of vital value. Within these hubs, because of the
diverse and variable population, the distinctive rhizobial genotypes may be
obtained which can be valuable for the construction of commercially superior
strains (Lie et al. 1987). The stable rhizobial strains must be endowed with a set of
genetically controlled traits such as high levels of nitrogen-fixing activity and
symbiotic competence are of most imperative. Under field conditions, the intro-
duction of superior rhizobia is often restricted by the highly competitive native
strains, therefore, the genetic improvement of rhizobia should not be restricted to
these traits (Vlassak and Vanderleyden 1997). The native strains more often
possess low nitrogen-fixing activity but are well adapted to the given niche and
compete with the introduced strains for the legume nodulation. Consequently,
special attention is needed to genetically construct the stable rhizobial strains
possessing the combination of high nitrogen fixation activity and competence
properties (Onishchuk and Simarov 1996).
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9.10 Methods to Introduce Genetic Variations in Rhizobia

It has been a challenge for researchers working with rhizobia to develop stable
genotypes that can encourage higher levels of nitrogen fixation in. This absolute
rationale of strain improvement might be achieved by genetic engineering. An
essential requirement for genetic improvement of rhizobial species is the accessi-
bility of an efficient gene transfer system. Traditional transformation methods have
been developed for rhizobia (Selvaraj and Iyer 1981; Bullerjahn and Benzinger
1982; Kiss and Kalman 1982; Courtois et al. 1988). These methods are restricted to
plasmid vectors carrying the mob gene (Garg et al. 1999). As a consequence, gene
transfer to rhizobia has mainly been feasible through conjugation with Escherichia
coli (Johnston et al. 1978). Electro-transformation protocols have also been devel-
oped for rhizobia (Garg et al. 1999; Hayashi et al. 2000) which yields much higher
transformation efficiencies than conventional methods. Genetically modified rhizo-
bia have been constructed for their stable and useful phenotypes and introduced into
agricultural fields (Selbitschka et al. 1995). These useful genotypes can be moni-
tored after their introduction into the soil and their impact on the resident population
can be assessed (Amarger 2002). Marker genes such as transposons or genes con-
ferring antibiotic or mercury resistance fused with reporter genes such as gusA, luc,
and /acZ have been engineered in rhizobia to study the survival, persistence, and
spread of genetically modified bacteria in the field condition (Amarger 2002).
Genetic modifications have been introduced in rhizobia aimed at improving the
traits such as competitiveness with the indigenous population and BNF. Develop-
ment of Rhizobium strains with improved symbiotic properties has also been
achieved by random DNA amplification (RDA). The new strategy has been defined
for the development of rhizobia through the selection of preferred properties
without the requirement to identifying genes involved in the process (Mavingui
et al. 1997).

9.11 Strategies to Improve Stable Rhizobial Genotypes

9.11.1 Introduction of the Additional Copies of dct Genes

To enhance nitrogenase activity of bacteria, one of the proficient ways is to improve
energy supply of bacteroids with dicarboxylic acids. This transport is regulated by
succinate permease DctA, synthesized by specific regulators DctBD. DctBD is
encoded by dctA gene which activates dctA transcription in the presence of dicarbo-
xylic acids. Nonspecific regulators NifA and NtrA involved in activation of nitro-
genase synthesis are also activated. Overexpression of these genes has been
demonstrated to confer the host a significant rise in nitrogen-fixing activity
in vitro (Rastogi et al. 1992; Bosworth et al. 1994; Jording et al. 1994). However,
thus obtained recombinants because of to their instability in field conditions cannot
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be introduced immediately (Mc clung 2000), but indeed they can provide a platform
to study genetical and physiological factors limiting nitrogen fixation. S. meliloti
genotypes with an extra copy of nifA and dct genes were engineered to inoculate
alfalfa, under field conditions of nitrogen limitation, low endogenous rhizobial
competitors and sufficient moisture, lead to an increase in plant yields (Bosworth
etal. 1994). On the other hand, inoculations of two varieties of soybean with strains
of B. japonicum with an extra copy of nifA were not observed with increase yield
(Ronson et al. 1990).

9.11.2 Inactivation of Negative Regulators of Symbiosis

It has been observed that the symbiotic efficiency can be enhanced in Rhizobium
loti by curing some cryptic plasmids (Pankhurst et al. 1986) and by Tn5 insertions
in S. meliloti into a range of chromosomal and plasmid genes (Sharypova et al.
1994). It is suggesting a possible way to improve the rhizobial strains by
suppressing genetic factors responsible for a negative regulation of gene expression
pertaining to symbiosis. These mentioned factors were first detected in M. loti on
the cryptic plasmid of 240 MDa, deletion of which augments both efficiency of
symbiosis and competitiveness (Pankhurst et al. 1986). It has been established that a
number of hereditary factors are negatively regulating symbiosis such as Tn5-
mutants of Sinorhizobium meliloti (Plazinski 1981; Sharypova et al. 1994). The
primary structure of these gene (eff) regulators was examined, and it was found that
none of these were directly associated with nitrogenase function (Sharypova et al.
1994; Sharypova and Simarov 1995). Transport of sugars into bacterial cells is
regulated by these genes, and inactivation of these genes were observed to increase
the rate of dicarboxylic acids assimilation in rhizobia. After inactivation of genes
encoding adenylyl cyclase, a parallel consequence is observed (Sharypova et al.
1998), which is due to catabolite repression, preventing consumption of many
carbon compounds. Consequently, the investigation of eff genes has revealed that
efficiency of symbiosis can be enhanced by increasing the nitrogen-fixing activity
as well as by optimizing the functions accountable for rhizobial compatibility with
the host plant.

9.11.3 Genetic Modification of Competitiveness (cmp) Genes

Another factor essential for the efficiency of symbiosis along with activation of
nitrogenase system is the invasion of engineered rhizobia into plant nodules. It
depends on multiple cmp genes encoding competitiveness which are located in
rhizobia genome including plasmids and chromosomes (Fisher 1994; Brewin et al.
1983; Onishchuk and Simarov 1995). A few cmp genes carry out tasks such as
growth rate, resistance to antibiotics or phages, and molecular structure of cell
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surface essential for rhizobial survival in the rhizosphere. Nonetheless, genetic
analysis revealed that there is no direct association between competitiveness and
nitrogen-fixing activity. Bradyrhizobium japonicum with the mutation in nif genes
and thus unable to fix nitrogen exhibits competitiveness analogous to the parental
strain (Hahn and Studer 1986), at the same time the highly competitive strains of
B. japonicum serogroup 123 have significantly lower nitrogen-fixing activity
(Devine and Kuykendall 1996). The above observed data signify no correlation
between competitiveness and genetic control of nitrogen-fixing activity clearly
indicate the significance of combining the factors providing essentiality of these
traits in rhizobial genotypes. R. leguminosarum bv. viciae has been observed to
carry Sym plasmid (270 kbp) which controls high nitrogen-fixing activity and
competitiveness as well as acid tolerance (Kurchak et al. 2001). S. meliloti possess
nfe locus located in plasmids (150-200 kbp) essential to express competitiveness
which can easily transform nearby population. Expression of numerous cmp genes
was studied after their transformation in rhizobia strains with high nitrogen-fixing
activity (Sanjuan and Olivares 1991).

9.11.4 Introduction of Genes Involved in Trifolitoxin (tfx)
Synthesis

The approach to introducing genes involved in the biosynthesis of trifolitoxin (#fx),
an antibiotic (oligopeptide consisting of 10 amino acids) to which native rhizobia
are susceptible, can be used to increase the nodulation competitiveness of rhizobia
under field conditions (Robleto et al. 1998). A comprehensive research has been
carried out on rhizobia #fx genes (Triplett 1990). Transfer of #fx genes encoding the
potent bacteriocin has been demonstrated to improve competitiveness in the rhizo-
bia strains (Triplett and Sadowsky 1992). These genes were initially detected in
TAL strain, which exhibits the inactive Fix™ symbiosis forms with clover and at the
same time simultaneous inoculation with nitrogen-fixing strains; it obstructs them
from penetration in root nodules. Transformation of #fx genes in nitrogen-fixing
rhizobia strains belonging to clover has been observed to elevate competitiveness at
the same time trifolitoxine production had no influence on nitrogenase activity.
Additionally, transfer of these genes in rhizobia of bean has led to the production of
trifolitoxine which in turn augment rhizobial capacity to compete for inoculation
and establishment (Triplett 1990; Robleto et al. 1998).

9.11.5 Protoplast Fusion

To enhance nodulation efficiency of Rhizobia, protoplast plays an imperative role.
Protoplast fusion is a valuable technology that is capable of improving the genetic
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traits of Gram positive and Gram negative bacteria as well as nodulation efficien-
cies (Hotchkiss and Gabor 1980; Attallah and Abd-El-Aal 2007). Protoplasts of two
feeble strains of Rhizobium Rt11 and Rt12 and one competent strain (RtAI) when
fused together, result in 1.93-5.67 fold increase in nodulation number relative to
that of wild type strains (Sabir and El-Bestawy 2009). The capability to form
nitrogen-fixing nodules is species specific (Morris and Djordjevic 2006) at the
same time the effectiveness to produce nodules is determined by plant host (Miller
et al. 2007). Using inappropriate strains or due to some environmental conditions,
the phenotype with high nodulation might be unsuccessful (Mhadhbi et al. 2008).
Fusion of the protoplasts of Frankia with Streptomyces griseofuscus (fast-growing
actinomycete) has led to the production of fast-growing nitrogen-fixing actinomy-
cete (Prakash and Cummings 1988). A number of efforts have been made to
transform the nif genes to protoplasts of non-leguminous plants (Shanmugam and
Valentine 1975). Entire cells of nitrogen-fixing Azotobacter vinelandii has been
demonstrated to induce fungus (Rhizopogon) plants forming mycorrhiza in Pinus
radiate and a result petite nitrogen fixation has been observed to occur by mycelia
of the modified fungus (Pandey 1978). In addition to that Rhizobium strain belong-
ing to cowpea produce nodules on roots of non-leguminous tree Trema aspera
(Trinick 1973) but due to the lack of leg-hemoglobin they are unable to fix nitrogen
(Dilworth 1974). Inoculation of Burkholderia sp. into Rice seedlings has been
shown to provide high nitrogen assimilation to rice through associative nitrogen
fixation (Baldani et al. 2000).

9.11.6 Inter-Species Transformation of Genetic Traits

A plasmid PIJB5JI transfer to Rhizobium sp. has been shown to transform mutants of
Rhizobium leguminosarum (lacking the ability to fix nitrogen) from Fix~ to Fix*
phenotype (Johnston et al. 1978). A conjugative plasmid in R. trifolli strain with
genes for nodulation and nitrogen fixation, when transferred to A. tumefaciens has
been found to initiate nodulation in clover but cannot contribute to the process of
nitrogen fixation (Hooykaas et al. 1981). Soybean line (T201; non nodulating) can
be nodulated by inoculation of 2,4-D and has been observed to fix nitrogen when
infected with B. japonicum (Akao et al. 1991). Transfer of the gene dnfl-1 from
M. truncatula having indeterminate nodules to Lotus japonicus with determinate
nodules has been observed to form symbiosome with highly differentiated bacte-
roids (van de Velde et al. 2010). Expression of Cg12 promoter reporter gene fusions
(transgene) in Casuarina glauca has been elucidated to begin at the early stage
when infected by Frankia (Svistoonoff et al. 2003). Cgl2-reporter gene fusions
when introduced in the legume M. truncatula, the expression remained as similar as
observed in Mesorhizobium meliloti during the nodulation process (Svistoonoff
et al. 2004). It clearly revealed that in cells infected by symbiotic bacteria, signaling
cascade independent of Nod factors is activated distinctively.
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9.11.7 Masking Nitrogenase

The protein leg-hemoglobin is protected from the inhibitory action of oxygen by
enzyme nitrogenase. To protect the nitrogenase from oxygen activity, the genes
encoding these proteins can be isolated and transferred to other nitrogen-fixing
systems so as (Beringer and Hirsch 1984). Nitrogenase activity is associated with
the hydrogenase activity and thus requires more energy. If the evolved hydrogen is
further reduced to water, releasing electrons further saves the energy. Many
nitrogen-fixing bacteria possess uptake hydrogenase consisted of two subunits:
HupS and HupL. It would be valuable to introduce it along with the nif genes
into hosts possessing no uptake hydrogenase system (Sajid et al. 1992).

9.12 Genetic Manipulations in Other Microorganisms
for Improved Nitrogen Fixation

The subunits of nitrogenase from unlike nitrogen-fixing rhizobia can be mixed to
produce the functional system (Emerich and Burris 1978). Structural genes found in
nitrogen-fixing species are conserved in nature and due to the gene transfer distri-
bution occurs. The microorganisms are modified in the host so that they release
NH," directly to the plants before assimilation of the fixed nitrogen (Peters et al.
1982). The nitrogen-fixing bacteria K. pneumoniae resembles closely to non-
nitrogen-fixing E. coli. The genes from these two bacterial species could be trans-
ferred in either of the organisms. K. pneumoniae that are deficient in fixing nitrogen
(Nif ~ mutants) are positioned between genes for histidine biosynthesis (%is) and
shikimik acid uptake (shi A). The his and nif loci can be transferred from
K. pneumonia strain to an E. coli strain which requires histidine as a substrate.
E. coli cells that have become prototroph to histidine have acquired the ability to fix
nitrogen. The conjugative plasmid pRDI with nif and his genes can be transferred to
other bacterial genome (Dixon and Kahn 2004). The repressor of nitrogen fixation,
nifL gene can be knocked out which allows constitutive expression of nif promoter
mediated by nifA and ntrC gene products (Beringer and Hirsch 1984). Several
attempts have also been made to introduce the nif genes in eukaryotic cells.
Eukaryotes have mono-cistronic mRNAs with a binding site at 5’ end; therefore,
it is necessary to fuse the coding sequence of nif genes to the promoters of eukary-
otes to produce a suitable ribosome binding site at 5’ end for full expression. In
Clamydomonas reinhardtii, the enzymes responsible for chlorophyll biosynthesis
share structural and functional homology with nitrogenase. In C. reinhardtii, the
gene products of chlL, chIN, and chiB are analogous to the subunits of nitrogenase
but the sequence identity comparison is highest between nifH and chiL. Thus, the
nifH gene product can be activated by chlL without any extra prerequisite of genes
and in addition to that nifH gene can functionally substitute ch/L (Cheng 2008). In
yeast Saccharomyces cerevisiae, the expression of nif genes has yet not been
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reported. The nif genes in S. cerevisiae are unable to express due to several reasons.
The promoters could initiate transcription of the enzymes at specific physiological
requirements (Beringer and Hirsch 1984). Cyanobacteria can also be used to
generate new symbiotic forms in plants. In rice roots, the associative competence
of symbiotic Nostoc strains have been studied and were observed to increase
nitrogen fixation (Nilsson et al. 2002, 2005). A lot of progress has been made to
introduce useful genetic traits from Rhizobia into another organism to improve
BNF but it is still a major challenge as there is an uncertainty whether the
physiology of host would accommodate and inherit these changes stably.

9.13 Conclusion

Recent progress in the understanding of symbiotic nitrogen fixation may possibly
represent alternative new possibilities for engineering stable rhizobial genotypes.
Understanding the molecular mechanism of BNF could have highly significant
agronomic implications in reducing the utilization of nitrogen fertilizers. In addi-
tion to that, improved understanding of genetic makeup of the rhizobia could lead to
more sustainable exploitation of stable nitrogen fixation. Rhizobia possess a distinct
plasticity of the genome because of the unusually high amount of insertion elements
and repeated DNA sequences and hence the genetic stability of rhizobia is highly
important. Despite a great deal of present knowledge about the genetics of symbi-
otic nitrogen fixation and strain development, most of the commercial inoculants of
rhizobia are native strains, competent and best suited to a given niche, instead of
rhizobial genotypes with genetic modifications. But indeed, the prospects to ana-
lyze and combine functional genomics to develop stable rhizobial genotypes opens
the way to identify and manipulate a large number of genes implicated in BNF
process at the level of complete genetic circuit instead of a single gene. The signifi-
cance of BNF for sustainable agricultural systems is huge and current progress in
rhizobial genome projects produces an enormous amount of data on the existence
and diversity of rhizobial species. Consequently, the relevance of available geno-
mic data and novel tools to characterize symbiotic genes in rhizobia formulates
new methods in genetic engineering to improve nitrogen fixation. The genetically
modified rhizobia are released in the farmer’s fields and thus this plasticity is of a
meticulous concern because in symbiosis the population-dependent selective forces
may disseminate rare recombinant genotypes frequently in nearby population.
However by using RecA mutants that have no recombination function but do not
differ from RecA™ genotypes in nitrogen-fixing activity, the peril of releasing these
modified rhizobial genotypes may be reduced. Nonetheless, engineering stable and
improved rhizobial genotypes is a complex method but serious attempts are
required to fill the gaps of our present knowledge. Conclusively, the above-
mentioned observations clearly reveal that it is possible to improve symbiotic effec-
tiveness and BNF through genetic manipulations of rhizobial strains. Current
advancement on the knowledge of the molecular will certainly provide in the
near future genetically improved, stable rhizobial genotypes.
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Chapter 10

Hierarchical Clustering-Based Algorithms
and In Silico Techniques for Phylogenetic
Analysis of Rhizobia

Jyoti Lakhani, Ajay Khuteta, Anupama Choudhary,
and Dharmesh Harwani

10.1 Introduction

Evolution can be defined as the development of a species by divergence of it from
other pre-existing species. The driving force behind evolution is natural selection in
which “unfit” forms are eliminated through changes of environmental conditions or
sexual selection so that only the fittest are selected (Darwin 1859). Mutation is the
mechanism behind the evolution that occurs spontaneously to provide the biolog-
ical diversity within a population. The development of bioinformatics tools and
various in silico methods has provided very useful and fast methods to perform
phylogenetic analysis. Two types of methods are most commanly used for it:
distance based and character based. The distance-based methods include
unweighted paired group method with arithmetic mean (UPGMA) (Murtagh
1984), minimum evolution method (ME) (Rzhetsky and Nei 1993), neighbour
joining (NJ) (Saitou and Nei 1987), and Fitch—-Margoliash method (FM) (Fitch
and Margoliash 1967). The character-based method derives trees that optimize the
distribution of the actual data pattern for each character. The most commonly used
character-based methods include Maximum Parsimony (MP) method (Sober 1983)
and Maximum Likelihood (ML) method (Felsenstein 1981). The criteria to

J. Lakhani
Department of Computer Science, Poornima University, Jaipur, India

Department of Computer Science, Maharaja Ganga Singh University, Bikaner, India

A. Khuteta
Department of Computer Science, Poornima University, Jaipur, India

A. Choudhary
Department of Computer Science, Keen College, Bikaner, India

D. Harwani (0<1)
Department of Microbiology, Maharaja Ganga Singh University, Bikaner, India
e-mail: dharmesh@mgsubikaner.ac.in

© Springer International Publishing AG 2017 185
A.P. Hansen et al. (eds.), Rhizobium Biology and Biotechnology, Soil Biology 50,
DOI 10.1007/978-3-319-64982-5_10


mailto:dharmesh@mgsubikaner.ac.in

186 J. Lakhani et al.

compare different tree-building methods are computational speed, consistency of
estimated topology, statistical consistency of phylogenetic trees, probability of
obtaining the correct topology, and reliability of estimated branch length (Roy
et al. 2014). According to the computational speed, the NJ method is the superior
one from other tree-building methods which are currently in use. This method can
handle a large number of sequences with bootstrap tests with ease. If no bias is
applied during the estimation of distance through substitution NJ, ME methods are
found consistent for estimating trees but MP is often inconsistent. ML methods, on
the other hand, have the additional advantage of being more flexible in choosing the
evolutionary model. But this method is lengthy and time consuming (Roy et al.
2014). This chapter is a compressive survey on phylogenetic analysis of rhizobia at
molecular level. The contributions of few authors who have used hierarchical
clustering to assess rhizobial phylogeny have been summarized. The chapter is
divided into three sections which include the introduction to the basics and process
of molecular phylogenetic analysis, a brief discussion on various hierarchical algo-
rithms and finally, a detailed discussion on different in silico phylogenetic analysis
tools to study evolution and phylogeny in rhizobia has been presented.

10.2 Molecular Phylogenetic Analysis

Molecular phylogenetic analysis is the study of relationship among organisms using
molecular markers such as DNA or protein sequences. The dissimilarity between
two sequences has been caused by mutations during the course of time. The
methods in molecular phylogenetic analysis make assumptions about the processes
of molecular evolution over time and the accuracy of predicted evolutionary events
are tested using in silico simulations. The results of these methods are hypothetical
evolutionary trees or phylogenetic trees. Phylogenetic trees are dendograms repre-
senting evolutionary divergence between two sequences. There are several types of
evolutionary trees such as rooted trees also called cladograms, unrooted trees, or
phenogram. The process of generation of a hypothetical phylogenetic tree is called
phylogenetic reconstruction. Phylogenetic reconstruction is a probability-based
statistical model to make assumptions about the process of nucleotide or amino
acid substitution during the timeline in question. There are several types of prob-
abilistic models also which are known as evolutionary models. Evolutionary
models describe the different probabilities of the change from one nucleotide or
amino acid to other, with the aim of correcting for unseen changes along the
phylogeny. The most common models of DNA evolution are Jukes—Cantor (JC or
JC69) (Jukes and Cantor 1969), Kimura2 Parameters (K2P or K80) (Kimura 1980),
Felsenstien (F81) (Felsenstein 1981) and Hasegawa, Kishino, Yano (HKYS85)
(Hasegawa et al. 1985), T92 (Tamura 1992), TN93 model (Tamura and Nei
1993), GTR: Generalised time-reversible (Tavaré 1986), etc. The common amino
acid replacement models are point accepted mutation (PAM) (Dayhoff et al. 1978),
mtREV, JTT, WAG, BLOSUMG62 (BLOck SUbstitution Matrix), Yang, etc. Apart
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from evolutionary models, alignment of the sequences is also a prerequisite for
phylogenetic tree construction. There are several multiple sequence alignment
methods available such as ClustalW, Muscle, and NAST. A phylogenetic tree is
constructed using distance matrix by examining the closeness of sequences in order
to combine them. There are several methods used in literature for constructing
phylogenetic trees such as UPGMA, neighbour-joining, maximum parsimony,
maximum likelihood, and Baysian analysis.

10.3 Basics of Phylogeny

A phylogeny is a graphical representation that provides a hypothesis of how
organisms are related at evolutionary level. The relationships are not expressed as
per cent sequence similarity, but time since they share a common ancestor. Phylo-
genetic trees are a primary tool used in evolutionary biology and are used to inter-
pret the timing and order of evolutionary events. Charles Darwin has used tree for
the first time to represent phylogeny. Figure 10.1 is the only figure in Charles
Darwin’s book Origin of Species by Natural Selection (1859) depicting evolution-
ary history. Some modern applications of phylogeny include analysis of changes
that have occurred during the evolution in order to create tree of life of for various
organisms, phylogenetic relationships among genes predicting similar functions in
order to detect orthologues, detecting changes in rapidly changing sequences, etc.

Fig. 10.1 First use of phylogenetic tree to show the evolutionary history of an organism (Origin of
Species by Natural Selection 1859)
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To display phylogenetic trees, two fundamental forms are used such as rooted
trees and unrooted trees. The root of a tree represents the common ancestor of all
depicted organisms. All trees need not to be rooted, but rooting does help to inter-
pret tree. Trees are rooted with the inclusion of an outgroup, a taxon known a priori
to be the most distant taxon to the group under study. The tips of a tree are referred
to as external nodes which typically represent living or extant taxa and ancestors are
represented by internal (ancestral) nodes. The phylogenetic topology is the patterns
of branch length and splitting depict evolution, diversification, and relatedness.
Topology illustrates the history of cladogenesis (splitting of branches as a result of
diversification) and anagenesis (change within lineages such as mutation or substi-
tution). In general, diversification events should be dichotomous (one lineage splits
into two); however, trees may not be completely dichotomous. Polytomies are
common when one computes a consensus tree (a topology that agrees with those
found in several trees). These are trees that are generated from bootstrap analysis
with many replicates (the fusion of multiple high scoring trees that should be
considered as candidates). Lengths illustrate divergence in the characters used to
construct the phylogeny (substitutions in DNA sequence). To infer the evolutionary
history of an organism, different molecular markers such as DNA, RNA, and
protein sequences are used. DNA or protein sequences from homologous
(orthologous) genes or proteins from different organisms have been aligned using
sequence alignment algorithms. Sequence alignments are arrangements of multiple
DNA or protein sequences that tend to minimize the number of gaps and mis-
matches if an alignment is done judiciously. Hence, sequence alignment is a major
tool in construction of a phylogenetic tree. There are three methods for constructing
phylogenetic trees: maximum parsimony, distance measure, and maximum likeli-
hood. Maximum parsimony is employed when the evolutionary distances between
taxa are relatively short and assumes the rate of mutation among all sequences are
equal. Maximum parsimony is based on Fitch’s algorithm which is a bottom-up
dynamic programming framework for evaluating the parsimony of a given tree and
treats each sequence locus as independent of the rest.

Maximum likelihood is often used to construct trees for publication, with the
cost of time-consuming processing and is most sensitive when working sequences
spanning large evolutionary distances. Maximum likelihood is a robust method that
outperforms alternative methods such as parsimony and distance methods
(UPGMA) but it is computationally very intensive; therefore, it is slow on
most computers. The popular phylogenetic maximum likelihood algorithms are
PHYLIP, RAXML, genetic algorithm for rapid likelihood inference (GARLI),
PHYML, etc. Statistical support for a phylogenetic tree has performed by a boot-
strap analysis. Distance methods are often used to generate a starting tree for the
maximum likelihood method and are important to understand the functionality of
these three methods in detail in order to construct an approximate real tree of evol-
ution. Distance methods aim to identify the tree that minimizes sequence diver-
gence. The idea behind this approach is that the minimum sequence divergence
minimizes evolution. These methods do not utilize an alignment during the tree
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search; instead they use a pairwise distance matrix. Distance matrix can be com-
puted by determining the proportion of nucleotides that differ between all pairs.

Distance method is a stepwise process which includes five basic steps—align-
ment of sequences, computation of pairwise distances between sequences, applying
evolutionary correction, construction of tree (Hierarchical Clustering) and evaluat-
ing tree, and selecting the best one. There are several sequence alignment tools
available such as ClustalW, Muscle, and NAST. The simplest method to find
pairwise dissimilarity is Hamming distance which can find number of mismatches.
Hamming distance does not take into account the likelihood of one amino acid to
other. These problems can be addressed by assigning these sequences a number in
order to associate with each possible alignment. The scoring scheme is a set of rules
which assigns the alignment score to any given alignment of two sequences. The
scoring scheme is residue based: it consists of residue substitution scores, minus
penalties for gaps. The alignment score is the sum of substitution scores and gap
penalties. Point accepted mutation (PAM matrices) and Blocks Substitution Matrix
(BLOSUM) are substitution matrices for amino acid alignment. Different versions
of PAM and BLOSUM Substitution Matrix are given in Table 10.1 (Source NCBI).

Given the computed distance matrix from above, we could construct a tree.
However, how do we know that multiple mutations haven’t occurred at the same
locus? Multiple substitutions can be caused by enough evolutionary time, high
mutation rates, action of positive natural selection. It is quite possible homologous
nucleotide positions have undergone multiple substitutions. To generate distance
values that correct for multiple hits, one can perform the Jukes—Cantor correction or
the Kimura 2-paramter model. Jukes—Cantor correction assumes that all types of
mutations/substitutions occur at the same rate. Kimura two-parameter model cor-
rects for multiple hits, giving differential weight to transitions and transversions. In
the next step, we can construct tree using hierarchical clustering. UPGMA is the
most popular hierarchical clustering algorithm used in the research to construct a
single rooted phylogenetic tree. The basic assumption of UPGMA is that distance
from any node to leaf will be the same for all common descendants and there is a
constant rate of evolution. Two sequences with shortest evolutionary distance
between them are assumed to have been the last to diverge. UPGMA is very com-
putationally efficient and provides a good starting point for more sophisticated
phylogenetic analysis. However, some issues with UPGMA are that it is very sensi-
tive to unequal evolutionary rates and clustering only works if data is ultrametric
(the evolutionary rate is the same for all branches).

