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Abstract Active forms of nitrogen are limiting in soil, but the legume—Rhizobium
interaction overcomes this barrier by biological nitrogen fixation and lessens the
usage of fertilizers. An understanding exists between the two partners for symbiotic
association to share their resources without either one becoming dominant. Certain
compounds released by the host legume plants into the rhizosphere attract the rhi-
zobia and activate the expression of rhizobial nod genes that in turn leads to the
production and secretion of strain-specific NFs. NF signalling cascade and events of
cell divisions in cortex and pericycle and bacterial infection occur in an orchestrated
manner and give rise to a nodule. The nodule organogenesis can be studied under
nodule formation and bacterial invasion. Depending on the persistence of meristem,
nodules formed can be determinate or indeterminate, but ultimately it is the host
plant species that determine the type of nodule formed. More than 90 % of arable
land experience one or other kind of stress. Stress conditions affect the host plant,
rhizobium and also the interaction between the two.
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1 Introduction

The earth’s atmosphere consists of 78.1 % nitrogen gas, but the biologically active
forms of nitrogen are limiting in soil and can restrict plant growth. Thus, it’s impera-
tive for plants to capture nitrogen, in the form of nitrates and ammonia, from the soil.
Modern agriculture relies on application of industrially synthesized nitrogen fertil-
izers to maximize crop productivity. Production of nitrogen fertilizers is expensive
and consumes a lot of fossil fuel. In addition to this, 30-50 % of applied nitrogen
fertilizer gets leached out and leads to environmental problems. The reliance on
chemical fertilizer can be reduced by biological nitrogen fixation (BNF), wherein the
atmospheric nitrogen is converted to ammonia by an enzyme called nitrogenase. The
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process of BNF was discovered by Beijerinck in 1901 (Wagner 2011). This process
has ecological and agronomical importance and accounts for 65 % of the nitrogen
used in agriculture worldwide. It is estimated that roughly 200 million tons of nitro-
gen is fixed annually by the symbiotic association between rhizobia and legume
(Graham and Vance 2003; Peoples et al. 2009).

Legumes are a large group of angiospermic plants skilled with the ability to estab-
lish symbiotic association with the nitrogen-fixing bacteria called rhizobia (including
the genera Azorhizobium, Allorhizobium, Bradyrhizobium, Mesorhizobium,
Rhizobium and Sinorhizobium) that are widespread under different edaphic and cli-
matic conditions. The Fabaceae or Leguminosae family includes three subfamilies:
Faboideae (or Papilionoideae), Mimosoideae and Caesalpinioideae. Members of
these families can grow in nitrogen-poor soils; therefore, they play a crucial role in
the sustainable development of the agriculture (Pislariu et al. 2015). One of the
identified roles of BNF is in poverty alleviation. However, applying the knowledge
of the mechanism of BNF and providing training to the farmers about the inocula-
tion, providing the efficient strains at the cheaper cost to the farmers, could be a step
towards sustainability (O’Hara et al. 2008).

The rhizobium and host legume develop a metabolic cooperation which forms an
exchange-control system that enables the two partners to share their resources with-
out either one becoming dominant (Lodwig et al. 2003). An intricate dialogue occurs
between the two partners, and the compatibility is tested, after which the host plants
and rhizobia exchange signals. The rhizobia enter and infect the roots of compatible
legume plants either by the root hair or through cracks present in root epidermis.
Rhizobial signalling to host root hairs then leads to root hair deformation, branching
and curling, mitosis in the root cortex and ultimately the formation of specialized
structures called nodules.

Thus, this two-way molecular conversation between the host legume and the
bacteria leads to morphological, anatomical, physiological and cytological changes
in plants. Depending on the shape and maintenance of a meristematic region, two
kinds of nodules, viz. determinate and indeterminate, are formed by host plants
upon infection by rhizobia, but ultimately it is the plant that determines the type of
nodule formed. In general, the indeterminate nodules are formed by temperate
legumes, and determinate nodules are formed by tropical legumes (Lotocka et al.
2012). So far various functional genomics resources have been developed for the
two model legumes Medicago truncatula and Lotus japonicus (Pislariu et al. 2015).

Plants being sessile often have to face a wide variety of environmental conditions.
Like other plants legumes also face one or other kind of stress as more than 90 % of
arable land experience stress. The presence of stress effects the growth of the host
plant, the rhizobia and their interaction. Thus, stress changes the physiological state
of host plant, rhizobial survival in the soil, infection and nodule establishment and
ultimately the nodule functioning. In the present chapter, effect of stresses such as
soil pH, soil moisture, salinity, temperature, nutrients, predation, etc. on the legumes,
rhizobium and legume—Rhizobium interaction has also been discussed. The present
chapter is an attempt to give an overview of process of nodule formation and the
changes that occur in the host plant, along with the different types of nodules formed
and the effect of natural stresses on plant, rhizobium and their interaction.
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2 Nodule Organogenesis