Table 10.1 Different

Query length Substitution matrix Gap cost
versions of PAM and 35 PAM.30 o1
BLOSUM substitution matrix - - ©.1)
35-50 PAM-70 (10,1)
50-85 BLOSUM -80 (10,1)
85 BLOSUM-62 (10,1)

Source: https://www.ncbi.nlm.nih.gov/blast/html/sub_matrix.html
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10.4 Phylogenetic Tree Construction Using Hierarchical
Clustering Algorithms and Tools

When talking about phylogenetic analysis, hierarchical clustering algorithms are
unignorable. Given a set of sequences, hierarchical clustering algorithms, cluster
these sequences and seek to build a hierarchy of clusters based on the differences.
These algorithms work behind the construction of phylogenetic tree (Fig. 10.2).

Two different types of hierarchical algorithms are available in literature—agglom-
erative and divisive strategies. Agglomerative hierarchical clustering is a bottom-up
approach where each sequence is considered as a cluster in its own. These singleton
clusters merge with other clusters when one moves up in hierarchy. On the other hand,
divisive hierarchical clustering algorithm is a top-down approach in which all
sequences start in one cluster and splits are performed as one moves down in hier-
archy. The results of both these hierarchical clustering are dendrograms representing
phylogenetic trees.

10.5 Hierarchical Clustering Algorithms

UPGMA (Unweighted Pair-Group Method using arithmetic Averages) is probably
the most popular hierarchical algorithm for computational biology. D’haeseleer
has used UPGMA for gene expression analysis and Liu and Rost have used it for
protein sequence clustering. UPGMA was used for gene ontology (GO) by
Ashburner et al. and classifies genes into hierarchies of biological processes and
molecular functions. ProtoNet was used to build a hierarchy of protein sequences
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from sequence similarities. This way UPGMA can be used for a variety of phylo-
genetic analysis. UPGMA has been used as a phylogenetic tree construction tool
for rhizobia number of researches (Blazinkov et al. 2007; Abdel-Aziz et al. 2008;
Faisal et al. 2009; Dourado et al. 2009; Jurelevicius et al. 2010; Lyra et al. 2013;
Jia et al. 2015; Hassen et al. 2014; Baginsky et al. 2015). The other algorithms for
hierarchical clustering that are not very popular such as AGNES, DIANA,
BIRCH, ROCK, Chameleon, and CURE but have also been referred in this
chapter.

10.6 Hierarchical Clustering Tools

Besides hierarchical algorithms, other hierarchical clustering tools for evolutionary
study of rhizobia are also available in literature. R package is a statistical tool
having a variety of functions related to sequence analysis (Bontemps et al. 2005;
Vercruysse et al. 2011; Knief et al. 2011; Tian et al. 2012; McGinn et al. 2016).
Another tool is SPSS that is basically a statistical tool but have some plugins avail-
able for phlogenetic study. SPSS was used by Ba et al. (2002) for phygenetic study
of rhizobia. Similarly, GeneSpring 7.3.1 was used by Koch et al. (2010). Other tools
and packages that are available for phylogenetic tree construction are Cluster 3.0,
ELKI, Octave, Orange, SCaVis, Scikit-learn, Weka, and CrimeStat. There are sev-
eral evidences of using hierarchical clustering for phylogenetic tree creation in
literature but the name of the algorithm has not been authors (Mathur and Tuli
1990; Frédéric Ampe et al. 2003; Korner et al. 2003; Bontemps et al. 2005;
Capoen et al. 2007; Brechenmacher et al. 2008; Schuller et al. 2012; Choi and
Yun 2016).

10.7 Phylogenetic Tools Used for Rhizobial Research
(1990-1999)

Phylogenetic analysis of rhizobia and agrobacteria was performed by Willems and
Collins (1993) using 16s RNA gene sequences obtained from EMBL Data Library.
Tools used for pairwise sequence analysis and phylogenetic tree construction have
been discussed in Table 10.2. Results of phylogenetic analysis suggested that the
genera Bradyrhizobium and Azorhizobium belong to distinct phylogenetic lineages,
and there is evidence of intermixing of Rhizobium and Agrobacterium species in
subgroups. Phylogenetic relationships among Rhizobium species for nodulating the
common bean (Phaseolus vulgaris L.) was determined by Berkum et al. in 1996. A
direct sequencing of amplified 16s ribosomal DNA genes was performed. Tools
used for alignment of sequences, creation, and analysis of phylogenetic trees have
been discussed in Table 10.2. As a result, four clusters were formed—cluster 1 with
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Rhizobium leguminosarum bv. trifolii, R. leguminosarum bv. viciae, and
R. leguminosarum bv. phaseoli. Cluster 2 and cluster 3 which comprises Rhizobium
etli and Rhizobium tropici, and cluster 4 contained a single bean-nodulating strain
(Berkum et al. 1996). Genetic and phylogenetic study of four Rhizobium genera was
performed by Young and Haukka (1996). Phylogenietic tree of rhizobia and some
related bacteria was created by the neighbour-joining method from SSU rRNA
sequences and subdivided rhizobia into three genera: Rhizobium, Bradyrhizobium,
and Azorhizobium that lie in distinct branches of subdivision of the Proteohacteria
that contains many non-rhizobial bacterial species. Results revealed that the com-
mon rhizobial ancestor does not contain genes for legume nodules but procured by
phylogenetically distinct bacteria in course of evolution. In essence, nitrogen
fixation genes are often linked to nodulation genes, but it need not to have the
same evolutionary history. Tan and colleagues have studied the phylogenetic rela-
tionships of Mesorhizobium tianshanense with other related rhizobia (Tan et al.
1997). The details of phylogenetic tools used for the study have been given in
Table 10.2. A clear difference was appeared between M. tianshanense cluster and
Rhizobium cluster for SDS-PAGE.

The DNA—-DNA relatedness between type strain of M. Tianshanense and type or
reference strain of Mesorhizobium loti, M. huakuii, M. ciceri, and
M. Mediterraneum ranged from 4.4 to 43.8%. Phylogenetic analysis based on the
16s rRNA gene sequences showed that M. tianshunense was closely related to the
Mesorhizobium but distinguished from the other four species in this branch. These
results further confirmed that these bacteria constitute a distinct rhizobial species
(Tan et al. 1997). The characterization of R. etli and other Rhizobium spp. was
performed by Sessitsch et al. (1997) using PCR analysis with repititive primers that
nodulate P. vulgaris in Australian soil. The plasmid profiles, nifH profiles, PCR-
RFLP analysis of 16s rRNA gene, and of the 16s rRNA-23s rRNA intergenic
spacer and nodulation phenotypes were analysed. Dendograms were generated
using SAHN and results suggested that Phaselous vulgaris strain found in Austria
were derived from rhizobia obtaining in Mesoamerica (Sessitsch et al. 1997). The
genetic diversity and phylogeny of 40 rhizobia that nodulating four Acacia species
viz. A. Gummifera, A. Raddiana, A. Cyanophylla, and A. Horrid from Morocco
were analysed by Khbaya et al. (1998) using rRNA and 165-23S rRNA spacer by
PCR with RFLP analysis. Tools used for phylogenetic analysis are discussed in
Table 10.2. 16s RNA analysis identified three clusters out of which two belonging
to Sinorhizobium meliloti and Sinorhizobium fredii. The third cluster was Rhizo-
bium galegae that is closely related to the Agrobacterium tumefaciens species
whose phylogenetic position was determined with respect to other rhizobia and
agrobacteria using PCR-RFLP with nine restriction enzymes of 23s rRNA genes of
42 rhizobial and agrobacterial strains retrieved from the EMBL database. As a
result, 27 and 32 different restriction patterns were found for 16s and 23s RNA
which were aligned using PILEUP and a phylogenetic tree was constructed using
CLUSTALW. The 16S analysis of R. galegae formed a sub-group on the Agro-
bacterium branch, but in the 23s analysis, they are part of the Rhizobium branch
(Khbaya et al. 1998).
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The nod gene of the Mesorhizobium huakuii and R. galegae was studied by a,
b-unsaturated N-acyl substitutions (Yang et al. 1999). The in silico tools used for
this analysis are discussed in Table 10.2. The benchmarking of the evolutionary
dynamics of symbiotic and housekeeping loci of the genetic coherence of rhizobial
lineages was performed by isolating 47 rhizobial strains from nodules of 13 genera
of the temperate herbaceous Papilionoideae across several continents. Analysis
showed that each locus subdivides strains into genera Rhizobium, Sinorhizobium,
and Mesorhizobium. In contrast to the previous study, results indicate a lack of
lateral transfer across major chromosomal subdivisions and a significant incongru-
ence of nod and GSII phylogenies within rhizobial subdivisions which strongly
suggests horizontal transfer of nod genes among congenerics (Yang et al. 1999).

10.8 Phylogenetic Tools Used for Rhizobial Research
(2000-2010)

A study of nitrogen-fixing nodules of Emnsifer adhaerens harbouring R. tropici
symbiotic plasmids was performed (Rogel et al. 2001). The ribosomal fingerprint-
ing was performed digesting PCR products with 16S rRNA gene restriction enzyme
Hinfl, Mspl, Rsal, Hhal, Sau3Al, and Ddel with primers fD1 and rD1 from
E. adhaerens transconjugants. The details of in silico analysis are given in
Table 10.3. Results indicated that E. adhaerens is related to Sinorhizobium spp.
E. Adhaerens did not nodulate P. vulgaris (bean) or Leucaena leucocephala, but
with symbiotic plasmids from R. tropici, it formed nitrogen-fixing nodules on both
hosts. A close relationship among P. vulgaris symbionts was revealed on classify-
ing a collection of 83 rhizobial strains based on nodC and nifH genes in 23 recog-
nized species distributed in the genera Rhizobium, Sinorhizobium, Mesorhizobium
and Bradyrhizobium, as well as unclassified rhizobia from various host legumes.
Irrespective of 16S rRNA-based classification, phylogenetic trees revealed that
nodC and nifH were similar but incongruence in some cases suggested that genetic
rearrangements have occurred in course of evolution. This is an indication of lateral
genetic transfer across Rhizobium and Sinorhizobium genera that played a role in
diversification and in structuring of population of rhizobia (Rogel et al. 2001).
Velazquez et al. (2005) worked on the coexistence of symbiosis and
pathogenicity-determining genes in Rhizobium rhizogenes strains that enabled
them to induce nodules and tumours or hairy roots in plants. The in silico tools
are discussed in Table 10.3. Rhizobium sequence analysis of 12 rhizobial species
was performed using 16S rRNA and dnaK genes (Table 10.3) (Eardly et al. 2005).
The discordance between 16S rRNA and dnaK phylogenies was tested with the
incongruence length difference (ILD) test. As a result, two groups of related species
were identified by neighbour-joining and maximum parsimony analysis. One group
consisted of M. loti and Mesorhizobium ciceri, and the other group consisted of
Agrobacterium rhizogenes, R. tropici, R. etli, and R. leguminosarum. Although
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bootstrap support for the placement of the remaining six species varied,
A. tumefaciens, A. rubi, and A. vitis were consistently associated in the same
sub-cluster. The three other species included were R. galegae, S. meliloti, and
Brucella ovis. The placement of R. galegae was the least consistent in this study.
It was placed flanking the A. rhizogenes-Rhizobium cluster in the dnaK nucleotide
sequence trees. On the other hand, it was placed with the other three Agrobacterium
species in the 16S rRNA and the DnaK amino acid trees. An effort to explain the
inconsistent placement of R. Galegae was performed by examining the poly-
morphic site distribution patterns among the various species. The similarity in
localized runs of nucleotide sequence was an evident and suggesting that the
R. galegae genes are chimeric. These results provide a tenable explanation for the
phylogenetic placement of R. galegae, and they also illustrate a potential pitfall in
the use of partial sequences for species identification (Eardly et al. 2005).

An attempt was performed for monophyletic clustering and characterization of
protein families of M. tuberculosis, Rhizobium sp., E. coli, H. pylori, Synechocystis
sp., M. thermoautotrophicum, A. aeolicus, B. burgdorferi, P. horikoshii,
T. pallidum, B. subtilis, M. jannaschii, H. influenzae, and A. fulgidus was made
(Zhang et al. 2007) (Table 10.3). A polyphasic characterization of Brazilian
R. tropici strains effective in fixing N, with common bean (P. vulgaris L.) was
done (Pinto et al. 2007). Phylogenetic analysis was performed using tools indicated
in Table 10.3. The results have shown that the trend of a group of monophyletic
proteins might be characterized by a normal distribution, while the strength and
variability of this trend can be described by the sample mean and variance of the
observed correlation coefficients after a suitable transformation. Genotypic char-
acterisation of indigenous R. leguminosarum was performed (BlaZinkov et al.
2007). Thirteen R. leguminosarum bv. viciae strains were isolated from continental
part of Croatia and were analysed using two DNA fingerprinting methods, Ran-
domly Amplified Polymorphic DNA (RAPD-PCR) and Repetitive Extragenomic
Palindromic-PCR (REP-PCR). The UPGMA algorithm was used to perform hier-
archical cluster analysis and to construct a dendrogram. An evolution and func-
tional characterization of the RH50 gene from the ammonia-oxidizing bacterium
Nitrosomonas europaea was performed. For phylogenetic analysis, various tools
are used that are discussed in Table 10.3. Analysis with nonparametric bootstrap
analysis and an approximate likelihood ratio test, both methods resulted in similar
grouping of strains. Cluster analysis of REP and RAPD-PCR profiles showed
significant differences among R. leguminosarum bv. viciae isolates. These results
suggested the presence of adapted indigenous R. leguminosarum bv. viciae strains,
probably with higher competitive ability, whose symbiotic properties were evalu-
ated (Blazinkov et al. 2007).

Phylogenetic analysis of nitrogen-fixing and quorum-sensing bacteria was per-
formed (Chaphalkar and Salunkhe 2010). Protein sequences of NifH (nitrogenase
reductase), LuxA (Luciferase alpha subunit), and LuxS (Sribosyl homocysteine
lyase) from 30, 17, and 25 species of bacteria were aligned, respectively. Phylo-
genetic analyses on the basis of 16S rRNA was performed using GeneBee,
ClustalW, and PHYLIP. Further details are given in Table 10.3. Phylogenetic
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trees were constructed in the form of cladograms, phylograms, and unrooted radial
trees. According to the results obtained, the most highly evolved group of organ-
isms with respect to their nitrogenase reductase protein is that of Desulfovibrio
vulgaris and Chlorobium phaeobacteriodes. Bacillus thuringiensis and Bacillus
subtilis hold the most highly evolved forms of LuxS protein. The motif pattern
analysis between Bradyrhizobium japonicum and R. leguminosarum NifH protein
sequence shows that there may be quorum-sensing mediated gene regulation in
host bacterium interaction (Chaphalkar and Salunkhe 2010).

10.9 Phylogenetic Tools Used for Rhizobial Research
(2011-2016)

The genetic diversity of rhizobia-nodulating lentil (Lens culinaris) in Bangladesh
was performed by phylogenetic analysis of housekeeping genes (16S rRNA, recA,
atpD, and glnll) and nodulation genes (nodC, nodD, and nodA) of 36 bacterial
isolates from 25 localities across the country (Rashid et al. 2012). BioEdit, Mega,
and MrBayes were used for alignment and tree construction and analysis
(Table 10.4). Results indicated that most of the isolates (30 out of 36) were related
to R. etli and R. leguminosarum. Only 30 isolates were able to re-nodulate lentil
under laboratory conditions. The protein-coding housekeeping genes of the lentil-
nodulating isolates showed 89.1-94.8% genetic similarity to the corresponding
genes of R. etli and R. leguminosarum. The same analyses showed that they split
into three distinct phylogenetic clades (Rashid et al. 2012).

A characterization of rhizobia-nodulating Galega officinalis and Hedysarum
coronarium was performed (Liu et al. 2012). The study indicated that these species
of New Zealand form effective nodules with R. galegae and R. Sullae only. The
sequence analysis of 16S rRNA and housekeeping genes and plant nodulation tests
were carried out. Only R. galegae strains were isolated from G. officinalis and
selected strains induced effective nodules when re-inoculated onto the host plant.
Agrobacterium vitis, R. galegae, and R. sullae strains were isolated from nodules of
H. coronarium, but only R. sullae induced effective nodules on this plant. For
phylogenetic analyses, DNA sequences were aligned and Maximum Likelihood
(ML) trees were constructed with 1000 bootstrap replications using MEGAS
software (Table 10.4). Model test was performed and the best model was selected
for each gene. The models of evolution used for 16S rRNA, atpD, and recA were
T92+G+I, T92+1, and T92+G, respectively. Results from this study concur with
previous reports on their high degree of specificity in relation to their rhizobial
symbionts. Mesorhizobium spp. known to nodulate New Zealand native legumes
were not found in the nodules of G. officinalis and H. coronarium. However, further
work, which included cross-nodulation tests with native rhizobia and sampling of
both legumes at various sites, would confirm the specificity of these legumes in
New Zealand (Liu et al. 2012). A discovery of a new beta-proteobacterial
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Rhizobium strains was performed in (Taulé et al. 2012), which was able to effi-
ciently nodulate Parapiptadenia rigida (Benth.) Brenan.

A collection of Angico-nodulating isolates was obtained and 47 isolates were
selected for genetic studies. According to entero-bacterial repetitive intergenic
consensus PCR patterns and RFLP analysis of their nifH and 16S rRNA genes,
the isolates could be grouped into seven genotypes, including the genera Burkhol-
deria, Cupriavidus, and Rhizobium, among which the Burkholderia genotypes were
the predominant group. Details of the tools used for this study was given in
Table 10.4. The bootstrap consensus tree inferred from 1000 replicates is taken to
represent the evolutionary history of the amino acid sequences analysed. Branches
corresponding to partitions reproduced in <50% bootstrap replicates are collapsed.
The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) has been shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Poisson correction method and are in the units of the number
of amino acid substitutions per site. All positions containing alignment gaps and
missing data were eliminated in pairwise sequence comparisons. Phylogenetic stud-
ies of nifH, nodA, and nodC sequences from the Burkholderia and the Cupriavidus
isolates indicated a close relationship of these genes with those from beta-
proteobacterial rhizobia (beta-rhizobia) rather than from alpha-proteobacterial
rhizobia (alpha-rhizobia). In addition, nodulation assays with representative iso-
lates showed that while the Cupriavidus isolates were able to effectively nodulate
Mimosa pudica, the Burkholderia isolates produced white and ineffective nodules
on this host (Taulé et al. 2012). Rhizobium pongamiae sp. from root nodules of
Pongamia pinnata was studied in (Kesari et al. 2013). Phylogenetic analysis of
sequences of 16S rRNA, recA, and atpD genes was performed using tools discussed
in Table 10.4. Phenotypic and molecular study of rhizobia isolated from nodules of
peanut (Arachis hypogaea L.) grown in Brazilian Spodosols (Pernambuco State)
was performed (Lyra et al. 2013). A total of 22 bacterial strains were isolated from
nodules of seven peanut varieties. Refer Table 10.4 for details. The genome
sequence of the clover-nodulating Rhizobium leguminosarum bv. trifolii strain
TA1 was analysed (Table 10.4) (Reeve et al. 2013). A little information about
the phylogeny of the isolates was found by the analysis of the phenotypic
characteristics-colony morphology and IAR. A great diversity of these rhizobia
and the presence of new species were revealed by using compilation of phenotypic
and molecular characteristics.

The genome sequence and transfer properties of Rhizobium grahamii was
studied (Althabegoiti et al. 2014). The Genome sequence was obtained from
R. grahamii CCGES02 type strain isolated from Dalea leporina in Mexico. It
comprises one chromosome and two extrachromosomal replicons (ERs),
pRgrCCGES02a and pRgrCCGES02b, and a plasmid integrated in the CCGES02
chromosome. Several analysis tools were used for phylogenetic study. Details of
these tools are presented in Table 10.4. The analysis showed variable degrees of
nucleotide identity and gene content conservation in R. grahamii CCGES502
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replicons as compared to R. mesoamericanum genomes. The extrachromosomal
replicons from R. grahamii were similar to those found in other related Rhizobium
species. A limited similarity was observed in R. grahamii CCGE502 symbiotic
plasmid and megaplasmid in distant Rhizobium species. The set of conserved genes
in R. grahamii are highly expressed in R. phaseoli on plant roots. This was an
indication of its role in root colonization. The diversity and nitrogen fixation
efficiency of rhizobia isolated from nodules of Centrolobium paraense was studied
(Barauna et al. 2014). Soil samples were collected from four sites of the Roraima
Cerrado, Brazil and used to cultivate C. paraense in order to obtain nodules. The
results revealed that C. paraense is able to nodulate with different Rhizobium
species and Bradyrhizobium isolates had the highest symbiotic efficiency on
C. Paraense and showed a contribution similar to the nitrogen treatment, some of
which have not yet been described. The nitrogen-fixing rhizobial strains were
isolated from non-inoculated bean plants. Total nine isolates were obtained which
belong to the Rhizobium and Sinorhizobium groups. The strains showed several
large plasmids, except for a Sinorhizobium americanum isolate (Table 10.4) (Mora
et al. 2014). Fourteen narrow-host-range bacteriophages that infect R. etl/i were
isolated from rhizosphere soil of bean plants from agricultural lands in Mexico
using an enrichment method (Santamaria et al. 2014). The complete genome of nine
phages of size varied from 43 to 115 kb was obtained. Four phages were resistant to
several restriction enzymes. A large proportion of open reading frames of these
phage genomes (65-70%) consisted of hypothetical and orphan genes. Refer
Table 10.4 for details of in silico tools used in this study. Authors have classified
these phages into four genomic types on the basis of their genomic similarity,
gene content, and host range and proposed that these bacteriophages correspond to
novel species (Santamaria et al. 2014).

Twenty rhizobial strains isolated from the root nodules of soybean (Glycine max
L.) were collected from diverse agro-climatic and soil conditions in Egypt (Youseif
et al. 2014). The strains were characterized using a polyphasic approach, including
nodulation pattern, phenotypic characterization, 16S rDNA sequencing, nifH and
nodA symbiotic genes sequencing, and REP-PCR fingerprinting. Please refer
Table 10.4 for details. The complete sequencing of 16S rRNA demonstrated that
native soybean-nodulating rhizobia are phylogenetically related to Brady-
rhizobium, Ensifer, and Rhizobium (syn. Agrobacterium) genera. The study of toler-
ance ability to environmental stresses revealed that local strains survived in a wide
pH ranges (pH 5-11) and a few of them tolerated high acidic conditions (pH 4).
Agrobacterium strains were identified as the highest salt tolerant and were survived
under 6% NaCl; however Ensifer strains were the uppermost heat tolerant and can
grow at 42°C. The DNA and the 16S rRNA gene of 14 isolates of rhizobia-
nodulating Phaseolus lunatus from Brazil were extracted and sequenced using
primers fD1 and rD1 (Araujo et al. 2015). Phylogenetic study was performed
using tools discussed in Table 10.4. More than 50% of strains studied were
positioned in the Bradyrhizobium clade and one strain was positioned in the
R. etli/Rhizobium phaseoli clade. Two strains were grouped within the R. tropici
group and three strains, ISOL16, ISOL21, and ISOL27 represent new lineages. This
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is a clear indication of that there is a high species diversity of rhizobia-nodulating
P. lunatus in Northeast Brazil, including potential new species. To study the genetic
diversity of Rhizobium from nodulating beans grown in a Mediterranean climate
soils of Chile, the genetic similarity among the PCR-RFLP patterns was performed
(Baginsky et al. 2015). The phylogenetic analysis tools used in this study have been
presented in Table 10.4. The bayesian phylogenetic analysis of rhizobia of the
genus Sulla was performed on three Tunisian wild legume species (Chriki-Adeeb
and Chriki 2015). The phylogenetic relatedness and substitution rates of 16S rRNA
gene and ITS region sequences were analysed by using a relaxed-clock program
(Multidivtime) (Table 10.4). The results indicate that Bayesian inferred trees were
congruent and showed a clear split between Agrobacterium and Rhizobium species.
The ITS region evolutionary rate was 15-fold higher than the 16S rRNA gene rate,
suggesting that the ITS region represented an appropriate molecular marker for
inferring phylogenies and divergence times in bacteria. Phylogeny of genospecies
of R. leguminosarum that are not ecologically coherent was studied by (Kumar et al.
2015). Phylogenetic trees were constructed using either neighbour-net or maximum
likelihood (ML) methods. A molecular phylogenetic analysis of Rhizobium sullae
isolated from Algerian Hedysarum flexuosum was performed by (Aliliche et al.
2016) using 16S rRNA, recA, nodD, and nifH genes (Table 10.4). Choi and Yun
have analysed transcriptional profiles of Rhizobium vitis. Complete linkage hier-
archical clustering based on the Euclidean distances of samples was performed using
the normalized significant genes. The patterns of expressed changes were analysed
for groups using the Avadis Prophetic Ver. 3.3 software (Choi and Yun 2016).

10.10 Conclusion

A number of hierarchical clustering-based algorithms and in silico techniques have
been used by researchers for phylogenetic analysis of rhizobia. These popular tools
include Blast, Blastn, and BioEdit for pairwise sequence alignment; Muscle,
TCofee, ClustalW, and ClustalX for multiple sequence alignment; Phylip tools
for phylogenetic inference such as Drawgram to plot rooted tree, DrawTree to draw
unrooted tree, consensus to compute consensus tree; MrBayes for Bayesian infer-
ence of phylogeny of Rhizobium; Mega—a complete package for sequence align-
ment and phylogenetic inference and UPGMA-—a hierarchical algorithm for
creating evolutionary tree. We hope the information content from this chapter
will help emerging researchers to perform further empirical study to understand
rhizobial phylogeny in more details.
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Chapter 11
Species Diversity of Rhizobia

A. Tak, P. Gehlot, R. Pathak, and S.K. Singh

11.1 Introduction

The nitrogen-fixing bacteria that are capable of nodulating legumes are collectively
called as rhizobia. The symbiosis between the legume family (Leguminosae/
Fabaceae) and diverse rhizobia is an important biological process, in which nodules
are produced on plant roots or, in some cases, on stems where the rhizobia are
transformed into bacteroid and fix atmospheric nitrogen into ammonia (Peix et al.
2015b). Rhizobia are able to elicit 20,000 species belonging to 750 genera of
Leguminosae family for N-fixing symbiosis. Parasponia (family Ulmaceae) is the
the only non-legume plant nodulated by rhizobia (Lewin et al. 1987). Actually, the
term rhizobia referred to the members of genus Rhizobium has been usually used for
all the bacteria that are capable of nodulation and nitrogen fixation in association
with legumes. Rhizobia are phenotypically heterogeneous assemblage of Gram-
negative, aerobic, non-sporulating, rod-shaped soil bacteria belonging to the
a-proteobacteria (Young and Haukka 1996) and f-proteobacteria (Chen et al.
2003a).

The symbiosis between rhizobia and legume depends on the specificity and
effectiveness of rhizobia which requires a series of the expression of different
genes by the bacterium and the host plant. The genes required for nodule formation
(nod) and for nitrogen fixation ( fix and nif genes) in rhizobial symbiosis with the host
legume are located either on plasmids or symbiosis islands in the chromosomes.
These symbiotic genes, in species of Cupriavidus, Rhizobium, Ensifer, and
Mesorhizobium amorphae are found on sym-plasmids (Wang et al., 1999b; Galibert
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etal., 2001; Young et al. 2006) while in Azorhizobium caulinodans, Bradyrhizobium
spp., and Mesorhizobium loti are located on symbiotic islands in the chromosome
flanked by insertion sequences (Sullivan et al., 1995; Kaneko et al., 2000; Lee et al.
2008; Kaneko et al. 2011).

Specific flavonoids released by legume roots act as chemoattractants for the
rhizobial symbiont, and they also activate the expression of rhizobial nod genes,
responsible for the synthesis of nod factors (lipochitin-oligosaccharides) that are
receptors for the plant flavonoid signal (Gough and Cullimore 2011; Oldroyd
2013). The rhizobial nod genes play a very important role in the determination of
host specificity, infection, and nodulation and interchange signals between the plant
and bacteria (Denarie et al. 1996). Legumes release several flavonoids, some of
which may be specific to a particular Rhizobium. After the recognition of rhizobia
by the plant, several molecules are involved in the attachment of bacteria to the
roots and are classified into different families according to their carbohydrate
recognition domains (Vandamme and Coenye 2004). The rhizobia enter through
‘crack entry’ or through the root hairs. The infection threads in the form of tubular
structures allow the invasion of the root hairs and the underlying cortical cells by
the rhizobia. Once bacteria enter into plant roots, they are transformed into bacte-
roids and carry out the nitrogenase-mediated nitrogen fixation (Rees et al. 2005).

The nitrogenase produced by the bacteroids is oxygen sensitive and therefore
need a micro-aerophilic environment to be active (Ott et al. 2005). When nitrogen
fixation is carried out within the nodules, they have a pink colour due to the
expression of leghaemoglobin, indicating an efficient symbiosis. While white
colour nodules are indicative of an inefficient symbiosis as occurs in some of
non-classical rhizobial species such as Phyllobacterium trifolii that formed typical,
but ineffective nodules in Trifolium repens (Valverde et al. 2005). The symbiotic
nitrogen fixation is ecologically and agriculturally important (Denarie et al. 1996)
and is crucial for the provision of nitrogen in the plant world (Allen and Allen
1981). Loss of nutrients from the soil through leaching or volatilization is a natural
processes and replacement of these nutrient is essential for the sustainable ecosys-
tems (Boddey et al. 2000). Recycling of nitrogen through natural processes,
i.e. symbiotic nitrogen fixation is considered as the most appropriated method for
the long-term management of nutrients. Brockwell et al. (1995) stated that legumes
account for approximately 40% of total nitrogen fixation.

11.2 History of Rhizobial Taxonomy

The first pure culture of root nodule bacteria was isolated from leguminous plant
and named as Bacillus radicicola (Beijerinck 1888). Later, this nitrogen-fixing
bacterium was renamed to Rhizobium with one species as Rhizobium
leguminosarum (Frank 1889). Traditionally, all rhizobial species were included in
a single genus, Rhizobium in the family Rhizobiaceae (Conn 1938). The newly
identified species were named according to their legume host they nodulate viz.,
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R. phaseoli nodulating Phaseolus, R. trifolii nodulating Trifolium (Dangeard 1926),
R. japonicum nodulating Glycine (Buchanan 1955), and R. lupini nodulating
Lupinus (Eckhardt et al. 1931). After the discovery of a new fast-growing species
R. fredii, nodulating Glycine max (previously reported to be nodulated with slow-
growing R. japonicum) rhizobia have been divided into fast-growing Rhizobium
and slow-growing Bradyrhizobium (Jordan 1982). The relatedness of Rhizobium,
Agrobacterium, and their distinction between fast- and slow-growing rhizobia were
demonstrated on the basis of diversified morphological, nutritional, metabolic,
serological, and simple DNA characteristical studies (Graham 1964).

Introduction of numerical taxonomy resulted in identification of a new fast-growing
genus Sinorhizobium within family Rhizobiaceae (Chen et al. 1988). In Bergey’s
Manual of Systematic Bacteriology (1984), the family Rhizobiaceae was composed
of the rhizobia including genera Rhizobium, Bradyrhizobium, Agrobacterium, and
Phyllobacterium (Jordan 1984). The introduction of DNA-DNA, DNA-rRNA hybrid-
izations, rRNA cataloguing, rDNA sequencing revealed more diversity among the
rhizobia and their relationships with other groups of bacteria and led to the gradual
increase in the number of genera (Woese et al. 1984). Two genera, root nodulating
Allorhizobium and non-nodulating Agrobacterium, were reclassified into genus Rhizo-
bium (Young et al. 2001) due to their similarity with Rhizobium. Thus, genus Rhizo-
bium includes both symbiotic and non-symbiotic/plant-pathogenic strains.
Sinorhizobium was proved to be closer of previously described non-nodulating Ensifer
adhaerens (Casida 1982) and reclassified into Ensifer. A number of nitrogen fixating
isolates having symbiotic genes nod- and nif genes and the ability to nodulate legumes
were also identified which were phylogenetically outside the traditional groups of
rhizobia. These were Methylobacterium, Devosia, Ochrobactrum, and Phyllobacterium
reported similar to those of rhizobia under the group of alpha proteobacteria. Subse-
quently, some more entrants viz., Shinella, Aminobacter, and Microvirga in rhizobial
group were also reported (Laranjo et al. 2014)

Taxonomy of root nodulating bacteria was further extended from root nodulation
alpha proteobacteria to beta proteobacteria after report of Ralstonia taiwanensis
(now renamed Cupriavidus taiwanensis) nodulating mimosa spp. in Taiwan (Chen
et al. 2001) and root nodulating Burkholderia spp. from South Africa and French
Guiana (Moulin et al. 2001). The presence of the common nodulation nodABC
genes phylogenetically related to those found in classic rhizobia in Burkholderia
supported the hypothesis of lateral gene transfer in the rhizosphere crossing the
boundary between classes alpha and beta proteobacteria (Bontemps et al. 2010).
Occurrence of nodulating rhizobia in gamma proteobacteria has also been reported
from plant Robinia pseudoacacia by a strain of Pseudomonas (Shiraishi et al.
2010). Benhizia et al. (2004) observed nodule-inducing gamma proteobacteria in
Hedysarum sp. after isolation of Enterobacter and Pseudomonas instead of any
rhizobial species from the nodule of the plant. More recently, legumes from tribe
Trifoliate were reported to be nodulated by a sporulating Gram-positive Firmicutes
Paenibacillus sepulcri (Latif et al. 2013).
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Indeed, these all reports of new rhizobia need to be validated by analysing
symbiotic genes nifH, nodA, nodD as well as their divergence using adequate
techniques and also by koch’s postulates using gfp tagged bacteria to include these
bacteria as rhizobia (Balachandar et al. 2007; Peix et al. 2015a, b). Nutrients rich and
protective niche inside nodule attract a wide variety of nonsymbiotic bacteria to
colonize plants opportunistically (Sprent 2009). This might result in isolation of fast-
growing non-rhizobial contaminants from root nodules instead of rhizobia.

11.3 Impact of Molecular Techniques on Rhizobial
Taxonomy

Until 1970, phenotypic characterization was essentially performed to study the
bacterial diversity and taxonomy on the basis of cultural and morphological prop-
erties including shape, size, surface characteristics and pigmentation, cell wall
staining, salt and pH range, temperature tolerance, growth rate, pathogenic/symbi-
otic characters, serological relatedness, intrinsic antibiotic resistance, and bacteri-
ophage resistance (Schwinghamer and Dudman 1980). In the first edition of the
Bergey’s Manual of Determinative Bacteriology in 1923, bacteria were described
on the basis of phenotypes and included only two rhizobial genera (Bradyrhizobium
and Rhizobium). However, at the beginning of the twentieth century, the charac-
terization and identification of bacterial cultures has been started with the help of
various biochemical and physiological parameters (Buchanan 1955), and these
profiles have been widely used to differentiate rhizobial species.

The rhizobial taxonomy has been revolutionized after the development of
molecular techniques, such as sequencing and phylogenetic analysis of the 16S
rRNA gene (Woese et al. 1984) which is applied as the universal marker gene for
basic evolutionary analysis of both culturable and non-culturable bacteria. Novel
nitrogen-fixing symbionts in genera Methylobacterium, Burkholderia, Ralstonia
(Cupriavidus), Ochrobactrum, Devosia, and Phyllobacterium have been discov-
ered by 16S rDNA sequence analysis (Chen et al. 2001, 2005, 2006; Sy et al. 2001;
Van Berkum and Eardly 2002; Rivas et al. 2002; Ngom et al. 2004; Valverde et al.
2005). However, due to high level of sequence conservation, the application of the
16S rRNA gene as a phylogenetic marker is insufficient for species level resolution.
To delineate new species, 16S rRNA gene phylogeny and DNA-DNA hybridiza-
tion (DDH) analysis was considered as one of the best approaches for several
decades. A bacterial species are considered to belong to the same species that
show approximately more than 70% DNA-DNA similarity values and/or less
than a 5% difference in the melting temperature of their DNA-DNA hybrids
(Wayne et al. 1987).

The protein-coding genes are alternative phylogenetic markers to discriminate
closely related species (Stackebrandt et al. 2002). This method was introduced by
Gevers et al. (2005) as multi locus sequence analysis (MLSA). Genes often
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analysed using this method within rhizobia includes atpD and recA (Gaunt et al.
2001), ginA, ginB (Wernegreen and Riley 1999; Turner and Young 2000), dnak
(Stepkowski et al. 2003), and gitA (Hernandez-Lucas et al. 2004). MLSA has been
successfully used to interpret taxonomic status and relationships among species of
Bradyrhizobium (Vinuesa et al. 2008; Rivas et al. 2009; Nzoué et al. 2009), Ensifer
(Martens et al. 2007, 2008), and Mesorhizobium (Degefu et al. 2011). Several study
for species descriptions by whole-genome Average Nucleotide Identity ANI and/or
in silico DDH have recently been published (Lépez-Guerrero et al. 2012;
Dall’Agnol et al. 2013, 2014; Delamuta et al. 2013).

11.4 Present Status of Rhizobial Taxonomy

The current taxonomy of rhizobia reveals their wider diversity at the genus, species,
and intra-species levels having 176 nodulating species in 15 genera (Figs. 11.1 and
11.2). Generic diversity of rhizobia includes Rhizobium, Neorhizobium, Ensifer
(formerly  Sinorhizobium), Mesorhizobium, Bradyrhizobium, Azorhizobium,
Aminobacter, Microvirga, Phyllobacterium, Methylobacterium, Ochrobactrum,
Devosia, and Shinella from a-proteobacteria while Burkholderia/Paraburkholderia
and Cupriavidus from p-proteobacteria subclass (Peix et al. 2015b) (Table 11.1).
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Fig. 11.1 Phylogenetic tree showing diverse rhizobia genera
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Fig. 11.2 The neighbour-joining phylogenetic tree based on 16S rRNA gene sequences of diverse
rhizobial species. The tree was constructed using MEGA version 7.0 with default parameters, K2P
distance model and the Neighbour-Joining algorithm. The type strains are shown by T at the
end. R, Rhizobium; N, Neorhizobium; E, Ensifer; M, Mesorhizobium; B, Bradyrhizobium; A,
Azorhizobium; Am, Aminobacter; P, Phyllobacterium; O, Ochrobactrum; D, Devosia; S, Shinella;
Bu, Burkholderia; and C, Cupriavidus

11.4.1 Alpha-Rhizobia

The rhizobial species described so far in alpha proteobacteria are very diverse and
positioned in four distinct taxonomic branches: Rhizobium-Ensifer
(Sinorhizobium), Mesorhizobium, Azorhizobium, and Bradyrhizobium, and these
taxa are phylogenetically entangled with non-symbiotic bacteria.

Rhizobium
Since the identification of genus Rhizobium as legume nodulating symbiotic nitro-

gen fixer (Frank 1889), it has undergone several taxonomic revisions and led to the
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Table 11.1 Current status of rhizobial species diversity
No. of
Class Order Family Genus species®
Alpha Rhizobiales Rhizobiaceae Rhizobium 50
proteobacteria Neorhizobium 3
Ensifer 17
(Sinorhizobium)
Shinella 1
Phyllobacteriaceae Mesorhizobium 40
Phyllobacterium 2
Aminobacter 1
Bradyrhizobiaceae Bradyrhizobium 35
Xanthobacteraceae Azorhizobium 2
Methylobacteriaceae | Methylobacterium 1
Microvirga 4
Hyphomicrobiaceae | Devosia 1
Brucellaceae Ochrobactrum 2
Beta Burkholderiales | Burkholderiaceae Burkholderia 15
proteobacteria Cupriavidus 2

*Excluding non-nodulating species

division of the genus Rhizobium into several genera including Rhizobium,
Mesorhizobium, and Sinorhizobium (now Ensifer). A list of valid and published
nodulating Rhizobium species is presented in Table 11.2. de Lajudie et al. (1998a)
proposed the name Allorhizobium with single species Allorhizobium undicola
isolated from nodules of Neptunia natans, for a monospecific outlying branch
from the Agrobacterium—Rhizobium cluster on the basis of 16S rRNA gene.
Agrobacterium is a genus containing plant-pathogenic as well as nonpathogenic
species closely related to Rhizobium. Many species of Agrobacterium are
intermingled with Rhizobium in phylogenetic tree. Therefore, Young et al. (2001)
proposed that all members of the genera Agrobacterium and Allorhizobium must be
included in the genus Rhizobium. The genus Rhizobium currently includes both
symbiotic and plant-pathogenic strains.

The placement of genus Agrobacterium, among the nitrogen-fixing bacteria and
the unclear position of Rhizobium galegae has remained a matter of debate.
Mousavi et al. (2014) studied the phylogenetic relationships of members of
Rhizobiaceae with specific emphasis on the taxa included in Agrobacterium and
the R. galegae and related taxa and observed that R. galegae, R. vignae,
R. huautlense, and R. alkalisoli formed a separate clade. On the basis of these
findings, they proposed the name Neorhizobium as a new genus and suggested that
the taxonomic status of several taxa could be resolved by the creating more novel
genera.
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Table 11.2 List of nodulating Rhizobium species
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Species Host References
R. acidisoli Phaseolus vulgaris Roman-Ponce et al.
(2016)
R. alamii Medicago ruthenica Berge et al. (2009)
R. altiplani Mimosa pudica Barauna et al. (2016)
R. anhuiense Vicia faba, Pisum sativum Zhang et al. (2015)
R. azibense Phaseolus vulgaris Mnasri et al. (2014)
R. bangladeshense | Lens culinaris Rashid et al. (2015)
R. binae Lens culinaris Rashid et al. (2015)
R. calliandrae Calliandra grandiflora Rincén-Rosales et al.
(2013)
R. cauense Kummerowia stipulacea Liu et al. (2012)
R. ecuadorense Phaseolus vulgaris Ribeiro et al. (2015)
R. etli Phaseolus vulgaris Segovia et al. (1993)
R. fabae Vicia faba Tian et al. (2008)
R. favelukesii Medicago sativa Tejerizo et al. (2016)
R. freirei Phaseolus vulgaris Dall’Agnol et al. (2013)
R. gallicum Phaseolus vulgaris Amarger et al. (1997)
R. giardinii Phaseolus vulgaris Amarger et al. (1997)
R. grahamii Dalea leporina, Leucaena leucocephala, Lopez-Lopez et al. (2012)
Clitoria ternatea
R. hainanense Desmodium sinuatum Chen et al. (1997)
R. herbae Astragalus membranaceus, Oxytropis Ren et al. (2011b)
cashemiriana
R. indigoferae Indigofera spp., Wei et al. (2002)
R. jaguaris Calliandra grandiflora Rincén-Rosales et al.
(2013)
R. laguerreae Vicia faba Saidi et al. (2014)
R. leguminosarum Pisum sativum Frank (1879, 1889),
Ramirez-Bahena et al.
(2008)
R. lentis Lens culinaris Rashid et al. (2015)
R. leucaenae Leucaena leucocephala, Phaseolus Ribeiro et al. (2012)
vulgaris
R. loessense Astragalus spp. Wei et al. (2003)
R. lusitanum Phaseolus vulgaris Valverde et al. (2006)
R. mayense Calliandra grandiflora Rincon-Rosales et al.
(2013)
R. mesoamericanum | Phaseolus vulgaris, Macroptilium Lopez-Lopez et al. (2012)
atropurpureum, Vigna unguiculata,
Mimosa pudica
R. mesosinicum Albizia julibrissin, Kummerowia spp., Lin et al. (2009)

Dalbergia spp.

(continued)
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Species Host References
R. miluonense Lespedeza chinensis Gu et al. (2008)
R. mongolense Medicago ruthenica van Berkum et al. (1998)
R. multihospitium Halimodendron halodendron, Lotus Han et al. (2008b)
frondosus, Caragana jubata, Vicia hirsuta
R. oryzae Oryza sativa (endophytic), Phaseolus Peng et al. (2008)
vulgaris, Glycine max
R. pakistanensis Arachis hypogaea Khalid et al. (2014)
R. paranaense Phaseolus vulgaris Dall’Agnol et al. (2014)
R. phaseoli Phaseolus vulgaris Dangeard et al. (1926),
Ramirez-Bahena et al.
(2008)
R. pisi Pisum sativum Ramirez-Bahena et al.
(2008)
R. sophorae Sophora flavescens Jiao et al. (2015a)
R. sophoriradicis Sophora flavescens Jiao et al. (2015a)
R. sphaerophysae Sphaerophysa salsula Xu et al. (2011)
R. sullae Hedysarum coronarium Squartini et al. (2002)
R. taibaishanense Kummerowia striata Yao et al. (2012)
R. tibeticum Trigonella archiducis-nicolai Hou et al. (2009)
R. tropici Phaseolus vulgaris, Leucaena Martinez-Romero et al.
leucocephala (1991)
R. tubonense Oxytropis glabra Zhang et al. (2011)
R. undicola Neptunia natans de Lajudie et al. (1998a),
Young et al. (2001)
R. vallis Phaseolus vulgaris, Mimosa pudica, Wang et al. (2010)
Indigofera spicata
R. vignae Vigna radiata, Desmodium microphyllum, |Ren et al. (2011a)
Astragalus spp.
R. yanglingense Coronilla varia, Gueldenstaedtia Tan et al. (2001)
multiflora, Amphicarpaea trisperma

Note: R. helanshanense (Qin et al. 2011) isolated from root nodule of Spaherophysa salsula is
not validly published

Neorhizobium

The genus Neorhizobium was recently proposed by Mousavi et al. (2014) to the
Rhizobium clade previously known as the R. galegae complex. Three Rhizobium
species R. alkalisoli, R. galegae, and R. huautlense were renamed as Neorhizobium.
Mousavi et al. (2014) also proposed to combine R. vignae with N. galegae but ANI
values between the former species and N. galegae strains were lower than 91%,
indicating that R. vignae could not be included in the N. galegae species as those
authors suggested and must therefore be referred to as N. vignae. Total three species
have been classified under this genus (Table 11.3).
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Table 11.3 List of nodulating Neohizobium species

Species Host References
N. alkalisoli Caragana intermedia Lu et al. (2009a), Mousavi et al. (2014)
N. galegae Galega orientalis, Galega Lindstrom (1989), Mousavi et al. (2014)
officinalis
N. huautlense | Sesbania herbacea Wang et al. (1998), Mousavi et al. (2014)
Ensifer

The genus name Ensifer (formerly known as Sinorhizobium) was proposed in by
Chen et al. (1988) for the fast-growing soybean rhizobia R. fredii to rename as
Sinorhizobium fredii along with a new species, S. xinjiangense on the basis of
numerical taxonomy. This new genus was controversial at first since genetic
evidence was not presented (Jarvis et al. 1992). Later, phylogenetic data were
presented to support Sinorhizobium as a monophyletic clade branching out from
the large Agrobacterium—Rhizobium group and R. meliloti was also transferred to
Sinorhizobium as S. meliloti by de Lajudie et al. (1994). He also proposed two new
species, S. saheli and S. terangae. The controversy with genus Sinorhizobium
started again as previously described non-nodulating bacteria E. adhaerens
(Casida 1982) was found to be phylogenetic member of the Sinorhizobium lineage.
Young (2003) proposed the transfer of Sinorhizobium to the genus Ensifer (earlier
heterotypic synonym). Willems et al. (2003) proposed the conservation of
Sinorhizobium adhaerens over E. adhaerens to avoid confusion in the literature
and in databases. The Judicial Commission of the International Committee on
Systematics of Prokaryotes denied the request of conservation of name
Sinorhizobium (Lindstrom and Young 2009). The genus Ensifer currently consists
of 17 species of nodulating rhizobia with two non-nodulating species (Table 11.4).

Mesorhizobium

The genus Mesorhizobium is characterized by intermediate growth rate in between
the fast-and slow-growing rhizobia. This genus was separated from Rhizobium,
Agrobacterium, and Sinorhizobium by Jarvis et al. (1997). He proposed a new
genus Mesorhizobium for five rhizobial species R. loti, R. huakuii, R. ciceri,
R. mediterraneum, and R. tianshanense which were diverse from Rhizobium and
Sinorhizobium on the basis of comparative 16S rDNA sequence data, growth rate,
and distinct fatty acid profile. At present, the genus Mesorhizobium contains
41 valid species (Table 11.5) in which 40 species are rhizobial with one
non-rhizobial species M. thiogangeticum.

Bradyrhizobium

The genus Bradyrhizobium was created to separate slow-growing legume
nodulating N-fixing bacteria from fast-growing Rhizobium and a single species,
B. japonicum, was proposed for symbionts of soybean (Jordan 1982). This genus
belongs to a monophyletic group within the a-proteobacteria capable of living in
symbiotic and endophytic associations with legumes and non-legumes. In 16S
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Table 11.4 List of nodulating Ensifer species (formerly Sinorhizobium)

Species Host References
E. americanus Acacia spp. Toledo et al. (2003), Wang et al. (2013c)
E. arboris Acacia senegal, Prosopis Nick et al. (1999), Young (2003)
chilensis
E. fredii Glycine max Scholla and Elkan (1984), Chen et al.
(1988), Young (2003)
E. garamanticus | Argyrolobium uniflorum, Merabet et al. (2010)

Medicago sativa

E. glycinis Glycine max, Astragalus Yan et al. (2016)
mongholicus

E. kostiensis Acacia senegal, Prosopis Nick et al. (1999), Young (2003)
chilensis

E. kummerowiae | Kummerowia stipulacea Wei et al. 2002, Young (2003)

E. medicae Medicago truncatula Rome et al. (1996), Young (2003)

E. meliloti Medicago sativa Dangeard (1926), de Lajudie et al. (1994),

Young (2003)
E. mexicanus Acacia angustissima Lloret et al. (2007)
E. numidicus Argyrolobium uniflorum, Merabet et al. (2010)

Lotus creticus

E. psoraleae

Psoralea corylifolia, Sesbania
cannabina

Wang et al. (2013c¢)

E. saheli Sesbania spp. de Lajudie et al. (1994), Young (2003)
E. sesbaniae Sesbania cannabina, Wang et al. (2013c¢)

Medicago lupulina
E. sojae Glycine max Lietal. (2011)
E. terangae Acacia spp., Sesbania spp. de Lajudie et al. (1994), Young (2003)
E. xinjiangensis | Glycine max de Lajudie et al. (1994), Young (2003)

Note: E. adhaerens and E. morelense are non-nodulating species in genus Ensifer

rRNA gene phylogeny, all the Bradyrhyzobium species were clustered in two
distinct groups (Yao et al. 2014). Group I includes B. japonicum, B. betae,
B. liaoningense, B. canariense, B. cytisi, and B. yuanmingense and other species,
while Group II strains are related to Bradyrhizobium elkanii, B. pachyrhizi, and
B. jicamae. The genus Bradyrhizobium currently consists of 35 rhizobial and
4 non-rhizobial species (Table 11.6). The non-rhizobial species are B. betae,
B. iriomotense, B. denitrificans, and B. oligotrophicum.

Azorhizobium

Dreyfus et al. (1988) isolated and characterized novel rhizobia from stems nodules
of Sesbania rostrate growing in Africa and proposed a new genus Azorhizobium
with single species A. caulinodans in family Rhizobiaceae. Currently, the genus
Azorhizobium consists of two nodulating rhizobial species A. dobereinereae and
A. caulinodans isolated from Sesbania sp. (De Souza Moreira et al. 2006; Dreyfus
et al. 1988) and one nonrhizobial species A. oxalatiphilum.
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Table 11.5 List of rhizobial Mesorhizobium species

Species Host References

M. abyssinicae Acacia abyssinica Degefu et al. (2013)

M. acacia Acacia melanoxylon Zhu et al. (2015)

M. albiziae Albizia kalkora Wang et al. (2007)

M. alhagi Alhagi sparsifolia Chen et al. (2010)

M. amorphae Amorpha fruticosa Wang et al. (1999a)

M. australicum Biserrula pelecinus Nandasena et al.
(2009)

M. calcicola Sophora longicarinata de Meyer et al.
(2016)

M. camelthorni Alhagi sparsifolia Chen et al. (2011)

M. cantuariense Sophora longicarinata de Meyer et al.
(2015)

M. caraganae Caragana spp. Guan et al. (2008)

M. chacoense Prosopis alba Velazquez et al.
(2001)

M. ciceri Cicer arietinum Nour et al. (1994),
Jarvis et al. (1997)

M. erdmanii Lotus corniculatus Martinez-Hidalgo
et al. (2015)

M. gobiense Astragalus filicaulis, Lotus spp., Oxytropis glabra | Han et al. (2008a)

M. hawassense Sesbania sesban Degefu et al. (2013)

M. huakuii Astragalus sinicus Chen et al. (1991),
Jarvis et al. (1997)

M. Jarvis Lotus corniculatus Martinez-Hidalgo
et al. (2015)

M. kowhaii Sophora microphylla de Meyer et al.
(2016)

M. loti Lotus spp. Jarvis et al. (1982,
1997)

M. mediterraneum | Cicer arietinum Nour et al. (1995),
Jarvis et al. (1997)

M. metallidurans Anthyllis vulneraria Vidal et al. (2009)

M. muleiense Cicer arietinum Zhang et al. (2012a)

M. newzealandense | Sophora prostrata de Meyer et al.
(2016)

M. opportunistum | Biserrula pelecinus Nandasena et al.
(2009)

M. plurifarium Acacia spp., Prosopis juliflora, Chamaecrista de Lajudie et al.

ensiformis, Leucaena spp. (1998b)

M. gingshengii Astragalus sinicus Zheng et al. (2013)

M. robiniae Robinia pseudoacacia Zhou et al. (2010)

M. sangaii Astragalus spp. Zhou et al. (2013)

M. septentrionale Astragalus adsurgens Gao et al. (2004)

M. shangrilense Caragana spp. Lu et al. (2009b)

M. shonense Acacia abyssinica Degefu et al. (2013)

(continued)
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Table 11.5 (continued)

Species Host References
M. silamurunense | Astragalus spp. Zhao et al. (2012)
M. soli Robinia pseudoacacia Nguyen et al.
(2015)
M. sophorae Sophora microphylla de Meyer et al.
(2016)
M. tamadayense Anagyris latifolia, Lotus berthelotii Ramirez-Bahena
et al. (2012)
M. tarimense Lotus frondosus Han et al. (2008a)
M. temperatum Astragalus adsurgens Gao et al. (2004)
M. tianshanense Glycyrrhiza sp., Sophora alopecuroides, Caragana | Chen et al. (1995),
polourensis, Halimodendron holodendron, Jarvis et al. (1997)
Swainsonia salsula, Glycine spp.
M. waimense Sophora longicarinata de Meyer et al.
(2015)
M. waitakense Sophora microphylla de Meyer et al.
(2016)
Methylobacterium

The genus Methylobacterium includes pink-pigmented facultative methylotrophic
bacteria. Sy et al. (2001) reported non-pigmented bacteria isolated from legume
root nodules of three Crotalaria species, C. glaucoides, C. errottetii, and
C. podocarpa, which was phylogenetically similar to genus Methylobacterium on
the basis of 16S RNA gene. Jourand et al. (2004) reviewed and characterized these
isolates as Methylobacterium nodulans sp. nov.

Devosia

The Devosia genus currently contains only a single rhizobial species, D. neptuniae.
The fast-glowering rhizobial strains isolated from aquatic legume N. natans in India
which were provisionally called Rhizobium sp. on the basis of its growth on YMA
medium (Subba-Rao et al. 1995). Subsequently, Rivas et al. (2003) confirmed that
these bacterial strains belong to a new species of genus Devosia and named
D. neptuniae on the basis of 16S rRNA gene sequence.

Ochrobactrum

Ochrobactrum was reported from nodules of Acacia mangium without any infor-
mation of their symbiotic genes (Ngom et al. 2004). Later, Trujillo et al. (2005)
found a novel species (O. lupini) of this genus carrying symbiotic genes and able to
nodulate Lupinus. The Ochrobactrum genus currently contains two rhizobial spe-
cies viz., O. cytisi found on host Cytisus scoparius (Zurdo-Pineiro et al. 2007) and
O. lupini found on Lupinus albus (Trujillo et al. 2005).