The history of the study of root nodule formation dates back to the sixteenth century
in the drawings of Fuchs and Dalechamps; however, Malpighi proposed that the
swellings (the word used by Malpighi for nodules) are due to insect larvae.
Interestingly, the necessity of bacteria for nodule formation was demonstrated during
the nineteenth century by Frank and Beijerinck, Frank showed that soil sterilization
prevented nodule formation, and Beijerinck prepared pure cultures of nodule occu-
pants and used them to infect legumes (Bond 1948; Pueppke and Broughton 1999).
Root nodule is a structure, unique to leguminous plants and is of great interest for
several reasons. The nodules can be formed only after bacterial infection and possess
differentiated tissues in a definite arrangement. However, today it is well established
that nodule formation involves a two-way dialogue between the host legume and the
bacteria rhizobium. During the dialogue, various signalling molecules are exchanged
that regulate the specificity of legume and rhizobium interaction for initiation, dif-
ferentiation and functioning of nodules. This specificity has ecological and evolu-
tionary importance as it allows infection by symbiotic friend and not a pathogenic
foe (Long 2015). The nodule organogenesis can be studied into two subheadings:
nodule formation and bacterial invasion.

2.1 Process of Nodule Formation

Plants release certain signal compounds (such as lectins, flavonoids) in the rhizo-
sphere that favour the initiation of nodule development. In the 1970s, the lectin
recognition hypothesis was proposed according to which the plant lectins and rhi-
zobium exopolysaccharides (EPS) mediate specificity in symbiosis (Hirsch 1999;
Long 2015). In the rhizosphere, the exuding phenolic flavonoid compounds from
the roots of the host plant attract the rhizobia and activate the expression of rhizo-
bial nod genes that in turn leads to the production and secretion of strain-specific
NFs (Gage 2004; Ferguson et al. 2010). In the free-living rhizobium, nodD gene
shows its expression, but the rest of the nod genes (nodABC, nodE, nodH, nodPQ)
are expressed only in the presence of plant. There are ‘common’ nod genes, viz.
nodABC, that are essential for nodulation and certain ‘host specific’ such as nodE
(in R. leguminosarum for nodulation in peas or clover), nodH and nodPQ (in
R. meliloti for nodulation in alfalfa). However, the ability of rhizobia to nodulate
several legumes is linked not only to the presence of different nod genes in its
genome but also with the legume promiscuity (Roche et al. 1991). Therefore, cer-
tain bacteria can nodulate only specific legume host, while others such as NGR234
and USDA?257 (strains of genus Ensifer) have a broad host range (Pueppke and
Broughton 1999). The infection of varied legumes by several strains of rhizobia
occurs due the presence of several copies of the nodD gene, which in turn permit
them to respond to different types of flavonoids produced and secreted by plants
(Cooper 2007; Gibson et al. 2008).
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The NFs are lipochitooligosaccharides (LCO), the derivative of chitin but differ
in the number of GlcNAc units (2—4), in the length and degree of unsaturation of
the fatty acid chain, as well as the presence of various substitutions on the oligosac-
charide backbone with various substitutions at the (non)reducing-terminal and/or
nonterminal residues (Haeze and Holsters 2002; Fliegmann and Bono 2015). These
variations are characteristic for each rhizobium and are involved in the specific
recognition between the legume plant and its symbiont (Ferguson et al. 2010). Nod
factors are responsible for nodule organogenesis and control infection, leading to
the formation of root nodules. Thus, it is the nod genes, NFs and EPS, that deter-
mine the host range.

Rhizobia enter into the plant root either by the root hair or through cracks present
in root epidermis. However, root hair infection at the tips is the most common,
because they have thinner and less cross-linked cell walls which further allow the
rearrangement of underlying microtubules, change vesicle trafficking to the grow-
ing tip and allow easy penetration by microsymbiont. Root hair deformation gets
started within 68 h after the attachment of rhizobia (Ferguson et al. 2010). Rhizobial
signalling to host root hairs leads to root hair deformation, branching and curling
and mitosis in the root cortex, which culminates in the formation of nodule primor-
dium. The nodABC genes are essential for root hair curling as well as infection, for
eliciting mitosis in the root cortex and for nodule formation (Haeze and Holsters
2002).

2.2 Process of Bacterial Invasion

Bacteria invade the plant cells through tubular structures termed ‘infection
thread’. Infection thread is a composite structure, as it has parts contributed by
the two symbiotic partners (Gage 2004). The infection thread is comprised of
plant cell wall components (esterified and unesterified pectins, xyloglucans and
cellulose) and encapsulates the dividing bacteria in small quantity, thus facilitat-
ing the passage of bacterial cell into the cortex. This microcolony of rhizobia
contains high concentration of NFs and the cell wall-degrading enzymes. The
rhizobial microcolony penetrates through the cell wall and the plasma membrane
remains intact, which is followed by re-synthesis and redigestion (Gage 2004;
Ferguson et al. 2010).