Phyllobacterium

The genus Phyllobacterium was originally proposed by Knosel (1962) for bacteria
isolated from leaf nodules of tropical ornamental plants. The genus contains ten
species of which six were isolated from root nodules of legumes, including
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Table 11.6 List of rhizobial Bradirhizobium species
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Species

Host

References

. arachidis

Arachis hypogaea

Wang et al. (2013b)

. canariense

Chamaecytisus proliferus

Vinuesa et al. (2005)

. oytisi

Chytisus villosus

Chahboune et al. (2011)

. dagingense

Glycine max

Wang et al. (2013a)

. diazoefficiens

Glycine max

Delamuta et al. (2013)

. elkanii

Glycine max

Kuykendall et al. (1992)

. embrapense Desmodium heterocarpon Delamuta et al. (2015)
Erythrophleum fordii Yao et al. (2015)
ferriligni Erythrophleum fordii Yao et al. (2015)
ganzhouense Acacia melanoxylon Luet al. (2014)
guangdongense Arachis hypogaea Liet al. (2015)
Arachis hypogaea Li et al. (2015)
huanghuaihaiense | Glycine max Zhang et al. (2012b)

icense

Phaseolus lunatus

Duran et al. (2014a)

ingae

Inga laurina

da Silva et al. (2014)

B
B
B
B
B
B
B
B. erythrophlei
B.
B.
B.
B. guangxiense
B.
B.
B.
B.

Jjaponicum

Glycine max

Kirchner (1896); Jordan
(1982)

B. jicamae Pachyrhizus erosus Ramirez-Bahena et al.
(2009)

B. kavangense Vigna unguiculata Vigna subterranea Gronemeyer et al.
(2015b)

B. lablabi Arachis hypogaea, Lablab purpureus Chang et al. (2011)

B. liaoningense Glycine max Xu et al. (1995)

B. lupini Lupinus angustifolius Peix et al. (2015a)

B. manausense Vigna unguiculata Silva et al. (2014)

B. neotropicale Centrolobium paraense Zilli et al. (2014)

B. ottawaense Glycine max Yu et al. (2014)

B. pachyrhizi Pachyrhizus erosus Ramirez-Bahena et al.
(2009)

B. paxllaeri Phaseolus lunatus Duran et al. (2014a)

B. retamae Retama sphaerocarpa, R. monosperma Guerrouj et al. (2013)

B. rifense Chytisus villosus Chahboune et al. (2012)

B. stylosanthis Stylosanthes spp. Delamuta et al. (2016)

B. subterraneum Arachis hypogaea, Vigna subterranea Gronemeyer et al.
(2015a)

B. tropiciagri Neonotonia wightii Delamuta et al. (2015)

B. valentinum Lupinus mariae-josephae Duran et al. (2014b)

B. vignae Vigna unguiculata, Vigna subterranea, Gronemeyer et al.

Arachis hypogaea

(2016)

B. viridifuturi

Centrosema spp., Acacia spp.

Ferraz Helene et al.
(2015)

B. yuanmingense

Lespedeza cuneata

Yao et al. (2002)
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P. trifolii from Trifolium and Lupinus (Valverde et al. 2005), P. leguminum from
Argyrolobium uniflorum and Astragalus algerianus (Mantelin et al. 2006), P. loti
from Lotus corniculatus (Sanchez et al. 2014), P. endophyticum from Phaseolus
vulgaris (Flores-Félix et al. 2013), P. ifrigiyense from A. algerianus and Lathyrus
numidicus (Mantelin et al. 2006), and P. sophorae from Sophora flavescens (Jiao
et al. 2015b). Only two species P. trifolii and P. sophorae were confirmed to
nodulate their host plants.

Aminobacter

Aminobacter is a member of family Phyllobacteriaceae. The genus Aminobacter
contains single rhizobial species Aminobacter anthyllidis isolated from root nodule
of Anthyllis vulneraria grown in heavy metal polluted soil of mines in south of
French (Maynaud et al. 2012)

Shinella

Lin et al. (2007) isolated diverse rhizobial strains from root nodule of Kummerowia
stipulacea grown in Shandong province of China which form distinct lineage from
existing rhizobia in family rhizobiaceae. The strain showed close proximity with
newly formed genus Shinella and was named as S. kummerowiae (Lin et al. 2008).

Microvirga

The Microvirga has total nine species in family Methylobacteriaceae out of which
four species M. lotononidis, M. lupine, M. vignae, and M. zambiensis (Ardley et al.
2012; Radl et al. 2014) are reported as rhizobial species.

11.4.2 Beta-Rhizobia

Rhizobial genus from the Beta-proteobacteria class are called as “beta-rhizobia”
(Gyaneshwar et al. 2011). The first report of legume-nodulating “B-rhizobia” was
appeared in 2001 for Ralstonia taiwanensis (now Cupriavidus taiwanensis) isolated
from invasive Mimosa spp. in Taiwan (Chen et al. 2001) and for Burkholderia
spp. isolated from legumes in South Africa and French Guiana (Moulin et al. 2001).
Originally, the beta-rhizobia was considered to have a close affinity with the large
genus Mimosa (Mimosoideae) and Brazil was considered as a major center of
symbiotic Burkholderia diversity. Later, several South African endemic
papilionoid legumes (Cyclopia, Lebeckia, Rhynchosia) were reported to be
nodulated by strains of Burkholderia (Elliott et al. 2007; Gyaneshwar et al. 2011;
de Meyer et al. 2013a, b). South Africa is now considered as centre of diversity for
papilionoid-nodulating Burkholderia strains.

Paraburkholderia/Burkholderia

The genus Burkholderia is a large group of species of bacteria that inhabit a wide
range of environments. Sawana et al. (2014) proposed the splitting of genus
Burkholderia into two separate genera. The group of species comprising plant-
associated species was transferred into the novel genus Paraburkholderia to delimit
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them from Burkholderia sensu stricto, which comprises mainly human clinical and
phytopathogenic species. Only Burkholderia cepacia from pathogenic
Burkholderia was described as a nodule symbiont isolated from Dalbergia sp. by
Rasolomampianina et al. (2005) but nodA and nifH genes were not detected on
these strains. Burkholderia have 15 rhizobial species and most of these are already
published as Paraburkholderia nov. comb. in the validation list of IJSEM
(Table 11.7).

Cupriavidus

The  genus  Cupriavidus  (previously  Ralstonia/Wautersia),  family
Burkholderiaceae, order Burkholderiales, currently has two species of nodulating
rhizobia, C. necator, and C. taiwanensis. Chen et al. (2001) first isolated and
described Ralstonia taiwanensis (now C. taiwanensis) from the root nodules of

Table 11.7 List of rhizobial Paraburkholderia/Burkholderia species

Species

Host

References

B. caballeronis

Phaseolus vulgaris

Martinez-Aguilar et al. (2013)

P. caribensis Mimosa spp. Achouak et al. (1999), Chen
et al. (2003b), Sawana et al.
(2014)

P. diazotrophica Mimosa spp. Sheu et al. (2013), Sawana et al.

(2014)

P. dilworthii Lebeckia ambigua de Meyer et al. (2014), Sawana
et al. (2014)
P. dipogonis Dipogon lignosus Sheu et al. (2015), Sawana et al.

(2014)

P. kirstenboschensis

Hypocalyptus coluteoides,
H. oxalidifolius, H. sophoroides,
Virgilia oroboides

Steenkamp et al. (2015),
Sawana et al. (2014)

P. mimosarum

Mimosa spp.

Chen et al. (2006), Sawana
et al. (2014)

P. nodosa

Mimosa bimucronata, M. scabrella

Chen et al. (2007), Sawana
et al. (2014)

P. phenoliruptrix

Piptadenia spp., Mimosa pudica

Coenye et al. (2004), Bournaud
et al. (2013), Sawana et al.
(2014)

P. phymatum

Machaerium lunatum

Vandamme et al. (2002),
Sawana et al. (2014)

P. sabiae

Mimosa caesalpiniifolia

Chen et al. (2008), Sawana
et al. (2014)

B. rhynchosiae

Rhynchosia ferulifolia

de Meyer et al. (2013b)

P. sprentiae

Lebeckia ambigua

de Meyer et al. (2013a), Sawana
et al. (2014)

P. symbiotica

Mimosa spp.

Sheu et al. (2012), Sawana et al.
(2014)

P.deria tuberum

Aspalathus carnosa

Vandamme et al. (2002),
Sawana et al. (2014)
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Mimosa pudica and Mimosa diplotricha. However, its ability to nodulate host
Mimosa and effective nitrogen fixation was confirmed later to consider it as
rhizobia (Chen et al. 2003a). The taxonomy of Ralstonia has undergone several
taxonomic revisions. The species of genus Ralstonia including R. taiwanensis were
transferred to the novel genus Wautersia by Vaneechoutte et al. (2004). On the basis
of DDH, Vandamme and Coenye (2004) suggested that Wautersia is a later
heterotypic synonym of genus Cupriavidus (Makkar & Casida, 1987). Therefore,
priority was given to Cupriavidus against Wautersia to reclassify Wautersia as
Cupriavidus. Another rhizobial species of Cupriavidus, C. necator, was isolated
from root nodules of P. vulgaris and Leucaena leucocephala by Florentino et al.
(2009) and identified a non-obligate predator of soil bacteria. da Silva et al. (2012)
confirmed that these isolates possess the nodC and nifH genes and were able to
nodulate five different promiscuous legume species, Mimosa caesalpiniaefolia,
L. leucocephala, Macroptilium atropurpureum, P. vulgaris, and Vigna unguiculata.
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Chapter 12
Biotechnological Perspectives
of Legume-Rhizobium Symbiosis

Anukool Vaishnav, Alexander P. Hansen, Pawan Kumar Agrawal,
Ajit Varma, and Devendra K. Choudhary

12.1 Introduction

Soil microbial populations are involved in fundamental activities that ensure the
stability and productivity of both agricultural systems and natural ecosystems. Certain
cooperative microbial activities can be exploited as a low-input biotechnology to help
sustainable and eco-friendly practices. Much attention is created toward biological
legume-rhizobia symbiosis. In this symbiosis, bacteria fix nitrogen from the atmo-
sphere and the process is known as biological nitrogen fixation (BNF). BNF is an
efficient source of fixed N, and has the greatest quantitative impact on the nitrogen
cycle; values commonly fall in the range 200-300 kg N ha™' per year (Peoples et al.
1995). In addition to fix nitrogen, legume symbiosis has potential for reforestation and
to control soil erosion. The root nodule bacteria can be used in several other biotech-
nological niches such as production of industrially important polysaccharides,
polymers such as poly-hydroxy butyrate, organic acids, and antibiotics
(Gopalakrishnan et al. 2015). It has been observed that rhizobia could express several
plant growth-promoting characteristics like increase in the availability of plant
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nutrients, biocontrol, and production of phytohormones, lipochitooligosaccharides
(LCOs), lumichrome, siderophores, hydrogen cyanide (HCN), exopolysaccharides
(EPS), and enzymes, which are involved in plant growth promotion and yield by
direct or indirect ways. A better understanding about the rhizobia spp. and their
interactions with other soil microorganisms may lead to new biotechnological
approaches to improve the growth and yield of plants. This chapter presents a
discussion on the Rhizobium—legume symbiosis and their biotechnological perspec-
tives. The mechanism of rhizobia as plant growth-promoting rhizobacteria (PGPRs)
and their interactive effects with other PGPRs and arbuscular mycorrhiza (AM) to
enhance crop production have also been discussed.

12.2 Legume-Rhizobia Symbiosis: General Information

The legume symbiosis process is driven by bacteria that possess the key enzyme
nitrogenase, which specifically reduces atmospheric N, to ammonia in the symbiotic
root nodules. These bacteria belong to the genera Rhizobium, Sinorhizobium,
Bradyrhizobium, Mesorhizobium, and Azorhizobium and collectively termed rhizobia
(Karmakar et al. 2015). These bacteria interact with legume roots leading to the
formation of N,-fixing nodules. The symbiosis begins with the release of root exudates
such as sugars, amino acids, several classes of flavonoids, and phenolic compounds
(Junior et al. 2015). These compounds behave as chemo-attractant for rhizobia and act
as nodulation gene inducers (Hirsch and Fujishige 2012). These exudates are contin-
uously secreted into the rhizosphere and their concentration increases when compatible
bacteria are detected by the plant (Hassan and Mathesius 2012). These compounds
activate nodABC genes in rhizobia that are required for the synthesis of Nod factor
backbone. nodA encodes an N-acyltransferase, nodB encodes a chitooligosaccharide
deacetylase, and nodC encodes an N-acetylglucosaminyl-transferase (Mus et al. 2016).
The bacterial Nod factor perception is mediated by Nod factor receptors (NFRs), which
are present in plant plasma membrane. Hence, NFRs act as host determinants for
symbiotic specificity. NFRs are serine/threonine kinases like receptors and contain
LysM motifs in their extracellular domains (Arrighi et al. 2006). Nod factors induce
curling of root hairs and allow entry of rhizobia into infection threads.

The success of the symbiotic process depends on the compatibility and effective-
ness of rhizobia with their host legume. The compatibility of this symbiosis depends
on a vast range of compounds secreted by both plants and bacteria. The host produced
lectins have the ability to recognize and bind to specific Rhizobium sp. cells due to
their different carbohydrate-binding specificities. For example, soybean lectin, a
galactosamine-binding protein, differs from pea lectin, a Glc-/Man-binding protein,
and they both differ from their Rhizobium sp. also (Junior et al. 2015). In addition to
Nod factors, several other bacterial compounds also affect the interaction, including
EPS and nodulation outer membrane proteins (NOPs) (Fraysse et al. 2003; Downie
2010). EPS is a bacterial cellular wall constituent, which is involved in both early and
late stages of symbiosis. M. loti EPS mutants was found to fail nodule formation in
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L. leucocephala (Hotter and Scott 1991). NOPs are reported to contribute in legume
immune suppression during symbiosis development and modulate root cell
cytoskeletal rearrangement (Gourion et al. 2015). In addition, rhizobial population
also differs in the same host due to variability in soil and environmental conditions.
For example, Glycine max is usually nodulated by B. japonicum globally, while in the
Xinjiang region of China, Mesorhizobium tianshanense and Sinorhizobium fredii
have also been recovered from this legume (Naamala et al. 2016). In another
example, Cicer arietinum has been reported with Mesorhizobium ciceri and
Mesorhizobium mediterranean, but Sinorhizobium meliloti was also reported from
nodules of this legume under water-deficient conditions (Romdhane et al. 2009).

12.3 Biotechnological Perspectives

12.3.1 Genetic Engineering

Biotechnology embraces a wide range of genetic engineering techniques offering
opportunities for researchers to increase the efficiency of BNF and reduce overall
dependency on man-made forms of N fertilizer. In genetic engineering, both
microsymbiont and host plant can be manipulated for increased nitrogen fixation
capacity. Identification and analysis of host plant genes involved in nodule
morphogenesis and functioning will be useful for genetic manipulation. On the
other hand, rhizobial Nod genes are required for gene engineering (Mabrouk and
Belhadj 2012).

Wild legumes in arid climate have specific traits, which may be transferred to crop
legumes to improve their tolerance to the stress conditions. In addition, rhizobial
strains from these wild legumes are good candidates for establishing functional
symbiosis in the presence of unfavorable conditions. Mabrouk and Belhadj (2012)
paid attention toward the demand of rhizobial species that could also work under
stressed soil environment so that the productivity of the inoculated legumes does not
suffer under derelict soils. A chromosomal DNA from the salt-tolerant Bacillus
species was successfully transferred into R. leguminosarum. This rhizobial strain
became salt tolerant and when inoculated with lentil, it improved plant yield and
nitrogen content of soil and plant in desert soil (Talaat El-Saidi and Ali 1993). Defez
et al. (2000) have successfully transferred a 10 kb DNA fragment from a wild-type
strain of Sinorhizobium into Rhizobium etli, which showed multiple resistance to
several antibiotics, 4% NaCl, low and high pHs, heavy metals, and high temperature.
Two strains of M. ciceri, namely, EE-7 (salt sensitive) and G-55 (salt tolerant), were
transformed with an exogenous 1-aminocyclopropane-1-carboxylate deaminase gene
(acdS) and found to enhance shoot dry weight of plants as compared with the plants
inoculated with the native strain in the presence of salt (Brigido et al. 2013).
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12.4 Microbial Cooperation in the Rhizosphere

The application of appropriate rhizobia together with plant growth-promoting
microorganisms is considered an effective and environment-friendly approach to
increase the efficiency of the symbiotic processes and the crop yield by different
mechanisms of actions under variable conditions. Multi-microbial interactions,
including arbuscular mycorrhizae and PGPR, have been tested with Rhizobium
spp. In such interactions, local isolates are recommended because of their physio-
logical and genetic adaptation to the environment. These combinations are effective
in improving plant development, nutrient uptake, N, fixation (*’N), or root system
quality. Two types of cooperations are discussed here: (1) the cooperation between
rhizobia and arbuscular mycorrhizal fungi and (2) interaction between PGPR and
rhizobium.

12.5 Rhizobia and Arbuscular Mycorrhizal Fungi (AMF)
Cooperation

The occurrence of AMF in nodulated legumes is universally recognized that
explored the research on the tripartite symbiosis of legume—AM fungi-rhizobia
from the last two decades (Barea et al. 2005). The findings of tripartite symbiosis
suggested the similar patterns of evolution and interaction of both the N,-fixing and
mycorrhizal symbioses (Parniske 2000). Gianinazzi-Pearson and Dénarié (1997)
hypothesized that legume—rhizobia symbiosis events have evolved from already
established AM symbiosis. Most of the studies have used mycorrhiza-defective
mutants and isotope '°N, which allowed dissecting the common cellular and genetic
programs responsible for the legume symbioses and quantify the amount of N that is
fixed in that particular situation (Gollotte et al. 2002). Some AM fungi have
established a specific type of symbiosis with a particular rhizobium such as
Burkholderia genus. These bacteria have specific metabolic genes that influence
AM functions (Bianciotto and Bonfante 2002). This tripartite symbiosis not only
enhances N content but also improves soil fertility and quality (Requena et al.
2001). AM inoculation also improved legume-rhizobia symbiosis under stress
conditions such as low water potential and salinity (Augé et al. 2001; Ruiz-Lozano
2003). For example, inoculation of AM fungi was found to protect soybean plants
against the negative effects of drought stress and reduced premature nodule senes-
cence (Porcel and Ruiz-Lozano 2004). Soliman et al. (2012) reported that the
co-inoculation of S. terangae and AMF mitigated the salinity effect in Acacia
saligna. They found that the co-inoculation improved nodulation, chlorophyll,
carbohydrate, and proline; increased N, P, K, and Ca contents; and reduced the
Na accumulation.
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12.6 PGPR-Rhizobium Cooperation to Improve N,
Fixation

PGPRs share common habitats with rhizobia in the root—soil interface. These PGPRs
enhance the performance of rhizobia by suppressing/eliminating the effect of other
rhizosphere strains and adverse environmental factors. Azospirillum is a widely
recognized PGPR for its ability to improve nodulation and biomass of legumes as
a co-inoculant of rhizobia (Remans et al. 2008). Many species of Azospirillum like
A. lipoferum, A. brasilense, A. amazonense, A. halopraeferens, and A. irakense have
been identified as co-inoculant of rhizobia (Gopalakrishnan et al. 2015). These
bacteria produce plant hormones and siderophores and enhance total nutrient avail-
ability, which have been claimed as a mechanism for growth and biomass enhance-
ment of various legumes (Wani et al. 2007; Dardanelli et al. 2008; Cassan et al.
2009). Other bacterial genera like Bacillus, Pseudomonas, Azotobacter, Serratia,
and Enterobacter have also been reported as a co-inoculant of rhizobia (Naveed
etal. 2015). Bano and Fatima (2009) studied the co-inoculation effect of Rhizobium
and Pseudomonas on alleviation of salinity stress in maize. They observed increase
uptake of Ca, P, and K and decreased leakage of electrolytes in maize. Such type of
bacterial cooperations promote nodulation and biomass of various legumes via
improving rhizobial colonization, number of infection sites, biocontrol of diseases,
and efficient uptake of nutrients (Naveed et al. 2015).

12.7 Rhizobia as a Plant Growth Promoter

Besides nitrogen fixation, rhizobia have also been reported for plant growth pro-
motion in legumes and non-legumes. Their associations modify the physiology and
biochemistry of crop plants which enhanced plant growth under normal as well as
stress conditions. Rhizobia can affect the plant growth in two different ways:
directly or indirectly.

The direct growth promotion of the plant is regulated by producing plant
hormones, regulating endogenous ethylene level, enhancing total available nutrient
contents, and releasing other useful compounds like EPS, lumichrome, riboflavin,
etc. (Gopalakrishnan et al. 2015). During rhizobial infection, ethylene was pro-
duced in infected roots and several times caused inhibition of nodulation in various
legumes (Glick 2014). Elsheikh and Ibrahim (1999) have suggested the isolation
and introduction of efficient rhizobial cultures with ACC deaminase to improve the
nodulation status, seed quality, and legume productivity. There are several rhizobial
strains including R. japonicum, R. leguminosarum, R. hedysari, R. gallicum,
B. japonicum, B. elkanii, M. loti, and S. meliloti having an enzyme ACC deaminase
which could reduce this stress by decreasing the level of ethylene in the host plant
(Gopalakrishnan et al. 2015). The EPS producing rhizobial strains can relieve the
effect of water deficit stress by altering soil properties. Sandhya et al. (2009) have
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reported the capability of EPS producing rhizobial strain for improving water-
holding capacity of the rhizosphere by developing microaggregates and biofilm
around the plant roots. In another study, rhizobia alleviated water stress by altering
root morphology, carbon assimilation rate, transpiration rate, and leaf stomatal
conductance in non-nodulating crops (Chi et al. 2005). Various Rhizobium spp.
are also studied for plant growth promotion via producing multiple phytohormones
such as auxins, abscisic acid, cytokinins, gibberellins, ethylene, and nitric oxide
(Khalid et al. 2006; Perrine-Walker et al. 2007). In addition, Rhizobium spp. have
been found to produce lumichrome compounds, which act as an enhancer of plant
growth prior to the onset of nitrogen fixation (Cooper 2007). Gouws et al. (2012)
recovered lumichrome from Rhizobium spp. which was found to enhance nodule
number when applied to Lotus japonicus. Rhizobium spp. have the ability to
sequestrate and transport iron into plant cell via siderophores and solubilize/min-
eralize phosphates by releasing phosphatases or organic acids in the rhizosphere
(Naveed et al. 2015).

Rhizobia can benefit plant growth indirectly by several mechanisms such as
antibiosis, parasitism, competition for nutrients, and induction of systemic resistance
(ISR). Rhizobium spp., namely, R. leguminosarum, S. meliloti, and B. japonicum,
have been found to show parasitism against fungal pathogens belonging to genera
Macrophomina, Rhizoctonia, and Fusarium (Siddiqui et al. 2000; Ozkog and Deliveli
2001). Several studies have demonstrated that Rhizobium spp. enhanced defense
mechanisms of plant via ISR in non-leguminous crops (Reitz et al. 2002; Mishra
et al. 2006). Siderophores are also reported to inhibit a widely occurring plant
pathogen, Macrophomina phaseolina, by chelating irons in deficient environments
(Arora et al. 2001).

12.8 Bioremediation

Legumes have attracted attention for their use in metal phytostabilization. Legume
plants accumulate most of the metals in their roots and show low level of metal
translocation to the shoot. The activity of phytostabilization is mainly due to their
attached rhizobia spp. Different rhizobial strains were reported as an efficient
biosorbent for Cd**, Ba**, Zn>*, AI’*, Ni**, and Co** (Pajuelo et al. 2011). Several
studies have reported the alleviation of different metal stress in legume plants by
inoculating Rhizobium spp. (Ausili et al. 2002; Panigrahi and Randhawa 2010; Dary
et al. 2010). Rhizobia also produced some specific compounds such as EPS and
lipopolysaccharide (LPS) that chelate different metal ions in the rhizosphere. These
compounds are biopolymers that possess negatively charged ligands which
instantly form complexes with metal ions through electrostatic interactions (Liu
et al. 2001; Sutherland 2001).

Different approaches are used to improve metal bioremediation potential of
legumes. Inoculation of legume plants with metal resistant microbes including
Rhizobium, AMF, endophytes, and other PGPR has been proved to be a promising
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and cost-effective technology for metal phytostabilization and allowing the
re-vegetation of metal-contaminated areas (Pajuelo et al. 2011). The genetic engi-
neering of rhizobia approach has been used to improve the legume—Rhizobium
symbiosis for bioremediation purposes. Sriprang et al. (2002) constructed a genet-
ically modified strain of M. huakii subsp. rengei B3 by the expression of
metallothionein (MTL4) gene on the cell surface. This strain was found to accu-
mulate 1.7-fold increase in Cd into nodules and root of Astragalus sinicus plants. In
another study, the same strain was engineered with a phytochelatin synthase gene
from A. thaliana (Sriprang et al. 2003).

12.9 Engineering the Legume Symbiosis into Cereals

Advances in our understanding of the rhizobium—legume infection process have
given rise to different biotechnological approaches to develop symbiotic nitrogen
fixation in cereals. The engineering of nitrogenase-encoding bacterial nif genes into
plants is a direct approach for creating nitrogen fixation in cereals. A wide study on
nitrogenase biosynthesis identified the common core set of genes and their prod-
ucts, which makes engineering strategy feasible into cereals (Rubio and Ludden
2008; Curatti and Rubio 2014). Both legumes and cereals have symbiosis signaling
pathway for AMF association, but cereals are unable to form nitrogen-fixing
nodules from this association. Hence, the perception of rhizobial signaling mole-
cules provides an opportunity to engineer this pathway for recognition of rhizobia
by cereal crops. In this regard, several studies performed engineering in plants to
secrete specialized root exudates that specifically enhanced the compatibility of
newly introduced nitrogen-fixing microbes in the rhizosphere (Oger et al. 1997,
Savka and Farrand 1997; Mondy et al. 2014). In addition, Nod factor proteins (NFP)
and their receptors are other targets for engineering the symbiosis in cereals. Since
NFPs are required for responses to LCOs produced by AMF during associations, it
suggests the importance of Nod receptor in cereal engineering (Maillet et al. 2011;
den Camp et al. 2011).

12.10 Conclusions and Future Prospects

All strategies for transferring nitrogen fixation to non-legume crops have complex
engineering problems. However, they have the potential to change the growing
pattern of cereal crops and provide sustainable food production for the growing
global population. Future developments in this field require collaborative and
multidisciplinaryefforts involving researchers with diverse skills and expertise.
Further studies in functional genomics will be useful to identify the genes expressed
in the rhizosphere that will allow the engineering of host and symbionts for
beneficial purposes.
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Chapter 13
Exopolysaccharide from Rhizobia: Production
and Role in Symbiosis

M. Senthil Kumar, K. SwarnaLakshmi, and K. Annapurna

13.1 Introduction

Symbiotic nitrogen fixation (SNF) is the signature feature of legumes in which the
microsymbiont collectively called as rhizobia can reduce atmospheric nitrogen (N,)
into ammonia; otherwise, N, is metabolically unavailable to higher plants. The
fixed nitrogen is generally used for plant growth or the excess of fixed nitrogen is
released into the rhizosphere for improving soil fertility. Hence SNF have a
significant impact on sustainable agriculture. The rhizobial diversity is enormous
due to their wide geographical distribution, diverse hosts, and niches they occupy
all over the globe. Rhizobia are Gram-negative bacteria belonging to class alpha-
beta-, and gamma-proteobacteria, including species of the Rhizobiaceae,
Phyllobacteriaceae, Methylobacteriaceae, Brucellaceae, Hyphomicrobiaceae,
Bradyrhizobiaceae, Burkholderiaceae, and Pseudomonadaceae families. Host spec-
ificity exists in the process of SNF. The specificity of rhizobium for a legume host
plant is determined by the exchange of molecules between both symbiotic partners.
Each step of establishment of symbiosis is tightly controlled through a complex
network of signaling cascades. Among them, plants liberate flavonoids into the
rhizospheric region that upregulate rhizobial genes responsible for nodule forma-
tion. Rhizobia produce a variety of extracellular polymeric substances (EPSs), from
simple glycans to complex heteropolymers. The secretion of EPS by rhizobia is
associated with the invasion process and bacteroid and nodule development, as well
as being a response to environmental stresses. There are different types of surface
polysaccharides such as lipopolysaccharides, capsular polysaccharides, and neutral
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and acidic polysaccharides found in rhizobia. The production of symbiotically
active polysaccharides may also provide stress adaptability to rhizobial strains
against changing environmental conditions. This chapter focuses on different
kinds of polysaccharides produced by rhizobia, their genetics and biosynthesis, as
well as their biological role on effective symbiosis.

13.2 Polysaccharides from Rhizobium

Rhizobia synthesize different classes of polysaccharides that are involved in estab-
lishment of functional symbiosis with host legumes (Donot et al. 2012). They
include cell surface and secreted glycans like Nod factors or LCOs, extracellular
polysaccharides (EPSs), lipopolysaccharides (LPSs), K-antigens, glycolipids, and
cyclic glucans. Presence of surface molecules with specific structure on cell wall can
be recognized by surface receptors from the plant and determine host specificity.
However, the term exopolysaccharides is used for polysaccharides with little or no
cell association (Becker and Piihler 1998a, b). Cyclic beta-(1-2)-glucan is localized
in periplasmic space of rhizobia and reported to play an important role in osmotic
adaptation (Breedveld et al. 1993). Lipopolysaccharides (LPS) containing lipid-A, a
core polysaccharide, and repeating O-side antigen polysaccharides are anchored in
bacterial outer membrane. This section discusses the various polysaccharides pro-
duced by rhizobia and their biological functions.

13.2.1 Nod Factors

All rhizobia produce complex mixtures of structurally diverse Nod factors. With the
exception of Nod from Sinorhizobium fredii USDA191 (Bec-Ferte et al. 1996), all
others consist an oligosaccharide backbone of -1,4-linked N-acetyl-D-glucosamine
and fatty acyl group attached to the nitrogen of nonreducing saccharide. Nod factors
are often called lipo-chitin oligosaccharides (LCOs) due to their resemblance to
oligosaccharide backbone of chitin. Structural differences in the Nod factors are a
result of the following variations:

1. Number of N-acetyl-p-glucosamine units. LCOs of rhizobia generally contain
three to six N-acetyl-p-glucosamine units. However, M. loti produces a dimeric
LCO species (Olsthoorn et al. 1998).

2. Presence or absence of strain-specific substituents, indicated as RI-R9
(Fig. 13.1). R. leguminosarum bv. viciae strains contain only an acetyl substit-
uent at position R4, while S. fredii NGR234 contains many modifications.
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Fatty acyl

Fig. 13.1 Structure of Nod factors produced by rhizobia. R-groups stands for hydrogen (R1),
hydroxy (R2, R3, R4, RS, R6, R8, and R9), and acetyl (R7)

3. Structure of the fatty acyl moiety. LCOs can contain one of a broad variety of
fatty acyl groups that also occur commonly as moieties of the phospholipids.

4. Presence or absence of special a,f-unsaturated fatty acyl moieties. LCOs of
S. meliloti, R. leguminosarum biovars viciae and trifolii, R. galegae, and
M. huakuii possess o,p-unsaturated fatty acyl moieties.

Nod factors act at nanomolar concentrations and induce many early molecular
and physiological changes and other responses that are related to root hair infec-
tion process in the legume host plant. NFs are recognized by host plant receptors
with LysM extracellular domains which are also critical in the recognition of fungi
during the mutualistic mycorrhiza interaction in Parasponia andersonii. Discovery
of mycorhization factor (Myc factor) as a LCO suggests that the Rhizobium NF
perception system evolved from the ancient mycorrhizal symbiosis. Nod factors
also play a major role in the determination of host specificity as single mutations
in the NF receptors are sufficient to change specificity of the interaction at the
species level. Three best examples for correlating the structure of NOD factor with
host specificity are as follows: (a) presence of sulfuryl substituent in the Nod
factors of S. meliloti is essential for host-specific nodulation of Medicago sativa
and prevents nodulation on other host plants such as Vicia sativa (Lerouge et al.
1990); (b) O-acetyl substituent in Nod factors of R. leguminosarum bv. viciae
TOM and Al is essential for cultivar-specific nodulation of pea (Firmin et al.
1993; Ovtsyna et al. 1998); and (c) fucosyl substituent in the Nod factors of many
rhizobia is essential for determining a broad host range (Lopez-Lara et al. 1996).

Furthermore, modifications such as the carbamoyl or acetyl groups at R4 and the
methyl group at R1 of nonreducing terminus are important for a broad host range
(Berck et al. 1999; Corvera et al. 1999; Hanin et al. 1997; Pacios Bras et al. 2000;
Pueppke and Broughton 1999). Occurrence of an a,f-unsaturated fatty acyl moiety
is correlated with the capacity to nodulate the leguminous species belonging to the
Galegeae tribe that form an indeterminate nodule (Hadri et al. 1998).
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Fig. 13.2 Chemical structure of lipopolysaccharides of rhizobia

13.2.2 Lipopolysaccharides and K-Antigens

Rhizobial LPSs and K-antigens are tightly linked to the cell surface and often have
saccharide like Kdo (3-deoxy-p-manno-2-octulosonic acid). However, rhizobial
K-antigens are structurally very distinct from LPSs; especially K antigens do not
always contain Kdo, and lipid anchors have not been found at all, whereas LPSs
posses them. The most complete structure of LPS (Fig. 13.2) from R. etli containing
lipid A, core chain, and repeat unit of the O-antigen chain has been reported
(Forsberg and Carlson 1998). LPSs of various rhizobia are highly variable, espe-
cially for O-antigen, but also in their core region and the lipidA moiety
(Kannenberg et al. 1998). Occurrence of the very long-chain hydroxyl fatty acids,
such as 270H-C28:0 (Hollingsworth and Carlson 1989), was exclusively reported
in the LPSs and Nod factors of the p-proteobacteria (Bhat et al. 1991a, b). LPS is
essential for the survival of rhizobia under all growth conditions, which makes their
study very difficult through developing mutants. The fact that all non-pleiotropic
LPS mutants are able to infect plant tissue to some degree indicates that LPS is not
specifically involved in the initial steps of the symbiosis up to root hair infection.
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LPS seems to play a more apparent role in the later stages of root nodule invasion,
release from the infection thread, and symbiosome development. The fact that LPSs
of R. leguminosarum bv. trifolii promoted infection thread formation in clover but
not with the LPS from heterologous rhizobia indicated the host-specific features of
LPS. Microscopic studies of responses of plants inoculated with LPS mutants have
indicated that rhizobial LPS is involved in suppressing a host-plant defense
response (Perotto et al. 1994), possibly in analogy with a role for the LPS of
plant pathogens (Schoonejans et al. 1987). K-antigens of S. meliloti are also
involved in suppressing a host-plant defense response, and they can functionally
replace EPS biosynthesis in symbiosis (Campbell et al. 1998).

13.2.3 Cyclic Glucans

Cyclic glucans of Rhizobium and Sinorhizobium are linked solely by a-(1,2) glycosidic
bonds with degrees of polymerization ranging from 17 to 25 (R. leguminosarum) or
17-40 (S. meliloti). Species of Bradyrhizobium produce cyclic glucans containing both
p-(1,3) and B-(1,6) glycosidic linkages with the degree of polymerization ranging from
10 to 13 glucose residues with branched structure (Rolin et al. 1992). Cyclic p(1,2)
glucans of S. meliloti are charged by the addition of anionic substituents like
phosphoglycerol (Breedveld and Miller 1998), while cyclic glucans of Bradyrhizobium
spp. are uncharged but contain the zwitterionic substituent phosphocholine (Rolin et al.
1992).

NdvB protein with high molecular weight (HMW) of 319 kDa is required to
form a covalent intermediate with the glucan backbone during biosynthesis cyclic
B-(1,2) glucans in Sinorhizobium and Rhizobium (Zorreguieta and Ugalde 1986). A
close relative of NdvB is required for the biosynthesis of f-(1,3)—f-(1,6)-linked
cyclic glucan in Bradyrhizobium spp. NdvC has been identified for its involvement
in the formation of the p-(1,6) linkages (Bhagwat et al. 1999). The secretion of
cyclic glucans to the periplasm (during logarithmic growth) and the extracellular
environment (stationary growth) is mediated by the NdvA protein, which is the
ABC component of a type 1 secretion system (Figs. 13.3, 13.4 and 13.5).

Impaired growth of defective mutants for cyclic glucan in hypo-osmotic media
and mutational studies and production of a large amount of cyclic glucans in
nodules where osmotic environment is relatively high indicated their protective
role against hypo-osmolarity (Gore and Miller 1993). Ability of cyclic glucan to
form inclusion complexes with hydrophobic molecules suggests that cyclic glucans
can serve as a means of transport for signal molecules into the plant tissues (Morris
et al. 1991). It was evidenced by the increased solubility of legume-derived
flavonoids and Nod factors in the presence of cyclic glucans and cyclic dextrans,
respectively (Schlaman et al. 1997).
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Fig. 13.3 Chemical structure of rhizobial exopolysaccharides (EPSs)

13.3 Structural Features of EPS from Rhizobia

Bacterial EPSs are generally constituted by monosaccharides and non-carbohydrate
substituents (such as acetate, pyruvate, succinate, and phosphate) and classified into
homo-polysaccharides and heteropolysaccharides (Donot et al. 2012). Components
most commonly found in EPS are monosaccharides such as pentoses (p-arabinose
and p-xylose), hexoses (D-glucose, D-galactose, D-mannose, D-allose), desoxyhexoses
(L-thamnose and L-fucose), amino sugars (D-glucosamine and D-galactosamine), or
uronic acids (p-glucuronic acids and D-galacturonic acids). The linkages most
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assembly and export (yellow). Abbreviations used: Glc Glucose; Gal Galact; Ac Acetate; Pyr
Pyruvate, Succ Succinate

commonly found between monosaccharides are 1,4-3- or 1,3-f-linkages in the back-
bones having strong rigidity and 1,2-a- or 1,6-a-linkages in the more flexible ones. The
linkage and composition of monomers of rhizobial EPS are listed in Table 13.1. The
physical properties of polysaccharides are deeply influenced by the nature and the way
the monomers are arranged together and by the assemblage of single polymer chains
(Silvi et al. 2013). EPSs of rhizobia are species as well as strain specific that varies in the
(i) composition of monosaccharides (p-glucose, p-galactose, D-mannose, L-rhamnose,
D-glucuronic, and p-galacturonic acids) and non-carbohydrate moieties (acetyl, pyruvyl,
succinyl, and hydroxyl-butanoyl groups) (Skorupska et al. 2006; Downie 2010;
Janczarek and Skorupska 2011), (ii) linkage of subunit, (iii) repeating unit size, and
(iv) degree of polymerization.

The structural features of EPS repeating units of several rhizobial strains of
R. leguminosarum, S. meliloti, B. japonicum, B. elkanii, S. fredii NGR234,
R. tropici CIAT899, and R. tropici SEMIA 4080 were well established. The EPSs
produced by several rhizobial strains are classified into two major types, mainly



264

@,

P-prenol
pyrophosphatase ¥
polymerization PP-prenol
and

M. Senthil Kumar et al.

—PP—prenol\;

GlcA-Glc-PR-prenol

N\ E=D

GlcA-GlcA-Glc-PP-prenol

transport \.
E=HESL
GlcA-GlcA-Glc-PP-prenol
@ translocation to the outer
face of the IM Ac -
-GlcA-GlcA-Glc-PP-prenol
| -GlcA-GlcA-Glc-PP-prenol
Ac I
Ao @D
b | D “GIA-GIoA-G/c-PP-prenol
| -
Gal-Pyr Ac J

-GlcA-GlcA-Glc-PP-prenol

-GlcA-GIcA-Glc-PP-prenol I
| Ac

pe G
-Pyr - -GlcA-GIcA-Glc-PP-prenol

I -GlcA-GIcA-Glc-PP-prenol '
I

Gal Ac
=YD

Ac

-Pyr
-Pyr

Fig. 13.5 Biosynthesis of EPS repeating unit and polymerization in Rhizobium leguminosarum.
(i) Sugar transferases, engaged in transfer of precursors onto lipid carrier (orange and blue);
(ii) modifying enzymes, decorating the unit with non-sugar moieties (green); and (iii) proteins
involved in EPS assembly and export (ye/low). Abbreviations used: Gl/c Glucose; GlcA Glucuronic
acid; Gal Galactose; Ac Acetate; Pyr Pyruvate; IM inner membrane

succinoglycan (EPS I) and galactoglucan (EPS II). Succinoglycan is composed of
octasaccharide repeating units containing galactose and glucose residues with
molar ratio of 1:7, joined by glycosidic linkages ($-1,3, p-1,4, and p-1,6), whereas
galactoglucan is a polymer of disaccharide repeating unit and joined by a-1,3 and
B-1,3 glycosidic bonds (Her et al. 1990; Zevenhuizen 1997). EPSs I and II are
secreted as both HMW consisting of hundreds to thousands of repeating units and
low molecular weight (LMW) that represents monomers, dimers, and trimers in the
case of EPS I and oligomers (8—40) in the case of EPS II (Gonzalez et al. 1996,
1998; Wang et al. 1999).
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13 Exopolysaccharide from Rhizobia: Production and Role in Symbiosis 269
13.3.1 Structural Features of EPS from Sinorhizobium

Symbiotic exopolysaccharide of S. meliloti is succinoglycan (EPS I) that contains
an octasaccharide repeating unit modified with acetyl, succinyl, and pyruvyl sub-
stituents. EPS I can be polymer of high or LMW, composed of monomers, dimers,
and trimers. Also, the repeating unit carries one to two succinyl groups located at
the C-6 position of the seventh sugar residue and a pyruvyl group linked to the
eighth sugar residue through a 4,6-ketal linkage. Galactoglucan (EPS II) of
S. meliloti that can mediate infection thread formation on M. sativa at a low
efficiency is a disaccharide repeating unit modified with acetyl and pyruvyl
substituents.

13.3.2 Structural Features of EPS from Rhizobium

EPS of R. leguminosarum is composed of octasaccharide repeating units which
contain D-glucose, p-galactose, and D-glucuronic acid residues in a molar ratio
5:1:2, additionally modified with O-acetyl and pyruvyl groups (Breedveld et al.
1993). Succinoglycan type EPS of Rhizobium sp. NGR234 is formed by repeated
units containing one galactose and seven glucose molecules linked by p-1,3, p-1,4,
and f-1,6 linkages, containing residues of succinyl, acetyl, and pyruvyl (Becker and
Piihler 1998a, b). Acidic EPS synthesized by Rhizobium sp. NGR234 were com-
posed of glucosyl, galactosyl, glucuronosyl, and 4,6-pyruvylated galactosyl resi-
dues with glycosidic linkages $-1,3, p-1,4, -1,6, a-1,3, and a-1,4 (Staehelin et al.
2006). The same strain also synthesized another form of EPS, consisting alternated
units of glucose and galactose with a-1,3 and f-1,3 linkages and containing residues
of acetyl and pyruvyl. EPS of Rhizobium sp. strain B isolated from nodules of
alfalfa contain high amounts of glucose and rhamnose (1:2) and traces of 2-deoxy-
D-arabino-hexuronic acid (Guentas et al. 2001). Chemical structure of EPS repeat-
ing units produced by R. leguminosarum and R. etli is presented in Table 13.2. The
pattern of non-carbohydrate modifications of EPS is strain specific as well as
influenced by bacterial growth phase and culture medium. Castellane et al. (2015)
classified EPS into five groups based on ester type determined from the 13C NMR
spectra (Table 13.3). The first group of EPS contained acetate only (Mesorhizobium
loti LMG6125 and M. huakuii LMG14107). A second group of EPS consisted of
succinate only (Sinorhizobium kostiense LMG19227). The EPS of strain
M. plurifarium LMG11892 contained acetate and pyruvate (group III), whereas
the strain Rhizobium giardini bv. giardini H152T produced EPS which contained
pyruvate and succinate (group IV). The EPS belonging to group V (Rhizobium
mongolense LMG19141) contained all three esters. Non-carbohydrate modifica-
tions located in the side chain of the EPS units proved to be very important for the
signaling properties of EPS in the symbiosis (Ivashina and Ksenzenko 2012;
Janczarek et al. 2014).
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13 Exopolysaccharide from Rhizobia: Production and Role in Symbiosis 271

Table 13.3 Classification of EPS based on ester type

NMR signal and functional

Groups | Ester type Rhizobia groups
Group-1 | Acetate only Mesorhizobium loti 7
LMG6125 T ss J_i_lm 31\'.2& 21
M. huakuii LMG14107 A L
Group-2 | Succinate only Sinorhizobium kostiense s o
LMG19227 :
Group-3 | Acetate Pyruvate M. plurifarium ¢ B
LMG11892 b
Group-4 | Pyruvate Succinate | Rhizobium giardini R (A
bv. giardini H152T D S Y S,
200 180 160 140 120 100 80 60 40 20 O
Group-5 | Acetate, Succinate, | Rhizobium mongolense N 8 (ppm)
Pyruvate LMG19141 produged by: (3 Ahzabium g . giardin

H1527, (b) Mesorhizobium loti LMG6125,

(c) Mesorhizobium plurifarium LMG11892, (d)
sinorhizobium (= Ensifer) kostiense LMG19227,
(e) Mesorhizobium huakuii LMG14107, and

(f) Rhizobium mongolense LMG19141.

* The methyl signal of acetate at
21 ppm

* The methyl signal of pyruvate
at 25 ppm

 The methylene signal of
succinate at 31 ppm

13.4 Genetics of EPS Production

Complex pathway of EPS starts with the synthesis of precursors for sugar nucleo-
tides and non-carbohydrate donors followed by sequential assembly of the repeat-
ing unit on polyprenyl lipid carriers, their modification, polymerization, and export
outside of the cell. Genes required for the biosynthesis of EPS in Mesorhizobium
and Sinorhizobium form large clusters on the chromosome or megaplasmids
(Kaneko et al. 2000; Finan et al. 2001). The gene clusters encode the following
proteins, viz., (i) enzymes involved in the biosynthesis of nucleotide sugar pre-
cursors, (ii) enzymes involved in modifying EPS with non-sugar decorations, (iii)
transferases involved in the assembly of EPS repeating unit, and (iv) proteins
engaged in the polymerization and export of the growing EPS chain onto the cell
surface (Glucksmann et al. 1993a, b; Whitfield and Paiment 2003). Biosynthesis
and regulation of succinoglycan (EPS 1) as well as galactoglucan (EPS II) were
extensively studied in S. meliloti, while our understanding on acidic EPS produc-
tion in R. leguminosarum is limited.

Specific glycosyltransferases are involved in the sequential transfer of precur-
sors and nucleotide diphosphosugars to a growing polysaccharide chains that are
attached to undecaprenol diphosphate. The repeating unit is formed at the inner
leaflet of the cytoplasmic membrane, and polymerization of individual repeating
units takes place at the periplasmic face of the inner membrane (IM) after they have
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been flipped across the IM due to Wzx-like translocase or “flippase” activity.
Polymerization is coupled to export of the growing polymer to the cell surface
and engages Wzy-like polymerase and Wzc-like inner membrane-periplasmic
auxiliary protein (MPA) with an ABC module that controls the chain length of
the growing heteropolymers (Whitfield and Paiment 2003). Outer membrane aux-
iliary protein (OMA) is involved in the completion of translocation process by
forming a channel in the outer membrane to facilitate the growing polysaccharide to
reach the cell surface (Paulsen et al. 1997).

13.4.1 EPS Biosynthesis in Sinorhizobium

Multipartite genome of S. meliloti possesses three replicons: a chromosome
(3.65 Mb) and two megaplasmids: pSymA (1.35 Mb) and pSymB (1.68 Mb). The
gene cluster required for the biosynthesis of EPS I (exo/exs) is organized in several
operons of megaplasmid 2 (pSymB) (Charles and Finan 1991). Analysis of
S. meliloti genome sequence indicated that only 2 out of 11 regions engaged in
polysaccharide biosynthesis were previously recognized on pSymB (Becker et al.
1993a, b). The genes involved in the biosynthesis of EPS I in S. meliloti are listed in
Table 13.4.

Precursors for the biosynthesis of EPS I are produced by the proteins encoded by
exoC, exoB, and exoN. exoC encodes a phosphoglucomutase that catalyzes trans-
formation of glucose- 6-phosphate into glucose-1-phosphate. exoB encodes for the
UDP-glucose-4-epimerase that converts UDP-glucose into UDP-galactose. A pro-
tein encoded by exoN gene displays UDP-glucose pirophosphorylase activity.
Assembly of the repeating unit is initiated by galactosyltransferase encoded by
exoY. exoF gene encodes a protein that is needed for addition of galactose to the
lipid carrier. The subsequent addition of glucose residues is carried out by a
complex of glucosyltransferases encoded by exoA, exoL, exoM, exo0O, exoU, and
exoW genes (Miiller et al. 1993; Reuber and Walker 1993a, b).

Transmembrane protein with succinyl transferase activity is encoded by exoH in
S. meliloti that is involved in the addition of non-sugar residues that is crucial for
the polymerization and secretion of succinoglycan. A transferase encoded by exoZ
gene is involved in addition of acetyl residues, while exoV is responsible for
addition of pyruvyl residues. Acetyl and succinyl modifications of EPS I influence
the susceptibility of the polysaccharide to cleavage by these glycanases and pro-
duction of LMW EPS 1.

Polymerization of the succinoglycan repeating units and secretion of the poly-
mer depend on the proteins encoded by the exoPQT genes (Glucksmann et al.
1993a). ExoP of S. meliloti is an autophosphorylating protein tyrosine kinase that
catalyzes the formation of dimers of octasaccharide units of EPS I and forms a
complex with ExoQ and ExoT proteins which participate in the secretion of
succinoglycan (Niemeyer and Becker 2001). It was evidenced that ExoQ protein
is indispensable for high-molecular weight (HMW) EPS I biosynthesis, while ExoT
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Table 13.4 Genes involved in biosynthesis of EPS in Sinorhizobium meliloti

Biochemical/phenotypic
changes in defective

Gene Encoded protein Functional role mutants
EPS I of S. meliloti
exoC Phosphoglucomutase | Glucose- 6-phosphate into Synthesis of EPS I and other
glucose-1-phosphate polymers—EPS II, LPS,
exoB UDP-glucose-4- UDP-glucose into and B-glucans are blocked
epimerase UDP-galactose
exoN UDP-glucose - Decrease in EPS 1
pyrophosphorylase production
exoY Galactosyltransferase | Assembly of the repeating Synthesis of succinoglycan
unit is blocked. Mutant cannot
initiate the formation of
infection threads and
become symbiotically
defective
exoF - Addition of galactose to the | Completely abolish
lipid carrier succinoglycan production
and resulted in mutants that
formed Fix-nodules
exoA Complex of Subsequent addition of glu- | Mutations in exoF, exoA,
exoL Glucosyltransferases cose residues exoL, and exoM genes were
exoM shown to completely abol-
ish succinoglycan produc-
tion and resulted in mutants
that formed Fix-nodules
exoU Complex of Subsequent addition of glu- | exoU and exoW mutants
exoW Glucosyltransferases cose residues produced no detectable
amounts of EPS I and were
not able to infect alfalfa
nodules
exo0 Complex of Subsequent addition of glu- | Defective mutants of exoO
Glucosyltransferases cose residues produced large amounts of
insoluble carbohydrate
material consisting of poly-
merized four-sugar subunits
exoH Transmembrane pro- - Defective mutants of exoH

tein with
succinyltransferase
activity

produced symbiotically
nonfunctional HMW EPSI
that lacked the succinyl
modification. Root hair
curling was delayed; infec-
tion threads aborted in the
nodule cortex and produced
ineffective nodules with no
intracellular bacteria or
bacteroids

(continued)
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Biochemical/phenotypic
changes in defective

Gene Encoded protein Functional role mutants
exoZ Transferase Addition of acetyl residues An exoZ mutant, which
produces succinoglycan
without the acetyl modifi-
cation, forms nitrogen-
fixing nodules on plants, but
it exhibits a reduced effi-
ciency in the initiation and
elongation of infection
threads
exoV - - Defective mutants accumu-
late units lacking pyruvyl
residues which is crucial for
the polymerization and
secretion of succinoglycan
exoP Tyrosine kinase Autophosphorylating protein | —
catalyzes the formation of
dimers of octasaccharide
units of EPS I and forms a
complex with ExoQ and
ExoT
exoQ - ExoQ protein is indispens- Mutants in exoPQT do not
exoT able for high-molecular- synthesize succinoglycan

weight (HMW) EPS I bio-
synthesis:

ExoT is responsible for pro-
ducing low-molecular-
weight (LMW) EPS, i.e.,
trimers and tetramers of the
basic subunit [23, 41].
ExoPQT forms a complex
that helps in secretion of
succinoglycan [67]

but accumulate
octasaccharides acylated,
succinylated, and
pyruvylated to various
extents. ExoQ protein is
indispensable for the bio-
synthesis of HMW fraction
of EPS 1

exsA Homologues to ABC

transporters

Important for the transport of
HMW EPS 1

exsA mutant secreted both
LMW and HMW forms of
succinoglycan in almost
equal amounts

exoK B-1, 3-1, 4-glucanase

exsH Succinoglycan
depolymerase

Cleavage of HMW
succinoglycan by
endoglycanases: LMW was
secreted by PrsDE secretion
system

Acetyl and succinyl modifi-
cations of EPS I influence
the susceptibility of the
polysaccharide to cleavage
by glycanases

EPS 11 of S. meliloti

expAT |- Biosynthesis of nucleotide -
expA8 diphosphosugar precursors
expA9 for formation of dTDP-

expAl0 rhamnose

expA2 | B-Glucosyltransferases | — -
expE2

(continued)
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Table 13.4 (continued)

Biochemical/phenotypic
changes in defective

Gene Encoded protein Functional role mutants
expA3 | Galactosyltransferases | — -
expC
expE4
expE7
expEl - Secreted protein with some | —
similarity to NodO protein of
R. leguminosarum bv. viciae
[71]. Tt binds to calcium ions
expD1 ABC transporter Secretion of ExpEl. They expD1 and expD2 mutants
expD2 | Membrane fusion are homologous to PrtD/PrtE | were shown to be blocked in
protein (MFP) secretion system of Erwinia | EPS 1I synthesis and
chrysanthemi secretion

is responsible for producing low-molecular-weight (LMW) EPS (Reuber and
Walker 1993a, b). ExsA protein of S. meliloti is homologous to ABC transporters
and is involved in the transport of HMW EPS 1. Symbiotically active, low-
molecular-weight EPS I is produced in S. meliloti by a specific biosynthetic
pathway, but it can also result from a cleavage of HMW succinoglycan by
endoglycanases: ExoK (p-1,3-1,4-glucanase) and ExsH (succinoglycan
depolymerase), the latter of which is secreted by PrsDE secretion system (York
and Walker 1997).

Biosynthesis of EPS Il in S. meliloti is mediated through 23 kb exp gene cluster
localized on pSymB plasmid and is separated from exo/exs cluster by about 200 kb.
Biosynthesis of nucleotide diphosphosugar precursors depends on the activity of
ExpA7, ExpAS8, ExpA9, and ExpA10 proteins, which are involved in the formation
of dTDP-rhamnose. The intermediate in this synthesis dTDP-glucose serves as the
donor of glucose in EPS II synthesis in contrast to UDP-glucose which is a
precursor of glucose in EPS I synthesis. Other genes in the cluster were established
for their involvement in polymerization of sugars (f-glucosyltransferases ExpA2
and ExpE2, galactosyl transferases ExpA3, ExpC, ExpE4, and ExpE7), export
(ExpD1-ABC transporter; ExpD2-MFP-membrane fusion protein) of EPS II, and
the regulation of exp gene expression (Becker et al. 1997). EPS II synthesis and
secretion was blocked in defective mutants of expD/ and expD2 (Becker et al.
1997; Moreira et al. 2000).

13.4.2 EPS Biosynthesis in Rhizobium leguminosarum

Rhizobium leguminosarum comprises two biovars viciae and trifolii that differ in
their host specificity and is a close relative of Rhizobium etli (formerly the third
biovar—phaseoli). The genome of R. leguminosarum consists of the chromosome
and 1-10 megaplasmids. R. leguminosarum bv. viciae consists of a circular
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chromosome of 5 Mb and six plasmids: pRL12 (870 kb), pRL11 (684 kb), pRL10
(488 kb), pRL9 (352 kb), and pRLS (147 kb). Rhizobium leguminosarum bv. Trifolii
TA1 consists of 7.3 Mb genome with five replicons via a chromosome and four
plasmids: pRTA1d (800 kb), pRTAlc (650 kb), pRTA1b (600 kb), and pRTAla
(500 kb) (Krdl et al. 2005). Multi-cistronic operon having a core set of genes
required for the assembly of the repeating units (pssEDCFGHIJS), its modification
(pssKMR), polymerization (pssL), and processing (pssW) of EPS was identified in
RIlv VF39 (Sadykov et al. 1998).

EPS biosynthetic clusters carry genes involved in the biosynthesis of nucleotide
precursors. The genes involved in the biosynthesis of EPS in R. leguminosarum are
summarized in Table 13.5. exoB gene of R. leguminosarum bv. trifolii encodes a
protein showing 80% identity to the UDP-glucose 4-epimerase of S. meliloti that is
involved in the biosynthesis of UDP-galactose, the donor of galactose residues for
different heteropolysaccharides in rhizobia (Canter Cremers et al. 1990). exo5
encodes UDP-glucose dehydrogenase that is responsible for oxidation of
UDP-glucose to UDP-glucuronic acid (Kereszt et al. 1998). pssA gene encodes for
glucosyl-IP-transferase that initiates the biosynthesis of EPS in R. leguminosarum
by the transferring UDP-glucose to the lipid carrier attached to the cytoplasmic
membrane of R. leguminosarum bv. trifolii, viciae, and R. etli. pssD and pssE genes
of both R. leguminosarum biovars possess glucuronosyl transferase activity that
catalyzes the addition of a glucuronic acid residue (van Workum et al. 1997; Krol
et al. 1998). pssC encodes a glucuronosyl-p-1,4-glucuronosyltransferase for the
addition of the second glucuronic acid residue (van Workum et al. 1997; Krol
et al. 1998; Sadykov et al. 1998; Pollock et al. 1998). Subsequent steps of acidic
EPS synthesis were poorly studied in R. leguminosarum, although the genes pssF,
pssG, pssH, pssi, pssJ, and pssS encoding putative glycosyltransferases and pssR and
pssM genes predicted to encode EPS modifying enzymes were identified in
R. leguminosarum bv. viciae (Sadykov et al. 1998)

pssT, pssN, and pssP genes are responsible for the formation of secretion system
involved in assembly and export of EPS in R. leguminosarum bv. trifolii TA1. PssT
is an integral inner membrane protein and pssT mutant overproduced EPS with the
degree of polymerization slightly increased when compared to the wild-type strain
(Mazur et al. 2003). PssN protein turned out to be similar to outer membrane
auxiliary (OMA) proteins (Mazur et al. 2001). PssP is similar to membrane-
periplasmic auxiliary (MPA) proteins involved in the synthesis of HMW CPS and
EPS (Paulsen et al. 1997). Genetic organization of the pss gene clusters of
R. leguminosarum is shown in Fig. 13.6.

In R. leguminosarum bv. viciae, plyA and plyB genes encode glycanases. plyA
mutation did not affect EPS processing, while p/yB mutant was characterized by a
significant increase in culture viscosity. pssV-E operon was found in all
R. leguminosarum and R. etli genomes, and 9 out of the 15 genes named as pss
genes from this operon have orthologs in both biovars of R. leguminosarum and
R. etli genomes. In addition, the same gene name abbreviation was assigned to six
genes (pssA, pssB, pssN, pssO, pssP, and pssT) localized in other operons. The new
sets of genes identified from RIt WSM2304, Re CFN42, Re CNPAF512, and Re
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Table 13.6 Genes controlling polysaccharide repeating unit assembly for EPS biosynthesis in
R. leguminosarum and R. etli

Existing gene names in R. leguminosarum and R. etli
Predicted RIt WSM
Gene | function 2304 Re CFN42 Re CNPAF512 | Re CIAT652
psaA | O-antigen ligase | Rleg2_0274 | RHE_CHO03224 | RHECNPAF_4 |RHECIAT_CH
30080 0003464
psaB | GT family-2 Rleg2 2965 | None None None
psaC | GT family-2 None None RHECNPAF_4 | RHECIAT_CH
30069 0003456
psaD | GT family-1 None None RHECNPAF_4 | RHECIAT_CH
30070 0003457
psaE | GT family-2 None None None RHECIAT_CH
0003458
psaF | Polysaccharide None None None RHECIAT_CH
pyruvyl 0003464
transferase
psaG | Polysaccharide None None RHECNPAF_4 | None
pyruvyl 30071
transferase
psal | Polysaccharide None None RHECNPAF_4 | RHECIAT_CH
biosynthesis 30072 0003459
protein

CIAT 652 are designated as psa (polysaccharide repeating unit assembly) and
summarized in Table 13.6.

13.5 Biological Role of Rhizobial EPS in Symbiosis

The biological roles of rhizobial EPS are postulated based on the experimental
evidence observed at different stages of symbiotic interactions between host
legumes with rhizobial mutants having altered gene expression. These include the
involvement in early steps of legume-rhizobia symbiosis such as attachment of
rhizobia on root hairs/surface, structural role in the infection thread formation,
release of bacteria from infection threads, bacteroid development, suppression of
plant defense responses, and protection against plant antimicrobial compounds and
environmental stresses. The importance of this polysaccharide in the symbiosis was
confirmed in several non-EPS producing strains of Sinorhizobium meliloti and
R. leguminosarum bvs. trifolii and viciae, which were symbiotically defective due
to induction of empty or almost uninfected nodules on the respective host plants,
being a result of aborted infection thread elongation within the peripheral cells of
the developing nodule (Ivashina and Ksenzenko 2012).
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13.5.1 EPS Is Essential for Bacterial Attachment to Root
Hairs

Successful recognition of appropriate rhizobial cells leads to attachment of rhizo-
bial cell and formation of biofilm on the root surface and root hairs of host plant.
Rhizobial cell attachment process has been distinguished into two as primary and
secondary attachment. Primary attachment of bacterial cells to the root hair tip can
be established via plant lectins, secreted at the root hair tip, which recognize
specific polysaccharide structures present on the surface of the symbiotic bacteria.
EPS plays an essential role in electrophoretic mobility of rhizobial cells, and their
effective colonization depends on mobility as well as its acidic nature of the
bacterial cell surface (Ciesla et al. 2016). EPS may also enhance the chance of
adhesion of bacteria to the tip of growing root hairs. After initial attachment,
rhizobial cells aggregate around the root hair surface and form biofilm-like struc-
tures. Rhizobial strains producing large amounts of EPS were characterized by
biofilm formation that enhanced bacterial cell to better adaptation against stressed
environment (Fujishige et al. 2006). R. leguminosarum bv. trifolii strain Rt24.2
attached with high efficiency recorded higher number of bacteria attached on root
surface in comparison with its pssA and rosR defective mutants. On the other hand,
EPS overproducing mutants via Rt24.2 (pBA1) and Rt24.2 (pBR1) showed more
efficient attachment in comparison to the wild-type bacterial cells on clover root.
The above results confirmed the crucial role of EPS in attachment and biofilm
formation (Figs. 13.7 and 13.8).

Fig. 13.7 Infection of root hair cell by Sinorhizobium meliloti. Fully extended infection thread in
root hair cell infected by wild-type S. meliloti (a) and failure of infection thread extension in cells
infected with exoY mutants (b)
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Fig. 13.8 Infection of Vicia sativa subsp. nigra by wild and mutant strains of Rhizobium
leguminosarum. Infection of elongated root hair by wild-type RBL5523 (a), curling of elongated
root hair with no infection thread induced by EPS-deficient mutant RBL5833 (b), abortive
infection threads induced by EPS- and cellulose-deficient mutant RBL5973 (c, e), infections by
cellulose-deficient mutant RBL5760 originates from a curl in a short pidermal root hair (d)

Secondary attachment of rhizobium on root surface is called “firm” attachment,
since removal of attached bacteria at this stage is difficult (Ausmees et al. 1999).
Cellulose fibrils on bacterial surface play a role in the firm attachment of the
bacteria to the root hair. Cellulose-deficient mutant of R. leguminosarum such as
RBL5760 has been reported to lack the formation of cap-like bacterial aggregates
on the root hair tip. Instead, incubation of these strains with plant roots showed
attachment of single bacterial cells on root hairs and the root surface. EPS-deficient
mutant strains (RBL5833 and RBL5808) resulted in persistent flocculation of
rhizobia due to constitutive expression of cellulose fibrils on the bacterial surface
in comparison with cellulose-deficient bacteria. EPS prevents bacterial agglutina-
tion by masking the cellulose fibrils in the root hair curl. Nodule formation was
arrested at the primordium stage in plants inoculated with EPS-deficient strains via
RBL5833 due to cellulose-mediated agglutination of the bacterial cells in the root
hair curl. Inoculation of EPS defective mutant RBL5833 has also been reported to
severely reduce the number of infection sites on V. sativa roots when compared
with wild-type-inoculated roots and suggested the role of EPS on enhancing
primary attachment to the tip of growing root hairs as well as for infecting emerging
epidermal root hairs by cellulose-deficient strains.

Cellulose deficiency of mutant RBL5760 (CF—:EPS+) does not affect nodule
number or delay nodule initiation in V. sativa subsp. nigra and nodules were



13 Exopolysaccharide from Rhizobia: Production and Role in Symbiosis 283

Fig. 13.9 Structure of A) 4-day biofilm B) cross section
biofilms formed by the 4 T R T
R. leguminosarum bv. :
trifolii wild-type strain 24.2
and its mutants

Rt2472(rosR)

Rt5819(pssA)

Rt24.2(pBR1)

Rt24.2(pBA1)

elongated and pink colored, an indication of nitrogen fixation. However, 95% of
infection threads were originated from infection sites localized on the epidermal
surface, while wild strain RBL5523 produced majority of infection threads from a
curled tip of an elongated root hair. RBL5973 (CF:EPS")-inoculated root sections
revealed that this EPS- and cellulose-deficient strain infects the roots via cortical
root hairs. Continuous Nod factor production by these bacteria is likely to induce
polarized elongation of cortical cells, since cortical root hairs are mainly found on
roots after application of Nod factors (van Spronsen et al. 1994). Restoring cellu-
lose production through complementation with cel/E containing plasmid pMP4698
also restored the infection of elongated root hairs to levels observed with wild-type
RBL5523. The results clearly demonstrated that EPS and CF determine the site of
colonization and place of origin of infection threads during nodulation process
(Figs. 13.9 and 13.10).

Roots inoculated with EPS defective mutant strains like RBL5973 (CF—:
EPS—), RBL5833 (CF+:EPS—), and RBL5808 (CF+:EPS—) formed abortive
infection threads originated from infection sites on the root surface (Fig. 13.10).
Infection sites and infection threads were not observed in elongated root hairs.
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Fig. 13.10 Attachment of R. leguminosarum bv. trifolii wild type and its mutants on sand (a) and
clover roots (b)

Infection threads initiated from these infection sites aborted in the first or second
cortical cell layer, concomitant with an early arrest in nodule development.
Nodules remained small, white, and uninfected when roots were observed for
several weeks. The appearance of small uninfected nodules suggests that infection
of the cortex is a prerequisite for (young) nodule formation. Abortion of the
RBL5973 (CF—:EPS—)-induced infection threads before entry into the nodule
primordium demonstrates the importance of EPS production for infection thread
elongation. It is not clear whether infection thread extension is dependent on the
presence of the succinyl substituent of succinoglycan or on the production of low-
molecular-weight (trimer, dimer, and monomer) forms of succinoglycan. If
succinoglycan has a role in signaling to the plant, perhaps the low-molecular-
weight forms can interact more readily with the plant cell membrane.

13.5.2 EPS Is a Determinant of Host-Plant Specificity
in Nodulation

Rhizobia that form indeterminate type nodules in Vicia, Medicago, Pisum, or Trifolium
are reported to produce EPS for tight root hair curling, proper infection thread
formation, bacteria release, bacteroid development, and the effective nodulation (van
Workum et al. 1998; Rolfe et al. 1996; Pellock et al. 2000). Restoring symbiotic
efficiency in exo defective mutants of S. meliloti by the addition of picomolar quantities
of trimer fraction of the EPS I or EPS 1II fraction containing 15-20 units indicated that
low-molecular-weight EPS may act as a signaling molecule during invasion process
(Wang et al. 1999; Battisti et al. 1992; Gonzalez et al. 1996). In the case of
R. leguminosarum bv. trifolii, purified EPS fractions restored the nodulation of exo
mutants (Djordjevic et al. 1987). Fix™ nodules were formed in V. sativa only on roots
infected with rhizobia producing identical (R. leguminosarum bv. viciae and
bv. trifolii) or similar EPS (R. leguminosarum and R. tropici). As EPS from



13 Exopolysaccharide from Rhizobia: Production and Role in Symbiosis 285

nonhomologous rhizobial strains or structurally changed homologous EPS could not
compensate for symbiotic deficiency, it was concluded that EPS structure could be one
of determinants of the host specificity at early stages of root infection. These observa-
tions supported the hypothesis that host-specific infection is dependent on EPS struc-
ture (Laus et al. 2005). However, nodule initiation in V. sativa by heterologous
rhizobial strains after acquisition of pSym plasmid from R. leguminosarum
bv. viciae indicated that infection of root tissue can occur regardless of EPS structure,
and Nod factor is the only determinant of the host specificity (Laus et al. 2004, 2005).
R. leguminosarum bv. viciae producing S. meliloti Nod factor successfully infected
alfalfa transgenic for pea lectin despite the different EPS structure (van Rhijn et al.
2001). The controversy on the role of EPS on host specificity is not yet resolved.

13.5.3 EPS Is Involved in the Evasion of Plant Defense
Response

Plants have evolved defense mechanisms like production of antimicrobial compounds,
phytoalexins, reactive oxygen species, etc., to protect themselves from biotic as well as
abiotic stresses. Similarly, plant pathogens and symbiotic bacteria have also evolved
mechanisms to avoid plant defense system for effective colonization. Surface poly-
saccharides such as EPS, CPS, LPS, and glucan produced by rhizobia play important
roles to overcome host defense mechanisms (D’Haeze and Holsters 2004). Structural
features of exopolysaccharides are critical for suppression of host defense responses
(Pellock et al. 2000). Changes in the structure of particular surface polysaccharides
generally result in an increased sensitivity to host antimicrobial compounds. EPS 1
defective mutants of S. meliloti elicited noninfected pseudonodules and induced plant
defense response on M. sativa. Cortical cells of pseudonodules were abnormally thick
and encrusted with autofluorescent phenolic compounds compared to wild-type nod-
ules. Cell walls and wall apposition contained callose. Low-molecular-weight EPS I
added to alfalfa cell cultures suppressed the alkalinization induced by yeast elicitor,
while heterologous EPS or HMW EPS I failed to suppress alkalinization (Niehaus et al.
1996). These data indicated that LMW EPS 1 is a specific suppressor of plant defense
system in the case of S. meliloti—-M. sativa symbiosis. Structural changes in the EPS of
exoB mutant of Bradyrhizobium japonicum can induce soybean nodules in which
significant amounts of phytoalexin—glyceollin accumulated (Parniske et al. 1994).
This antimicrobial compound normally accumulates during infection of soybean by
pathogenic Phytophthora megasperma (Schmidt et al. 1992). In Azorhizobium
caulinodans—Sesbania rostrata symbiosis, mutants deficient in EPS production were
blocked at an early stage of invasion. EPS of A. caulinodans is required as a diffusion
barrier protecting bacteria against toxic HO, generated by the host. The establishment
of functional symbiosis probably depends on the suppression of plant defense
mechanisms.



286 M. Senthil Kumar et al.

13.5.4 EPS Is Essential for Cell Attachment and Biofilm
Formation on Abiotic Surfaces

Rhizobia have to survive long periods of time under soil conditions when the host
plant is not available. Biofilm forming ability is considered as one of the survival
strategy, and EPSs play a significant role in biofilm formation as an essential
component of the biofilm matrix (Koo et al. 2013). The cells of pssA mutant of
R. leguminosarum bv. trifolii strain Rt5819pssA completely lost its EPS production
trait and produced immature/irregular pseudo-biofilm with a depth of 12.5 pm,
while the wild-type strain Rt24.2 produced regular biofilm with a depth 43 pm
(Janczarek et al. 2015 PS). Adhesion of rosR mutant strain Rt2472rosR was
significantly impaired and an immature biofilm with the maximal depth 21.6 pm
was formed. A strain Rt24.2 (pBA1) carrying multiple pssA copies overproduced
EPS (156% of wild-type strain) and developed densely packed biofilm with three-
fold greater depth than that formed by the wild type. Survival of bacteria in the
biofilms formed by the individual strains was established and presented as a ratio of
live to dead cells. Majority of wild-type bacteria cells were alive (alive/dead
ratio = 49), while decrease in cell viability was the highest in the pssA mutant,
which does not produce any amount of EPS (a ratio of 1.68). This indicates that the
lack of proper amounts of EPS significantly reduced survival of the cells. This
suggests that larger amounts of EPS secreted by the bacteria into the environment
enable them to form biofilm with an appropriate organization faster and survive
better in this specific ecological niche. Similarly, wild-type bacteria exhibited high
efficiency in attachment to sand particles, since 3.4 x 10* cells/mg of sand were
attached after 1 h and 16.5 x 10* cells within 48 h post-inoculation. In contrast, the
rosR mutant showed a decreased ability to adhere to this material, since the
numbers of the cells attached after 1- and 48-h incubation were 33.5 and 38.4%,
respectively, of those attached by the wild-type strain. While pssA mutant totally
lost the ability of attachment and biofilm formation on this surface, cells adherent to
sand particles accounted only for 7.6% of those detected for the control strain. EPS
overproducing strains via Rt24.2 (pBA1) and Rt24.2 (pBR1) strains exhibited
significantly higher efficiency in adhesion. Hence, rhizobial EPS is very important
for successful and efficient adhesion of the bacteria to root or sand surfaces
available in the environment.

13.6 Future Aspects for Research

Extracellular polysaccharides (EPS) are species-specific complex carbohydrate
polymers of rhizobia that are involved in successful development of symbiosis
with legume hosts. Several putative roles have been considered for EPS synthesis
such as specific signaling in the root invasion process, inhibition of plant defense
response, and electrophoretic mobility of rhizobial cells. EPS is indispensable
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compound for the initiation and propagation of infection threads, bacterial release
from the infection threads, and development of bacteroids (Ivashina and Ksenzenko
2012) in host plants that produce indeterminate type nodules. New development of
molecular methods should be explored to advance our understanding on the bio-
synthesis, regulation, and secretion of exopolysaccharides. Future research should
enlighten the mechanisms of EPSs’ action as signaling molecules in the initiation
and development of symbiosis. Despite the massive and chronic infection of nodule
tissues, rhizobium—legume interactions are plant beneficial for N-requirement.
Successful symbiotic development depends on the ability to actively suppress
plant innate immunity that also provides an opportunity for infection by pathogenic
organisms, while allowing infection by the compatible symbiont may have been a
selective driving force that led to mechanisms of rhizobium host specificity.
Revealing molecular network involved in the plant recognition of host-specific
rhizobia and suppression of host immunity will be the key to manipulate ecological
relationships in the context of agricultural systems. Studies indicated that EPS of
R. tropici can be successfully utilized as alternative vehicles for inoculation as they
promote symbiotic efficiency, growth, and productivity in cowpea co-inoculated
with Bradyrhizobium sp., Paenibacillus graminis, and P. durus. Commercial pro-
duction of EPS from rhizobia may be considered highly promising unexplored
sources of microbial polysaccharides for industrial applications and soil-stabilizing
agents as none of the rhizobia has been shown to be pathogenic. This may represent
a potential opportunity for the bio-inoculant producing industries as best alternative
activity during the non-crop seasons.
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Chapter 14
Nitrogenase (a Key Enzyme): Structure
and Function

Devendra K. Choudhary and Ajit Varma

14.1 Introduction

Sustainable agriculture involves designing farm system employing nature as a
model. Sustainable agriculture has currently to cope with serious threats that
compromise the food security for a human population under continuous growth,
all these exacerbated by climate change. Some of these include the loss of usable
land through overuse, deforestation, and poor irrigation practices, which have led to
desertification and salinization of soils, especially in dry lands. Approaches cur-
rently being taken to face this situation come from the development of stress-
tolerant crops, e.g., by genetic modification or breeding traits from wild plants.
Genetic engineering has been proposed as the solution to these problems through a
rapid improvement of crops. Crop genetic modification has generated a great public
concern regarding their potential threats to the environmental and public health. As
a consequence, legislation of several countries has restricted their use in agriculture.
On the other hand, exotic libraries from wild plants for clever plant breeding could
overcome the problem of narrowed genetic variability of today’s high-yield crops.
Plant breeding driven by selection marker has also been a major breakthrough.
However, these approaches have met limited success, probably because stress
tolerance involves genetically complex processes and the ecological and evolution-
ary mechanisms responsible for stress tolerance in plants are poorly defined
(Choudhary et al. 2011).

The present world population of seven billion is expected to reach ten billion by
the middle of the twenty-first century due to the high growth rate, in developing
countries. By 2050, there is a need to produce about 70% more food to feed world’s
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population (Glick 2014). With more than 20,000 different plant species, legumes
are the third largest family of higher plants. Legumes are a pivotal constituent of the
ecosystem and sustainable agriculture worldwide and are of immense importance
for providing food to the ever-growing world’s population. Legumes are also a
significant source of food and are grown on a large scale in the arid and semiarid
area of the world; India ranks first in the world as legume producer and consumer.

Legumes are belonging to the genera and species of the family Fabaceae or
Leguminosae (with about 700 genera and 18,000 species) in the order Fabales.
Legume crops can be divided into four major classes, namely, (i) food legumes
(Vicia faba, Glycine max, Phaseolus, Cajanus, Vigna radiata, Cicer arietinum,
etc.), (ii) fodder legumes (Lablab, Centrosema, Stylosanthes, Desmodium, etc.),
(iii) green manure legumes (Mucuna, Crotalaria, Tephrosia, Canavalia, etc.), and
(iv) tree legumes/multipurpose trees (Leucaena, Sesbania, Calliandra, Pterocarpus,
Acacia, Gliricidia, Senna, etc.), and divided into two groups on the basis of their
habitat to grow in different seasons, namely, cool season food legumes and warm or
tropical season food legumes. The cool season food legumes include faba bean
(V. faba), lentil (Lens culinaris), lupins (Lupinus spp.), dry pea (Pisum sativum),
chickpea (C. arietinum), grass pea (Lathyrus sativus), and common vetch (Vicia
sativa) crops. On the other hand, the warm or tropical season food legumes include
pigeon pea (Cajanus cajan), cowpea (Vigna unguiculata), soybean (G. max L.),
mung bean (V. radiata L.), and urad bean (Vigna mungo) crops; these are mainly
grown in hot and humid climatic environment. Tropical food legume crops are most
popular in different parts of the world, such as soybean, cowpea, mung bean, and
urad bean, and are mainly grown in India, the USA, and African countries, espe-
cially in different states of India. Legumes provide a sustainable agriculture and the
maintenance of the adequate fertility of the soil. These include fixing atmospheric
nitrogen (N,); improving soil structural characteristics; encouraging beneficial
microorganisms; deep-rooted perennial legumes reducing the risk of groundwater
contamination by nitrate and the development of dry land salinity, due to their
ability to grow and extract water all year round; and the reclamation and revegeta-
tion of degraded or cleared lands (Chaer et al. 2011). Based on these attributes,
legumes are one of the most promising component of the Climate Smart Agriculture
concept. Legumes rank third after cereals and oilseeds in world production and have
major effects on the environment and animal and human health. Legumes are a
primary source of protein and provide around one-third (20-40%) of all dietary
protein and produce secondary metabolic compounds that can protect the plant
against pathogens and pests (Kragt and Robertson 2014).

Nitrogen is one of the essential nutrients for plants, and it is also a growth
limiting factor for agricultural ecosystem. Plants cannot use atmospheric N directly;
hence, this form of N needs to change into another form to be available for the
plants, such as nitrate (NO3;~) and ammonium (NH,*). BNF through rhizobium
legume symbiosis is a well-known mechanism employed by PGPB to fix atmo-
spheric nitrogen. PGPB convert atmospheric nitrogen to ammonia, a form that can
be used up by plants (Franche et al. 2009; Bhattacharyya and Jha 2012). These
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bacteria contain enzyme complex nitrogenase that fixes atmospheric nitrogen to
ammonia. Both endophytes and epiphytic bacteria are capable of increasing the
nitrogen content of stressed soil, thus increasing the amount of the macronutrient
available for plant uptake and possibly preventing or correcting nitrogen deficiency
symptoms in plants under abiotic stresses (Franche et al. 2009). Hence, BNF is
considered as an important trait of PGPB as it directly provides nitrogen to the plant
for their growth.

Agriculture has a long history of research targeted at understanding how to
improve the effectiveness of root symbionts, viz., thizobia and mycorrhiza. A
promising approach has been employed to understand how natural selection regu-
lates changes in mutualistic interactions (Denison et al. 2003). A descriptive
knowledge of basic evolutionary processes can be employed to develop agricultural
management practices that favor the most effective symbionts. Mutually beneficial
interactions between plant and associated rhizospheric microorganisms are ubiqui-
tous which is important for ecosystem functioning. Symbiotic nitrogen fixation by
bacteria, e.g., Rhizobium, Bradyrhizobium, Mesorhizobium, Sinorhizobium, and
Azorhizobium spp., which are collectively known as rhizobia, or by Frankia spp.
is the major N input to many natural and agricultural ecosystems in the root nodules
of legumes or actinorhizal plants, respectively. Among them, several PGPB have
been commercialized, namely, Agrobacterium radiobacter, A. lipoferum,
A. brasilense, B. fimus, B. pumilus, B. subtilis var. amyloliquefaciens, Burkholderia
cepacia, P. fluorescens, P. macerans, P. syringae, Serratia, Streptomyces lydicus,
various Rhizobia spp., etc. (Glick 2012).

In addition, mycorrhizal fungi supply their host plants with mineral nutrients,
viz., P, and other benefits. Several rhizospheric microorganisms cause severe
infection to roots and so-called root pathogens that can be suppressed by Pseudo-
monas fluorescens after colonization of the roots, thereby improving plant health
(Denison et al. 2003). Plant-mediated mineralization for nutrient acquisition in
agro-ecosystem would reduce the potential for nutrient losses because of tight
coupling between net mineralization of N and P and plant uptake in the rhizosphere.
Microorganisms and their products in the rhizosphere react to the many metabolites
that are released by plant roots in a variety of positive, negative, and neutral ways.
Such interactions can influence plant growth and development, change nutrient
dynamics, and alter plant’s susceptibility to disease and abiotic stresses. Overall,
the general rhizosphere effect could help the plant by maintaining the recycling of
nutrients through the production of hormones that help provide resistance to
microbial diseases and to aid tolerance to toxic compounds. This benefit can either
persist or be lost in well-fertilized agricultural soils where nutrients are readily
available to plants and symbionts that reduce growth (Morgan et al. 2005).

Legumes are simultaneously one of the largest families of crop plants occupying
nearly all terrestrial biomes (Table 14.1).

The unusual flower structure, podded fruits, and the ability of the 88.0% species
to form root nodules with compatible rhizobacteria define the legumes (Graham
and Vance 2003). The wide use of legumes as food crops, forages, and green
manures is mainly associated with their ability to establish symbiotic associations
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Table 14.1 Legumes with their common and scientific name along with their important uses

Common name | Scientific name | Uses
Garden pea Pisum sativum Pulse
Chick pea Cicer arietinum | Pulse
(Gram)
Pigeon Pea Cajanus cajan Pulse
(Arhar)
Lentil (Masur) | Lens culinaris Pulse
Soybean Glycine max Pulse, oil
Imli Tamarindus Fruit pulp is eaten
indica
Babul Acacia nilotica Good source of gum, fuel, and timber
subsp indica
Khejri Prosopis Good source of timber and fuel, pods are used as vegeta-
cineraria ble, leaves are used as fodder
Black gram Vigna mungo Pulse, dietary protein with high protein content
(Urad)
Green gram Vigna radiate Pulse, provide essential amino acids
(Mung bean)
Moth bean Vigna Pulse, source of dietary proteins

aconitifolia

Jangali moth

Vigna trilobata

Seeds are good source of protein

Field bean Vicia faba Vegetable
(Bankla)
Cowpea Vigna Vegetable
(Lobia) unguiculata
Cluster bean Cyamopsis Vegetable
(Guar) tetragonoloba
Jack bean Canavalia Vegetable
ensiformis
Groundnut Arachis Oil
hypogaea
Fenugreek Trigonella Seeds are used in various medicines, given to cattle
foenumgreacum
Guar Cyamopsis Plant is used as green manure, pods used as vegetables,
tetragonoloba grains are given to cattle and used against swellings
Shisham Dalbergia sissoo | Valuable timber
Neel Indigofera Yield dye
argentea
Neel Indigofera Yield dye
tinctoria
Rijaco Medicago sativa | Used as cattle feed

with stem- and root-nodulating nitrogen (N,)-fixing bacteria, which are collectively
referred to as rhizobia. Rhizobia are of particular interest due to their symbiotic
association with members of Leguminosae (Saleena et al. 2001), which is the
second largest family of flowering plants. Recent information indicates that about
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3000 bacterial taxa are capable of nodulating 400 taxa, while information is lacking
for more than 40% of the genera (http://www.ildis.org).

Nitrogen being an essential component of proteins, nucleic acids, and other
nitrogen compounds is considered as one of the vital component of living system.
PGPB have the capacity to fix atmospheric dinitrogen by forming nodule in roots
and provide nitrogen to plant in the form of ammonia. The bacteria responsible for
nitrogen fixation are called diazotrophs. The members of the alpha and beta
subgroup of the phylum proteobacteria are the main rhizobial bacteria associated
with legumes (Bomfeti et al. 2011). PGPB can fix nitrogen symbiotically or
non-symbiotically. Symbiotic N, fixation accounts for nearly 65% of the total
biologically fixed nitrogen (Rajwar et al. 2013). Symbiotic N, fixation occurs in
Azotobacter spp., Bacillus spp., Beijerinckia spp., etc. (Bhattacharyya and Jha
2012), whereas non-symbiotic nitrogen fixation occurs in free-living diazotrophs,
Azospirillum (Bashan and de-Bashan 2010), Pseudomonas (Mirza et al. 2006), and
Burkholderia (Estrada-De Los Santos et al. 2001).

Rhizobia are known to suppress the population of soil pathogens in agricultural
and natural ecosystem, viz., a strain of Bradyrhizobium japonicum can cause up to a
75% decrease in sporulation of Phytophthora megasperma, 65% in Pythium
ultimum, 47% in Fusarium oxysporum, and 35% in Ascochyta imperfecta. From
an agricultural point of view, the most significant interactions are those of the
Fabaceae—Rhizobium spp./Bradyrhizobium spp. root nodule symbioses (Squartini
2003). Recent work on root nodule bacteria has demonstrated that this interaction is
not restricted to Rhizobium/Bradyrhizobium but includes N,-fixing strains of
Ralstonia, Burkholderia, and Methylobacterium that have been recovered from
the nodules of several tropical Fabaceae. The plant-bacteria association has been
commercially exploited wherein seed and soil inoculants of rhizobia are employed
for many crops that include soybean, bean, peanut, and clover (Deaker et al. 2004).

14.2 Nitrogenase: Structure and Function

Diazotrophs contain nitrogenase enzyme complex that is mainly involved in nitro-
gen fixation. This enzyme system consists of three subunits, and it is regulated by a
complex system of multiple genes: Nitrogenase 1 (classic), encoded by nif gene that
shows iron and molybdenum; Nitrogenase 2, which is encoded by vnf gene and
exhibits vanadium; and Nitrogenase 3, which is encoded by anf gene and has an
iron (Fig. 14.1) (Yang et al. 2014). Some novel nitrogenases had been discovered in
Streptomyces thermoautotrophicus (Zhao et al. 2006) and in Rhodopseudomonas
palustris (Li et al. 2005). PGPB accelerate nodulation and increase nitrogen fixation
activity in soybean (Dashti et al. 1998), in Phaseolus (Figueiredo et al. 2008), and
many other legumes (Divito and Sadras 2014).

Among biogeochemical cycles, nitrogen fixation has been considered an impor-
tant process that helps in shaping the fertility of an ecosystem. Codispoti et al.
(2001) described a need for suitable restraints on rates of nitrogen fixation that has
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Nitrogenase-1 Nitrogenase-2 Nitrogenase-3
{Mo, Fe} {V,Fe} {Fe}

Transcriptional
activator Sensor core
? ?
Effector molecule . . . .
O, FAD: Flavin adenine dinucleotide

Fig. 14.1 A schematic representation of three-nitrogenase system

urged surveys into new destinations for nitrogen fixation along with novel nitrogen
fixers. Based on previous reports, biologically mediated nitrogen fixation is cata-
lyzed by an enzyme nitrogenase that exists in three different isozymes and deploy
either Mo, Fe-only, or V at the active site (Robson et al. 1986). Besides having an
established Mo-nitrogenase, some of the diazotrophs encode an additional Fe-only
nitrogenase, V-nitrogenase, or both. Because of their low occurrence and produc-
tivity compared with established nitrogenases, these isoforms of nitrogenases are
usually regarded as “backup” enzymes and used only when Mo is not accessible
(Eady and Robson 1984).

tructurally nitrogenase is encoded by operons nifHDK (Mo-nitrogenases),
anfHDK (Fe-only nitrogenases), and vnfHDK (V-nitrogenase) wherein alternative
nitrogenases similarly involve anf/vnfG (Waugh et al. 1995). Gaby and Buckley
(2011) described diversity of established Mo-nitrogenases that has been studied
extensively by employing PCR primers targeting nifH wherein sequences detected
that thought to belong to alternative nitrogenases (anfH, vnfH) (Farnelid et al.
2013). Young (2005) reported that nif/anf/vnfH genes inappropriately do not encode
the region that harbors the metal center and not considered finally indicative for the
type of isozyme. Recently, Tan et al. (2009) surveyed nif/anf/vnfH genes in the
environment and concluded that alternative nitrogenase diversity has mainly been
untouched. Upon sequencing, genomes of taxonomically diverse diazotrophs genes
for alternative nitrogenases have been recognized (Oda et al. 2008; Dos Santos et al.
2012). In addition, microbial strains have been recovered from soils, wood chips,
mangrove sediments, termite hindgut, and lichen cyanobionts with expression of
alternative nitrogenases Nitrogenase:alternative nitrogenases (Betancourt et al.
2008; Noda et al. 1999; Hodkinson et al. 2014) together with mesocosm soil
experiments amended with vanadium (Bellenger et al. 2014). The isotopic
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acetylene reduction assay (ISARA) technique has been deployed to characterize
alternative nitrogenases in Sippewissett Marsh that discriminates between
established and alternative N, fixation by measuring '*C isotopes (Zhang et al.
2016).

Based on published report, the distribution of nitrogen fixation genes in bacterial
and archaeal genomes is sporadic and intricated by horizontal gene transfers (Boyd
and Peters 2013). According to Dos Santos et al. (2012), microbes with alternative
nitrogenases also encoded established Mo-nitrogenases and genes for alternate
nitrogenase were reported in a-, Y-, and d/e-proteobacteria. Interestingly, no alter-
native nitrogenase sequences have been recovered from the B-proteobacteria. As
such, genome sequencing efforts should continue to reveal organisms with alterna-
tive nitrogenases and provide a broader understanding of the taxonomic distribution
of these enzymes (Noda et al. 1999; Dos Santos et al. 2012; Zhang et al. 2016).

14.3 PCR Amplification of N,-Fixing bacteria

Genetic diversity of bacteria is being analyzed increasingly by PCR-based genomic
fingerprinting methods. As more knowledge is acquired and isolates from
unexplored legumes are studied, new species are discovered and former species
rectified. Due to improved methods of characterization, the classification of
rhizobia has undergone drastic changes and the phylogenetic analysis of the family
Rhizobiaceae and related genera has been upgraded (Young et al. 2001). Molecular
tools for the identification of bacteria were used and 16S rRNA gene analysis was
intensively used to understand the phylogenetic relationships. Bacterial phyloge-
netic classification is based on sequence analysis of the SSU 16S rRNA molecule or
its genes. Given the conservation of 16S rRNA gene, at least 99% similarity seems
to be a commonly accepted score for identification (Drancourt et al. 2000). Homol-
ogy tree based on sequence alignment of 16S rDNA of bacterial isolates permitted
rapid phylogenetic analysis. However, strains isolated from different geographic
locations shared similar DNA homology. Phylogenetic analysis on the basis of 16S
rDNA sequences provided better understanding in evaluation of genetic diversity of
rhizobacteria isolated from same and different ecological niche; phylogenetic
analysis of 500 bp of terminal region of 16S rDNA from cultivated strain has
been found to show existence of large bacterial diversity (Hunter-Cerva 1998).
Researchers extensively applied the restriction fragment length polymorphism
(RFLP) analysis of PCR-amplified 16S rRNA gene for identification of rhizobia,
and thereby, several novel species have been reported during the last decade (Wang
et al. 2002). Applying these techniques, Allorhizobium undicola and all species of
Agrobacterium have been reassigned to the genus Rhizobium (Young et al. 2001).
Pandey et al. (2005) characterized PGPR isolates as Burkholderia from root
nodules of Mimosa species using 16S rDNA gene analysis. Similarly based on
the sequencing of the 16S rRNA gene, Bacillus thuringiensis KR-1, Enterobacter
asburiae KR-3, and Serratia marcescens KR-4 were characterized as non-rhizobial
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PGPR isolates from Nodules of Kudzu (Pueraria thunbergiana) (Selvakumar et al.
2008). Partially identified diazotrophic PGPR isolates from traditional Indian rice
cultivars through amplification of nifH gene and sequencing of 16S rDNA gene.
Binde et al. (2009) used rep-PCR fingerprinting and sequencing of 16s rDNA for
taxonomic identification of 54 elite commercial rhizobial strains used as rhizobial
inoculants in Brazil. Taghavi et al. (2009) used restriction analysis and sequencing
of amplified 16S rRNA gene for identification and characterization of the endo-
phytic bacteria exhibiting beneficial effects on the growth and development of
Poplar trees (a non-legume plant).

Pandey et al. (2004) applied rep-PCR fingerprinting along with amplified ribo-
somal DNA restriction analysis (ARDRA) and amplification of nifH gene for
identification of genetic diversity of rhizobia from medicinal legumes growing in
sub-Himalayan region of Uttarakhand (India). Solano et al. (2006) applied
PCR-RAPD analysis and 16S rDNA sequencing for screening and identification
of isolates to improve the growth of Cistus ladanifer seedlings for reforestation of
degraded Mediterranean ecosystems. Santillana et al. (2008) characterized diversity
of rhizobial isolates exhibiting different RAPD profiles from V. faba and P. sativum
in Peru based on rrs, atpD, recA genes and 16S-23S intergenic sequence (IGS)
analysis. Phylogenetic analysis based on the 16S rRNA gene sequences showed that
the novel strains formed a subclade in the genus Rhizobium together with
Rhizobium galegae, Rhizobium huautlense, and Rhizobium alkalisoli, with 99.8%
gene sequence similarity between the strains. The improvement of molecular
biology-based approaches will be fundamental for analyzing microbial diversity
and community structure and to predict responses to microbial inoculation/pro-
cesses in the environment (“‘ecological engineering”).

Molecular tools for the identification of bacteria were used, and 16S rRNA gene
analysis was intensively used to understand the phylogenetic relationships. Bacte-
rial phylogenetic classification is based on sequence analysis of the SSU 16S rRNA
molecule or its genes. Over 20,000 SSU RNA gene sequences have now been
deposited in specialist --RNA databases such as the rRNA Database Project (RDP).
Given the conservation of 16S rRNA gene, at least 99% similarity seems to be a
commonly accepted score for identification. Homology tree based on sequence
alignment of 16S rDNA of bacterial isolates permitted rapid phylogenetic analysis.
However, strains isolated from different geographic locations shared similar DNA
homology. Phylogenetic analysis on the basis of 16S rDNA sequences provided
better understanding in evaluation of genetic diversity of rhizobacteria isolated
from same and different ecological niche; phylogenetic analysis of 500 bp of
terminal region of 16S rDNA from cultivated strain has been found to show
existence of large bacterial diversity (Hunter-Cerva 1998).

Researchers extensively applied the RFLP analysis of PCR-amplified 16S
rRNA gene for identification of rhizobia, and thereby, several novel species
have been reported during the last decade. Applying these techniques,
A. undicola and all species of Agrobacterium have been reassigned to the genus
Rhizobium (Young et al. 2001). Pandey et al. (2005) characterized PGPR isolates
as Burkholderia from root nodules of Mimosa species using 16S rDNA gene
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analysis. Selvakumar et al. (2008) identified nitrogen-fixing Sinorhizobium
meliloti from Medicago laciniata on the basis of PCR-RFLP analyses of 16S
rDNA and the intergenic spacer (IGS) sequence between 16S and 23S rDNA
regions. Similarly based on the sequencing of the 16S rRNA gene, B. thuringiensis
KR-1, E. asburiae KR-3, and S. marcescens KR-4 were characterized as
non-rhizobial PGPR isolates from Nodules of Kudzu (P. thunbergiana). Jha
et al. (2009) partially identified diazotrophic PGPR isolates from traditional
Indian rice cultivars through amplification of nifH gene and sequencing of 16S
rDNA gene. Binde et al. (2009) used rep-PCR fingerprinting and sequencing of
16s rDNA for taxonomic identification of 54 elite commercial rhizobial strains
used as rhizobial inoculants in Brazil. Recently, Taghavi et al. (2009) used
restriction analysis and sequencing of amplified 16S rRNA gene for identification
and characterization of the endophytic bacteria exhibiting beneficial effects on
growth and development of Poplar trees (a non-legume plant).

14.4 Role of Benign Nitrogen Fixers

Microorganisms represent a substantial portion of the standing biomass in terres-
trial ecosystem that contributes to the regulation of C sequestration, N availability
and losses, and P dynamics. Microbial biomass P turnover is rapid which is
approximately twice as fast as C, suggesting the potential for microbial P pools to
support plant P requirements (Kouno et al. 2002). Heterotrophs in soils with larger
plant species diversity convert a greater proportion of metabolized C to biomass
(Aoyama et al. 2000). The intentional management of the microbial community to
enhance N retention in soils makes it possible to characterize abundance and
activity of microbial functional groups. Denitrifiers in agricultural soils are more
sensitive to O, levels that produce a greater proportion of N,O compared to
denitrifiers recovered from an early successional plant community. The rate of
denitrification and the proportion of N,O to N, produced affect the denitrifier
community composition (Cavigelli and Robertson 2001). There is an increasing
interest in understanding the cooperative activities among microbial populations
because of current public concerns about the adverse effect of agrochemicals and
how do they affect AESs when applied in agricultural soils (Lucy et al. 2004). Two
types of interactions in the rhizosphere are recognized mainly wherein one is based
on dead plant material (the detritus-based interactions), and other involves living
plant roots. Both types of interactions are relevant to agronomy and ecology.
Microbial activity in the rhizosphere affects rooting pattern and the supply of
available nutrients to plants, thereby modifying the quality and quantity of root
exudates. The specific structure and diversity of the rhizosphere bacterial commu-
nity varies between plant species and over time, and the different root zones present
on the same plant can support distinct bacterial communities that reflect on the
qualitative and quantitative differences in root exudation (Gryndler 2000).
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Some PGPRs can improve nodulation and N, fixation in legume plants (Lucas-
Garcia et al. 2004). Research on the mechanisms by which PGPR enhance nodule
formation implicates their production of plant hormones among the co-inoculation
benefits. For example, Chebotar et al. (2001) demonstrated that some Pseudomonas
strains, but not all, increased nodule number and acetylene reduction in soybean
plants inoculated with B. japonicum. The possibility that metabolites other than
phytohormones, such as siderophores, phytoalexins, and flavonoids, might enhance
nodule formation has also been proposed (Lucas-Garcia et al. 2004). Inoculation of
phosphate-solubilizing bacteria (PSB) enhanced nodulation and N, fixation (ISN)
by alfalfa plants, in parallel with an increase in the P content of plant tissues. It is
therefore thought that an improvement in P nutrition of the plant resulting from the
presence of PSB was responsible for increased nodulation and N, fixation, as it is
well known that these processes are P dependent (Barea et al. 2005). In a recent
study, it was demonstrated that PGPR isolated from a Cd-contaminated soil
increased the nodulation of clover plants growing in this soil (Vivas et al. 2005).
One explanation for this effect may be that the PGPR accumulated Cd and therefore
reduced solution Cd concentrations and Cd uptake by plants and rhizobia, thereby
preventing Cd toxicity and enabling nodulation. In addition, an increase in soil
enzymatic activities (phosphatase, p-glucosidase, dehydrogenase) and of auxin
production around PGPR-inoculated roots could also be involved in the PGPR
effect on nodulation.

New paradigms for sustainable crop improvement are currently arising. The
above approaches do not consider the fact that plants in ecosystems have developed
natural symbiotic associations for at least 400 million years (Krings et al. 2007)
with a broad diversity of microbial symbionts. It is a well-accepted view that
symbiotic legumes benefit companion and subsequent plant species in intercrop
and rotation system. Rhizobia (species of Rhizobium, Bradyrhizobium,
Azorhizobium, Allorhizobium, Sinorhizobium, and Mesorhizobium) produce chem-
ical molecules that influence plant development including phytohormones, lipo-
chito-oligosaccharides, Nod factors, lumichrome, riboflavin, and H, evolved by
nitrogenase. Nod factors stimulate seed emergence, promote plant growth, and
increase grain yield when they reside in the soil. From an agricultural point of
view, the most significant interactions are those of the Fabaceae—Rhizobium spp./
Bradyrhizobium spp. root nodule symbioses (Squartini 2003). Recent work on root
nodule bacteria has demonstrated that this interaction is not restricted to Rhizobium/
Bradyrhizobium but includes N,-fixing strains of Ralstonia, Burkholderia, and
Methylobacterium that have been recovered from the nodules of several tropical
Fabaceae. The plant—bacteria association has been commercially exploited wherein
seed and soil inoculants of rhizobia are employed for many crops that include
soybean, bean, peanut, and clover (Deaker et al. 2004).

Symbiosis between legumes and rhizobia is of considerable environmental and
agricultural importance since it is responsible for most of the atmospheric nitrogen
fixed on land (Graham and Vance 2003). Among the 19,000 species described so
far, only a small proportion has been studied for their nodulation ability. The
legume biodiversity is concentrated in tropical regions, while most studies are on
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cultivated leguminous plants from temperate region wherein several symbionts
capable of forming nodules and fixing nitrogen in legume roots have been
documented and grouped under o and f subclass of Proteobacteria, which include
Methylobacterium nodulans (Sy et al. 2001), Blastobacter denitrificans, Devosia
sp. (Rivas et al. 2002), Ochrobactrum lupini (Trujillo et al. 2005), Agrobacterium
like strains (Mhamdi et al. 2005), Phyllobacterium trifolii (Valverde et al. 2005),
Herbaspirillum lusitanum (Valverde et al. 2003), Ralstonia taiwanensis (renamed
as Cupriavidus taiwanensis) (Chen et al. 2001), Burkholderia tuberum,
Burkholderia  phymatum (Vandamme et al. 2002), and B. cepacia
(Rasolomampianina et al. 2005) and a few y-proteobacteria (Benhizia et al.
2004). The legume host preferred by these non-rhizobial proteobacteria possesses
high diversity (Balachandar et al. 2007).

14.5 Conclusions

The plant-associated habitat is a dynamic environment in which many factors may
affect the structure and species composition of the bacterial communities that
colonize plant tissues. Some of these factors are seasonal changes, plant tissue,
plant species and cultivar, soil type, and interaction with other beneficial or
pathogenic microorganisms. An understanding of the structure and species compo-
sition of plant-associated bacterial populations is fundamental to understanding
how plant-associated biological processes are influenced by environmental factors
and, consequently, has important biotechnological implications. Plant growth and
development cannot be adequately described without acknowledging microbial
interactions.
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Chapter 15
Structure, Function, and Estimation
of Leghemoglobin

Saumya Singh and Ajit Varma

15.1 Introduction

Animals (all vertebrates and a few invertebrates) have known to contain hemoglobin
proteins as oxygen carrier. Later researches displayed that plants like animals contain
hemoglobins. Hemoglobins were originally isolated from mammals and studied exten-
sively. But later hemoglobins were found to be present in archaebacteria, eubacteria,
and plants (Hoy and Hargrove 2008). Three types of hemoglobins are found in plants:
symbiotic hemoglobin, non-symbiotic hemoglobin, and truncated hemoglobin. Sym-
biotic hemoglobins (leghemoglobin) are the originally identified hemoglobins, whereas
non-symbiotic hemoglobins are more recently discovered (Hoy and Hargrove 2008).
Symbiotic hemoglobins [leghemoglobin (Lb)] were first discovered by Kubo in
1939 (Hoy and Hargrove 2008). Leghemoglobin is a hemeprotein, found in milli-
molar quantities, in bacteroid-containing cells of the central tissue of legume root
nodules (Dakora 1995). This 16 kDa hemeprotein is an essential component for N,
fixation by legume nodules (Becana and Klucas 1992). This is the only abundant
hemoglobin found in plant kingdom. Leghemoglobin is produced in the roots of
legumes colonized by nitrogen-fixing bacteria Rhizobium, as a part of the symbiotic
association between plant and bacteria. These bacteroids are particularly responsi-
ble for fixing nitrogen. The biological nitrogen fixation process occurs though a
metalloenzyme nitrogenase. This enzyme is responsible for conversion of nitrogen
(N,) to ammonia (NHj). The nitrogenase enzyme complex gets irreversibly
inactivated if exposed to atmospheric levels of oxygen (Becana and Klucas
1992). However, the bacteroids are microaerobes and require oxygen for respi-
ration. Therefore, in order to protect nitrogenase enzyme complex, Lb plays
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physiological role of supplying oxygen to the bacteroids. The ATP produced via
oxidative phosphorylation of bacteroid respiration is used to reduce N, to NHj;
(Dakora 1995). It has been observed repeatedly that the presence of Lb is necessary
for proper functioning of nitrogenase enzyme in legume root nodules. The impor-
tance of the expression of leghemoglobin gene is emphasized by the observation
that leghemoglobin occupies about 40% of the total soluble protein share of nodules
(Nash and Schulman 1976).

15.2 Structure

Lb is a hemeprotein of 16 kDa. It constitutes a heme group (protoporphyrin IX) and
a single polypeptide (globin). The amino acid sequence of the globin moiety
depends on the legume species. Even within the same species, several isoproteins
of Lb components are usually found which differ from each other by a few amino
acids, whereas the heme moiety is always identical in all Lb molecules. Heme
moiety is always present in the ferrous state in vivo. A small amount of this ferrous
state is oxidized to ferric state, when Lb is extracted from the nodules. Therefore, it
was misreported by some workers that Lb is involved in the transport of electrons
required for reducing nitrogen to ammonia. Legume leghemoglobin is a complex
mixture of hemeproteins found in root nodules. It comprises two monomeric major
components (leghemoglobins a and ¢) and two less well-characterized minor
components (leghemoglobin » and d). Subsequent ion exchange chromatography
under improved conditions demonstrated that leghemoglobins ¢ and d were them-
selves mixtures of at least two heme proteins each (leghemoglobins ¢ and c¢,, d;
and d,) (Fuchsman and Appleby 1979). Differences in the amino acid sequences of
different components of Lb are small and correspond to approximately 10 (Marcker
et al. 1984). Lbc is composed of 139 amino acid and has a molecular weight of
15,400 and an amino terminal glycine residue, whereas Lba is composed of
142 amino acid residues with a molecular weight of 16,800 and amino terminal
valine residue (Nash and Schulman 1976). The ratio of different Lb components
varies according to the age of the nodules. High Lbc content to Lba content was
found to be a characteristic of young root nodules. Major components of Lb can
also be classified according to the relative movements of the components in
electrophoresis as fast-moving component LbF (Lbc; and Lbc,) and slow-moving
component LbS (Lba).

This globular protein usually consists of seven or eight helical segments named
A-H, with an iron porphyrin molecule, protoheme, inserted between the E- and
F-helices (Fig. 15.1). A space between heme and the E-helix, the so-called distal
pocket, is large and flexible enough to allow oxygen to approach and coordinate
reversibly with heme iron. Oxygen combination can occur only if heme iron is in
ferrous valence state (Appleby 1992).

The heme is roughly bound within the V-shaped cavity formed by representative
helices E and F on two sides with the antiparallel C and G closing the cavity on the
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Fig. 15.1 Structure of
Lb. Shown are E- and
F-helices, the distal and
proximal histidines, and
the heme

third side. A short helix, helix D is absent from the vicinity of heme pocket. This
helix D is present only in hemoglobin f chain and in myoglobin. This D helix is
replaced by a longer and less interhelical CD region. This interhelical region
merges with critical E helix at its 55 amino acid residue (Asn E1), which convenes
extra mobility on the E helix allowing to swing more freely at its EF interhelical
hinge.

A detailed analysis of both distal and proximal pockets around the heme of
soybean leghemoglobin was found through mutational and kinetic studies. Com-
parison to myoglobin demonstrated an opposite mechanism of ligand regulation. In
case of Mb, ligand regulation occurs through a “gating” mechanism due to stearic
hindrance from the distal histidine, which also stabilizes a bound water molecule
that must be removed for other ligands to bind, whereas in case of Lb water is not
stabilized in the distal pocket of Lba, contributing to the higher oxygen association
rate constant in Lba versus Mb. Presence of a distal leucine in Lba has a minimal
effect on oxygen affinity, suggesting a weak interaction, which is in contrast with
the strong hydrogen bonding distal histidine present in case of Mb (Hoy and
Hargrove 2008).

In Lba, proximal histidine, is not hindered and it settles into a staggered
orientation, increasing its affinity for ligand. This is in contrast with the arrange-
ment in Mb, where serine in the proximal pocket is bound to the proximal histidine
through hydrogen bonding, limiting its movement. Thus, Mb relies on the distal
pocket whereas Lba relies on the proximal pocket for ligand regulation.

At a slightly acidic pH, the distal histidine of ferric leghemoglobin has the
unusual property of coming close enough to heme iron to form a six-covalent ferric
hemochrome structure. In the aqueous environment, the distal histidine side chain
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moves close enough to iron of unligated ferric leghemoglobin to become itself a
heme ligand or swing outward from the distal pocket to accommodate fatty acid or
nicotinate as heme ligand. This observation led to distal histidine “trapdoor”
hypothesis, which was supposed to explain the rapid oxygen “on” rate and moderate
oxygen “off” rate for leghemoglobins. In unligated ferrous leghemoglobin, the
mean position of the distal histidine was supposed to be out of the heme pocket,
allowing rapid oxygen approach and its ligation with Fe. The distal histidine was
then supposed to “snap shut” over the bound oxygen, forming a strong hydrogen
bond between the two.

15.3 Location

The symbiosis takes place in the root nodules formed as a result of bacterial
infection in the roots. Shortly after the invasion of root by the bacterial infection
thread, a meristem is set up in the root cortex. This meristem divides rapidly to give
rise to two kinds of cells, i.e., cells packed with bacteroids which enlarge at a later
stage and smaller interstitial parenchymatous cells devoid of bacteroids (Fig. 15.2).
Therefore, a typical mature legume root nodule is structurally divided into three
distinct zones called external cortex, internal cortex, and central zone (Becana et al.
1995) (Fig. 15.3).

The cellular layer called endodermis separates external cortex from the internal
cortex. Endodermis is also supposed to act as a physical barrier for oxygen diffusion.
Bacteroids are not found free in the cell cytoplasm. After the onset of infection and
throughout the symbiotic association, the bacteroids are encased within the plant-
derived membrane compartment called symbiosome (Emerich and Krishnan 2014)
(Fig. 15.4). The symbiosome membrane is called peri-bacteroid membrane.

Fig. 15.2 Structure of nitrogen-fixing root nodules. Longitudinal section of root nodules indicat-
ing different zones: (I) Meristem, (II) Infection zone, (III) Nitrogen fixation zone, (IV) Senescence
zone. Symbiotic cells in zone II containing differentiating endosymbionts while in zone III the
cells are completely packed with nitrogen-fixing bacteroids (c.f. Mar6ti and Kondorosi 2014)
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Fig. 15.3 Medial section of a fresh root nodule. (P) Periderm, (OC) outer cortex, (MC) middle
cortex, (IC) inner cortex, and the presence of leghemoglobin (pink) in the infected central medulla
(M). (c.t. Kanu and Dakora 2017)

Infected cells containing bacteroids mainly encompass the central region of the
root nodules. The cells in the central cortical region are arranged in such a pattern
that every infected cell borders at least one uninfected cell (VandenBosch and
Newcomb 1988). In certain types of nodules, bacteroid containing cortical cells
undergo rapid disorganization. In these nodules, the rate of nitrogen fixation is
directly proportional to the volume of cells which have not undergone disorgani-
zation (Smith 1949).

By 1974, various evidences summarized by different researchers suggested that
Lb might occur both inside and outside peri-bacteroid membranes in effective root
nodules (Bergersen and Goodchild 1973). Later researches involving Lb interaction
with the cut surfaces of prefixed soybean nodule tissue and Lb antibody interaction
with the contents of soybean peri-bacteroid membrane vesicles prepared by
150,000 g centrifugation through discontinuous hypertonic sucrose gradients
have shown that Lb exists in cell cytoplasm and not within the peri-bacteroid
membrane (Appleby 1984). The concentration of Lb in legume root nodules lies
within the range of 1-5 x 10~* M (Bergersen 1971).

Studies have shown that in addition to infected cell Lb also occurs in the cyto-
plasm of uninfected interstitial cells. However, its density was lower in uninfected
cells as compared to adjacent infected cells (about one-fourth). The presence of Lb
is strictly restricted to cell cytoplasm and nucleus. This protein enters the nucleus
through nuclear pores through diffusion. Exact function of Lb in nucleus is not
known. Lb is completely absent in intercellular spaces or over other cellular orga-
nelles (VandenBosch and Newcomb 1988).
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Fig. 15.4 (a) A nodulated soybean root system, (b) A light micrograph of the infected (stained
blue) and uninfected (unstained white) plant cells. (¢) The interior of a soybean root nodule
revealing the red color of leghemoglobin. (d) An electron micrograph of bacteroids within sym-
biosomes. SS symbiosome space; SM symbiosome membrane (c.f. Emerich and Krishnan 2014)

15.4 Function

In a legume root nodule, bacteroids require oxygen for respiration and production
of ATP for nitrogen fixation. Oxygen at atmospheric concentration inactivates
nitrogenase enzyme. For the proper functioning of nodules, it is required that
oxygen be supplied to bacteroid at a rate high enough to provide enough ATP but
at the same time at a rate low enough to avoid accumulation of free oxygen at the
bacteroid surface. In the absence of leghemoglobin, diffusion of oxygen through the
dense nodule tissue would be completely inadequate to meet the ATP requirement.
Therefore, leghemoglobin permits a high flux of oxygen to be maintained through
the tissue, but the rate of consumption by the bacteroids is too great to allow the
development of free oxygen concentration.

The ferrous form of Lb has a very high affinity for oxygen. Hence, only 48 nM
concentration of free oxygen is sufficient to cause 50% oxygenation of Lb
(Becana et al. 1995). For this oxygenated Lb to be active and release oxygen to
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the respiratory chain of bacteroids, the oxygen affinity of the bacteroid oxidase
should exceed (about tenfold) the oxygen affinity of Lb. Thus, Lb is oxygenated
at the plasmalemma and carries oxygen to the symbiosome membrane. Since
there is no Lb in the peri-bacteroid membrane, oxygen has to be released at the
symbiosome membrane. This transfer of oxygen is facilitated due to the presence
of deep oxygen gradient across the peri-bacteroid membrane.

15.4.1 Inactivation of Lb by Oxidation

From the chemical nature of Lb, Lb*"is expected to be continually formed in vivo
by oxidation of Lb** and LbO,. Soluble fraction of extracted in air shows the
presence of traces of Lb>*. A number of metabolites present in nodules, including
nitrite, superoxide radical, and peroxides, may oxidize Lb**. Nitrite induces
oxidation of Lb>* to Lb>*, whereas NO binds tightly to Lb** and LbO, forming
nitrosyl-Lb (Lb**.NO).

The ferrous form of Lb readily autoxidizes and is converted into ferric form
under the slightly acidic conditions of the nodules. Free radicals and other activated
oxygen species such as hydrogen peroxide react with Lb and lead to their inacti-
vation. These reactive species are generated as a result of Lb autoxidation and
mitochondrial and bacteroid respiration. Autoxidation of LbO, varies with pH,
temperature, and concentrations of Lb; certain anions, metal anions; and chelators.
Oxidation of LbO, to Lb** by a flux of superoxide radicals generated artificially and
re-reduction of Lb>* by superoxide radicals, although at a much slower rate, were
also observed.

LbO, — Lb*" 40, (15.1)
LbO, + 0,” +2H" — Lb*" + 0, 4+ Lby0O, (15.2)
Lb* +0,” — LbO, (15.3)

Exogenously added superoxide dismutase inhibited oxidation of LbO, to Lb>*;
thus, it was proposed that nodule superoxide dismutase protects Lb against
inactivation.

Hydrogen peroxide attacks oxygenated Lb to generate hydroxyl radicals. When
hydrogen peroxide attacks LbO,, heme group is broken down and ferrous ion is
released, which in turn reduces hydrogen peroxide to hydroxyl free radicals. These
radicals are highly reactive and thus can oxidize nearly all types of molecules in
their vicinity, such as DNA, proteins, and unsaturated fatty acids of membranes.
There is no enzyme for scavenging these reactive species, as they are far too
reactive, but the antioxidative enzymes such as catalase can prevent their formation
by destroying hydrogen peroxide.
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15.4.2 Restoration of the Functional State of Lb by Small
Molecules

Several researchers have suggested that a system to reduce Lb>" should exist in
nodules. Nodules contain many potential reducing agents, such as NAD(P)H, ascor-
bate, reduced glutathione, and cysteine, to reduce Lb** to functional Lb. The physio-
logical levels of these reductants to determine their relative effectiveness in reducing
Lb** were estimated to be in the order of 150-250 pM for NADH+NADPH, 200 pM
for cysteine, 40—150 pM for reduced glutathione, and 1-2 mM for ascorbate (Becana
and Klucas 1992). Excess ascorbate, however, initially reduces Lb>* to LbO; but then
induces heme degradation with the formation of activated O, species.

Flavins are intermediate electron carriers between NAD(P)H and Lb**. In the
presence of NAD(P)H, free flavins efficiently reduce Lb>* without formation of
superoxide or peroxide. The abundance of free flavins, especially riboflavin, plays
an important role in reducing Lb** in the microaerophilic conditions in nodules. NAD
(P)H supply should be relatively high and constant; otherwise with excess of flavin
and deficit of NAD(P)H, Lb*" is oxidized back to Lb>* (Becana and Klucas 1992).

15.4.2.1 Degradation of Lb

Metabolic degradation of the Lb involves several proteases. These proteases have
high affinity for Lb. These are found in abundance in nodules entering senescence.
Degradation of Lb leads to production of two important pigments: choleglobin and
biliverdin. Choleglobin is a Lb derivative having an oxidized heme group but with
the iron still attached to it. This iron is, however, lost in biliverdin. Accumulation of
these pigments changes the color of legumes from pink to green, which acts as a
marker for Lb inactivation and therefore loss of nitrogen-fixing ability by nodules
(Becana et al. 1995).

15.5 Synthesis

Leghemoglobin synthesis starts very shortly after nodule initiation usually before
nitrogenase synthesis can be demonstrated. In legumes, the leghemoglobin synthe-
sis continues in proportion with the meristematic tissues of the nodule. In the
nodules which lack meristematic tissues (e.g., soybean, kidney bean) synthesis of
leghemoglobin occurs only for a short duration and its concentration remains
almost constant till the senescence of the nodule.

There are two known activities for ALA formation in root nodules: (1) ALA
synthase by bacterial symbiont and (2) glutamate-dependent ALA formation by the
plant host. Evidence shows that plant-derived ALA can be employed for production
of bacteroid heme. Continuous and related increase in cellular heme expression and
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the apparent activation of glutamate-dependent ALA formation activity during
symbiosis argue for a role for that activity in nodule heme synthesis.

Studies have shown that ALA synthesis is not a rate-limiting step in bacteroid
heme formation or that ALA synthase is not the sole source of ALA to the endo-
symbiont, as the specific activity of bacterial ALA synthase was observed to be
approximately same in case of cultured cells and bacteroids. An increase in the
bacterial ALA synthase activity with the age of the nodules was observed. This
could be related to the fact that the bacterial mass shows a proportional increase
with respect to nodule age (Sangwan and O’Brian 1992).

Evidence has proved that bacterial hemA gene is not essential for nodule devel-
opment and symbiosis whereas expression of hemH is required (Sangwan and
O’Brian 1993) (Fig. 15.5).

The plant synthesizes the tetrapyrrole precursor of heme (ALA) in nodules and
studies have proved that this ALA can be used for production of bacterial heme.
ALA formation activity is much greater in plant nodules as compared to uninfected
roots and hence each symbiont affects the metabolism of the other with respect to
heme formation. In photosynthetic tissues of plants, ALA is synthesized from Cs
pathway and is incorporated in chlorophylls, whereas in nonphotosynthetic tissues
it is involved in heme production. In photosynthetic tissues, ALA synthesis is
regulated by light, whereas in nonphotosynthetic tissues it is regulated by symbiotic
association with a bacterium.

15.5.1 Lb Heme

The heme prosthetic group of asymbiotic Lb are synthesized entirely by the plants.
However, in case of symbiotic association between plant and bacteria the idea of
bacteria producing the heme group is deeply entrenched. Many studies concluded
that Lb heme is a bacterial product based on the experiments with mutant
B. japonicum. According to the results obtained, the absence of leghemoglobin in
nodules infected with mutant bacteria was correlated with bacterial origin of
Lb heme.

Apo-Lb is synthesized as a discrete molecule, with methionine as an initiator,
and the released peptide, with an N-terminal valine (LbS) or glycine (LbF), does not
cross the membrane envelope enclosing the bacteroids. Its assembly with heme
(synthesized and secreted by bacteroids) appears to take place in the host-cell
cytoplasm where the functional molecule is principally located (Verma et al.
1979). The relative rates of biosynthesis of LbS and LbF change during root-
nodule development; LbF synthesis predominates in young nodules while LbS
predominates in mature nodules. The two Lb components appear to turn over
with different rates, resulting in the accumulation of LbF, and thus they may have
different roles in root-nodule symbiosis. Both LbS and LbF are detected before the
appearance of nitrogenase activity during development of root nodules.
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Fe2
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Fig. 15.5 Biochemical pathway for protoheme synthesis

Different in vitro and in vivo studies have shown that the major forms of Lb are
coded by three different mRNAs and are not the result of posttranslational modifi-
cation. These are synthesized by polysomes found free in host cell cytoplasm.

Since apo-Lb is synthesized in host cell cytoplasm and heme is synthesized by
the bacteroids within the peri-bacteroid membrane, investigations were carried out
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for the movement of apo-Lb across the membrane, for association of the compo-
nents to form functional Lb. Most proteins which cross the membrane barrier are
either synthesized as precursor molecules with a hydrophobic end or are blocked at
their amino terminus (Verma et al. 1979). Furthermore, the study was in accordance
and showed that apo-Lb does not cross the peri-bacteroid membrane and is found
exclusively in host cell cytoplasm.

The correlation between the presence of leghemoglobins and the effectiveness of
nodules has been studied in soybean using several strains of Rhizobium japonicum
which form ineffective nodules. The study showed that nodules infected with
mutant rhizobium strains, having defective nitrogenase gene, produced almost
half amount of leghemoglobin as compared to the wild-type strains. This indicates
that the presence of leghemoglobin is independent of nitrogenase activity and solely
depends on the bacterial strains. Furthermore, a mutation in the heme biosynthetic
pathway leads to development of ineffective nodules lacking leghemoglobin.

15.6 Genetic Origin of Leghemoglobin

Further, researchers have proposed that the ancestors to plant and animals both had
hemoglobin genes with three introns. This arrangement has been retained in both
symbiotic and non-symbiotic plant hemoglobin genes, whereas the central intron
was lost before the divergence of annelids and arthropods and hence is absent in all
vertebrate hemoglobin and myoglobin genes (Fig. 15.6). Detailed analysis of the
structure of leghemoglobin gene has revealed the amino acid coding region to be
interrupted by two introns at exactly the same positions as found in animal globin
genes. Since introns are absent in bacterial genome, this finding denies the earlier
proposals that Lb might have arisen by the globin gene transfer from a rhizobium to
a primitive legume. Furthermore, soybean Lb genes all contain a central third intron
that is missing from the modern animal globins. But computer analysis of the
animal globin protein structure predicted its exact position.

15.7 Genetic Arrangement of Leghemoglobin Genes

Soybean, being the most extensively studied legume for its symbiotic association,
was used to describe the basic arrangement of the leghemoglobin genes. Lb gene
family consists of five functional genes, one pseudo gene, and at least two truncated
genes (Bojsen et al. 1983). Six complete Lb are arranged in two independent
clusters. Four genes are very closely linked in the order 5" Lba-Lbc1-bLb-Lbc3 3'.
The distance between the various genes in this cluster is—2.5-3 kb. The two
remaining genes are tightly linked in the order 5’ Lbc4-Lbc2 3’ and are—2 kb
apart. No direct link between the two Lb gene clusters has been obtained so far.
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Fig. 15.6 Some key events in the evolution of hemoglobin genes. Lightly shaded diamonds
represent gene duplication; the striped circles represent speciation events. Myr millions of years
ago; Hb Hemoglobin (c.f. Hardison 1996)

There are at least two different non-Lb genes closely linked to the four Lb gene
cluster. These genes are also linked to the two Lb gene cluster in the same relative
positions as for the four Lb gene cluster.
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15.8 Hemoglobins: Plants and Animals

The utility of metal-bound porphyrin rings for the transfer of electrons was
established early in evolutions. Protoporphyrin IX with an iron ion coordinately
bound in the middle of its flat, planar heme molecule is incorporated in these
hemeproteins. Hemeproteins allow reversible binding of oxygen to the heme,
with Fe remaining in its 2" state. Vertebrate hemoglobins, isolated from the blood
of vertebrates, are heterotetramer of 2 a-globin and 2 p-globin polypeptides with
heme bound tightly to each globin monomer. Recent studies have shown the
presence of hemoglobin in plants. Plants use these hemoglobins to transfer oxygen.
The first hemoglobin discovered in plants was leghemoglobin in root nodules of
legumes (Hardison 1996). Although the amino acid sequences of leghemoglobins
differ from those of vertebrate globin genes at about 80% of the positions,
leghemoglobin folds into the same 3D structure as the animal globins. The discov-
ery of hemoglobins in a large variety of plants strongly supports that hemoglobins
are specialized product of divergence from an ancient plant hemoglobin gene—a
gene that is itself descended from a hemoglobin gene in the last common ancestor to
plants and animals and hence is still widespread in plants. A hemoglobin distinct
from leghemoglobin was initially discovered in root nodules of non-leguminous
plant Parasponia andersonii, which suggested that hemoglobins are more widely
spread in plant kingdom with more generalized functions besides nodulation. Thus,
two different types of hemoglobins have been discovered in plants: (1) a non-
symbiotic type that is widely distributed in different plant species and (2) a sym-
biotic type present in root nodules of legumes.

15.9 Isolation of Leghemoglobin

Isolation process for leghemoglobin differs according to the host plant species. The
two most widely used legumes for leghemoglobins are soybean and lupin. Isolation
method for these two plants has been discussed here (Dilworth 1980).

15.9.1 Soybean Leghemoglobin

Nodules are harvested 25-28 days after appearance and homogenized in 4 volumes
of cold (4 °C) 0.1 M phosphate buffer, pH 6.8. Polyvinylpyrrolidone (0.3 g per gram
nodules) is added to remove polyphenols. The homogenate is clarified by centri-
fugation (10,000g, 20 min) and fractionated with solid ammonium sulfate between
55 and 80% saturation, with the pH maintained at 6.8. The precipitate is dissolved
in a minimum volume of 0.1 M Tris-HCI buffer, pH 7.7, containing 0.1 mM EDTA.
After dialysis for a minimum of 5 h against the same buffer, the solution is
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centrifuged (100,000g, 30 min) and the supernatant concentrated by pressure
filtration through a Diaflo UMIO membrane.

The next steps combine oxidation of the Lb components to remove ferrous
oxyLb species and simplify the subsequent chromatogram and gel filtration at
alkaline pH to remove bound nicotinate 26 from the ferric Lb. Fifteen milliliters
of 0. 1 M Tris-HCI buffer, pH 9.2, at 2 °C are added to 50 ml of 2.7 mM Lb (from
767 g nodules) at the same temperature. Solid K;Fe(CN)g (176 mg, 4 Eq) is then
added, and the solution stirred until O, evolution ceases. The mixture is then added
to a Sephadex G-15 (Pharmacia, Sweden) column (55 X 5 cm diameter) equili-
brated with 0.1 M Tris-HCI buffer, pH 9.2, at 2 °C, at 2 cm3/min, and eluted at the
same rate with the same buffer. Three colored bands are eluted—red ferric Lb,
yellow ferricyanide plus nicotinate, and a purple band, in that order. Lb fractions
are collected and pooled, 140 ml containing 116/pmoles Lb. If desired, the absor-
bance ratio 560 nrn/620 nm in 0.1 M MES buffer, pH 5.2, can be used to estimate
whether the ferric Lb nicotinate complex is still present; the ratio should be 1.7 if
complete removal of nicotinate has been achieved.

The Lb is concentrated to about 20 ml over a Diaflo UM10 membrane and
dialyzed for 36 h against two changes of 40 ml of 10 mM sodium acetate buffer, pH
5.2. DEAE-cellulose (Whatman DE-52) is equilibrated with 0.5 M sodium acetate
buffer, pH 5.2, and washed with 80 ml distilled water so that the effluent conduc-
tivity and pH approximate those of 10 mM acetate buffer, pH 5.2. A column is
poured (25 x 5 cm diameter) and washed with 30 ml of the 10 mM acetate buffer,
pH 5.2. The dialyzed Lb is diluted to 50 ml with 10 mM acetate buffer, pH 5.2,
before loading onto the column. The column is eluted at 2 cma/min with a linear
gradient generated from 40 ml of 10 mM and 40 ml of 100 mM sodium acetate
buffer, pH 5.2. Further separation of Lbc; and ¢, can be achieved by concentrating
the appropriate peaks, dialyzing them against dilute acetate buffer, and rechromato-
graphing them on columns of DEAE-cellulose (36 x 1.5 cm diameter) developed
with a linear gradient generated from 200 ml 20 mM and 200 ml 40 mM sodium
acetate buffers, pH 5.2 (Fig. 15.7).

15.9.2 Lupin Leghemoglobin

The use of fresh nodules is recommended for lupin Lb preparation; extended
storage of nodules at —20 °C results in poor yields of Lb. Nodules (120 g) are
extracted as for soybean nodules, and the same ammonium sulfate fractionation and
dialysis followed. The dialyzed Lb is oxidized with ferricyanide; since lupin oxyLb
oxidizes very slowly or not at all at pH 8.6, a pH of between 5.2 and 6.8 and a
temperature of 20 °C are required for satisfactory oxidation. The ferric Lb is
desalted through an alkaline Sephadex G-25 column to remove nicotinate and
concentrated by adsorption to a small column of DEAE-cellulose (phosphate
form). After washing with 10 mM phosphate buffer, pH 6.96, the ferric Lb is eluted
with 50 mM phosphate buffer of the same pH, concentrated, and equilibrated with
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Fig. 15.7 Flowchart for isolation of leghemoglobin (soybean)

50 mM Tris-HC1 buffer, pH 8.1. The Lb components are separated on a column of
DEAE-Sephadex A-50, through which a pH gradient from 8.1 to 7.1 in Tris-HCI
buffer is run.

An alternative procedure first separates three different ferric Lb components and
two ferrous oxyLb components on DEAE-cellulose (acetate) columns, using step-
wise elution with 20, 40, and 80 mM ammonium acetate, pH 7.0. After ferricyanide
oxidation of the ferrous oxyLb components to their corresponding ferric Lb forms,
final purification was achieved by re-chromatography on DEAE-cellulose using
20, 35, or 60 mM ammonium acetate, pH 7.0, to elute the different components.
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15.9.3 Storage

Isolated leghemoglobin is recommended to be stored in liquid nitrogen (—196 °C)
in order to preserve its tertiary structure (Dilworth 1980).

15.9.3.1 Estimation of Leghemoglobin

It is important to choose an optimum time for harvesting of nodules in order to
obtain maximum yield of nodules and leghemoglobin. It has been observed that
plants forming seed rapidly lose leghemoglobin from their nodules; therefore, early
stage of flowering is the most convenient time for nodule harvest (Dilworth 1980).

Numerous methods have been employed for the estimation of leghemoglobin from
root nodules. Most of these methods are simple modifications of methods employed for
estimation of hemoglobins. These methods are usually based on the measurement of
optical absorption of deoxygenated leghemoglobin, pyridine hemochromogen, or
cyanmethemoglobin (LaRue and Child 1979; Wilson and Reisenauer 1963). Since
leghemoglobin is rarely available in pure form, animal hemoglobin is generally used as
a standard in the experiments. Sensitive spectrofluorometric technique for the esti-
mation of leghemoglobin is a reliable method. The basic principle employed in this
technique is, if iron of leghemoglobin is removed using some organic acids like
pyruvic, formic, or oxalic acid, the protoporphyrins formed are intensely fluorescent.
Heme and hemin proteins do not produce fluorescence; therefore, iron has to be
removed for indirect estimation of leghemoglobin. Oxalic acid converts leghemoglobin
to a stable fluorescent product at higher temperature.

15.9.4 Sensitive Spectrofluorometric Technique

Roots of the plants are rinsed and ground in a blender in 50 ml of solution
containing 0.02% (w/v) potassium ferricyanide and 0.1% sodium bicarbonate.
The samples are then centrifuged, and 0.2 ml of clear supernatant is mixed with
2.0 ml of saturated oxalic acid in screw capped tubes. These tubes are then heated at
120 °C in an autoclave for 30 min. The solution is then cooled to room temperature.
The fluorescence of the solution is then measured using spectrophotofluorometer
equipped with mercury-xenon lamp. The excitation wavelength used is 405 nm.

15.9.5 Pyridine Hemochromogen Method

In this method, equal volumes of 4.2 M of pyridine, 0.2 M NaOH, and
leghemoglobin solutions are mixed together. The hemochrome thus obtained is
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reduced with few crystals of sodium dithionite. Its absorbance is measured at
556 nm against a reagent blank. The absorbance is converted to Lb concentration
using €7°° ™™\ = 34.6 (Dilworth 1980).

Lb concentration (mg/cm?®) = Asse nm ™ (2/34,600) “molecular weight

15.10 Variations in Relative Concentrations
of Leghemoglobin with Plant Age

PAGE analysis of extracted Lb showed a variation in Lbc content relative to Lba
content with soybean plant age (Fuchsman and Appleby 1979). The content of Lbc
relative to Lba was found to be >7 in young nodules and was found to decrease to
<2 in mature nodules. Lbc; content relative to Lbc; content appeared to increase as
young nodules matured, whereas Lbc, content was found to increase only very
slightly but linearly with age of the nodule. This pattern in change of the Lb content
occurs due to changes in relative rates of biosynthesis of different components.
Major Lb components are separate gene products.

15.11 Synthesis of Lb in Relation to Nitrogenase Activity
in Nodules

It was observed that Lb is synthesized 2—4 days prior to nitrogenase activity.
Among the two major forms of Lb, LbF appears first, followed by LbS and
nitrogenase induction. It is not certain what factors control the sequence of these
events. Mutations both in host and in bacteria may lead to ineffectiveness of the
nodules and all ineffective nodules examined to date contain little or no Lb
(Verma et al. 1979).

15.12 Hemoglobin in Non-legume Symbioses

15.12.1 The Rhizobium—Parasponia Symbiosis

The only known symbiotic association which involves Rhizobium and a
non-leguminous plant for nitrogen fixation is with Parasponia (a member of the
Ulmaceae). In this symbiosis, the rhizobia remain within the infection threads in the
host cells rather than becoming enclosed in peri-bacteroid membranes. In compar-
ison to legume nodules, there is a narrower range of O, (near 0.2 atm) for nitrogen
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fixation by Parasponia nodules. On apparent examination of Parasponia nodules,
dimeric Hb were found to be present. Parasponia Hb kinetic measurements
revealed fast O, association and dissociation rates, which were found to be
one-third of the soybean Lba rates. Although Parasponia Hb and soybean Lba
have no immunological cross-reactivity, and there is no cross-hybridization
between a full-length cDNA for soybean Lba and Parasponia nodule RNA, the
similarity between Parasponia Hb and soybean Lba is emphasized by the close
amino acid homology between many regions of the two proteins. This homology,
being much greater than between soybean Lba and animal Mb, proteins already
thought to have the same genetic origin, led to conclude that legume nodule Lb and
Parasponia Hb might lie close to each other in evolutionary history.

15.12.2 Actinorhizal Symbioses

In the N,-fixing actinorhizal root nodules formed by symbiotic association between
Frankia endophytes and non-leguminous hosts, there appears to be a lesser mech-
anical restriction against O, penetration to infected cells than in legume nodules.
Such observations, the ability of Frankia spp. to form vesicles in nodules and pure
culture and the ability of vesiculated Frankia to fix N, in pure culture at air O,
tension, suggested that O,-carrier proteins might have no function in actinorhizal
symbioses. But energy usage for N fixation is similar to that in legume nodules, so
it is unlikely that uncoupled, low-phosphorylating efficiency respiration operates as
a significant protective mechanism in actinorhizal nodules. It was not until 1983
that Tjepkema, by sensitive spectrophotometry, confirmed the occurrence of high
concentrations of Hb in nodule slices of Casuarina cunninghamiana and Myrica
gale. Lower concentrations of Hb were observed in the nodules of Comptonia
peregrina, Alnus rubra, and Elaeagnus angustifolia; zero to trace amounts were
found in Ceanothus americanus and Datisca glomerata. The Hb from Casuarina
nodules could be partially solubilized and shown to undergo reversible reactions
with O, and CO, thereby distinguishing it from plant peroxidase.

15.12.3 Stem Nodules

Apart from the root nodules, some legume species have also been reported to have
stem nodules (Fig. 15.8).

According to different studies, it was found that root and stem nodules were very
similar in morphology and structure. Stem nodules are connected to stem via a short
broad stalk of large celled tissue with numerous intercellular spaces (Fig. 15.9). The
outer cortex of stem nodules contained cells with chloroplast; inner cortex
contained a number of newly invaded cells harboring both Rhizobium and chloro-
plast (Dreyfus and Dommergues 1981). In contrast to the root nodules, stem
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Fig. 15.8 Stem nodules on Sesbania rostrata (c.f. Tsien et al. 1983)

nodules contain chloroplast in their cortex and, thus, have the potential of oxygen
evolution. Therefore, oxygen control might be more complex and demanding in
stem nodules (Bogusz et al. 1987). Therefore, preliminary reports had proposed the
apparent presence of an extra Lb component or different proportion of the same
components in stem nodules as compared to the root nodules.

15.13 Conclusion

The overwhelming conclusion derived from this review is that all known nitrogen-
fixing symbiotic association involving Rhizobium involves the presence of
leghemoglobin. Leghemoglobin shares some sequence similarity with the animal
hemoglobins. Leghemoglobins are very essential for the proper functioning of
nitrogenase enzyme. It has been observed that the presence of nitrogenase is not
important for the existence of leghemoglobin, but vice versa is true. Leghemo-
globin or symbiotic hemoglobin is not the only hemoglobin present in the plants.
The basic function of leghemoglobin involves facilitation of O, supply to rapid
respiring Rhizobium at extremely low, nontoxic free O, concentration. Earlier
researchers thought that leghemoglobin occurs within the peri-bacteroid mem-
brane, which was proved wrong after the detailed microscopic study of the structure
of nodules. Nitrogen fixation occurs not only in root but also in stem nodules.
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Fig. 15.9 Mature stem nodules show asymmetrical lobular development. Transmission electron
micrographs of thin sections of 3-day-old nodules. Sections were cut through the edge of the
nodules in a plane parallel to the long axis of the root primordium. (a) An intercellular space at the
inner edge of the fissure filled with rhizobia. (b) Rhizobia in a funnel-shaped intercellular space
leading away from the fissure in the direction of the base of the root primordium. Arrows in (a) and
(b) point in the direction of the fissure. (¢) Higher magnification of boxed area in (b). Membrane
structures (arrowhead) were visible at the plant cell side of the cell wall (CW) but were absent
from the Rhizobium sp. side. (d) Cross section of three adjacent intercellular spaces filled with
rhizobia. Bacteroids within these infection threads were separated from the thread matrix by an
electron-transparent zone (c.f. Tsien et al. 1983)
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Therefore, this review helps us to understand about the roles for leghemoglobins in
oxygen transport and buffering and prove that plant hemoglobins are crucial for
symbiotic nitrogen fixation.
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