The increased NF levels produced by the invading rhizobia lead to the mitotic
division of root cortical cells. These divisions of cortical cells in the roots result in
the formation of nodule primordium. In the tip region of the extending thread,
active cytoplasmic streaming along with plant cytoskeleton has been proposed to
play a role in the growth of infection threads. The infection threads reach into the
cortical zone of the root and then to newly induced dividing cells via root hair.
Bacteria get released into an infection droplet in the host cell cytoplasm through
the growing tip of the infection thread. The bacteria remain enclosed within perib-
acteroid membrane derived from plasma membrane of host plant; this structure is
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known as symbiosome (Udvardi and Day 1997). In symbiosome, these bacteria
divide continuously even before they get differentiated into bacteria and start to fix
nitrogen (Ferguson et al. 2010).

Reduction of nitrogen to ammonia occurs within bacteroids; this reaction is cata-
lyzed by oxygen-sensitive enzyme nitrogenase. The level of oxygen in root nodules
is regulated by leghaemoglobin, providing legume nodules a pink tinge. O’Brian
and co-workers (1987) revealed that the host plant encodes the haemoglobin apo-
protein, whereas the heme group is primarily synthesized by the bacterium. These
researchers used a heme biosynthesis mutant strain LO505 of Bradyrhizobium
Jjaponicum. The mutant strain was deficient only in protoporphyrinogen oxidase
activity and thus could not catalyze the penultimate step in heme biosynthesis. As a
result of this, the mutant strain formed small root nodules. The bacteroids isolated
from these nodules lacked protoporphyrinogen oxidase activity, and nodules con-
tained no detectable leghaemoglobin in the nodule cytosol. These results suggest
that bacterial heme synthesis is required for leghaemoglobin formation in soybean
root nodules.

The leghaemoglobin remains localized within the host plant cytosol and not in the
peribacteroid membrane. Thus, in nodules atmospheric nitrogen gets reduced to
ammonia that subsequently assimilates into plants after its conversion into glutamine
via glutamine synthase. Further, glutamate synthase enzyme converts glutamine into
glutamate. The process of nodulation brings several changes in the root of the plants
at morphological, anatomical, physiological and cytological levels (Ferguson et al.
2010; Gordon et al. 1992).

3 Changes in Root During Infection Thread Growth

Infection threads are considered to be tip-growing structures and develop from
growing root hairs (Gage 2004). These probably elongate by using at least some of
the machinery that was supporting root hair growth before infection took place.
Since understanding the processes that contribute to tip growth in root hairs should
enhance the understanding of the processes involved in infection thread growth, the
same has been discussed in the following sections.

3.1 Cytological Changes During Root Hair Development

The root hair elongates through polarized secretion of vesicles to the tip region, with
concomitant yield of the tip wall under the influence of internal turgor pressure
(Hepler et al. 2001; Ketelaar and Emons 2001; Smith 2003; Rounds and Bezanilla
2013). Turgor pressure that provides the uniform stress or force in all the directions
is a scalar property that irreversibly deforms the cell wall and ultimately leads to root
growth but plays no role in determining the direction of growth (Kropf et al. 1998).
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The directional growth of the cell depends on unequal mechanical properties of the
cell wall which in turn depends on the unequal deposition of the wall matrix at cer-
tain sites of root while confining others and orientation of the cellulose fibrils (Kropf
et al. 1998; Rounds and Bezanilla 2013). Under stress conditions the less viscous cell
wall deforms at the faster rate in comparison to the more viscous cell wall. However,
the viscosity and thickness of the wall at the tip of the cell result from several factors
such as the net deposition, expansion and the variations in cross-linking within sev-
eral components (Rounds and Bezanilla 2013). In root hairs, the vesicles that fuse at
the tip are derived from Golgi bodies, located at a short distance behind the growing
tip. These vesicles supply membrane and cell wall components that get incorporated
into the plasma membrane, cell wall and extracellular matrix. During tip growth,
vesicles and other organelles reach to the apical region of the cell by actin-dependent
cytoplasm streaming. The cytoplasm typically moves towards the growing tip along
the outside of the cell and then moves back towards basal regions via the centre
region of the cell. This pattern of movement (most commonly observed in pollen
tubes) is referred as ‘reverse fountain streaming’ (Iwanami 1956; Hepler et al. 2001;
Rounds and Bezanilla 2013). The region which lies immediately adjacent to the tip
does not show any cytoplasmic streaming and is devoid of organelles. This region
termed as clear zone contains the vesicles that fuse with tip and provides material
needed for growth. The transportation of vesicles from the base of clear zone to their
site of fusion near the tip of the root hair is supposed to be mediated by diffusion, as
the vesicles are delivered at the base of the clear zone and consumed at the apex
(Miller et al. 1997; Lhuissier et al. 2001).

3.2 Roles of Actin and Microtubule Cytoskeleton in Tip-
Growing Cells

Tominaga et al. (1997) experimentally revealed the mechanism involved in organi-
zation of actin filaments (AFs) in root hair cells (site of reverse fountain streaming)
of Hydrocharis. Both microtubules (MTs) and AFs lie longitudinally within the
cortical region of the root hair cell. However, in the transvacuolar strand, only AFs
were present and MTs were entirely absent. The double inhibitor experiment using
AFs inhibitor cytochalasin B, and MTs inhibitor propyzamide, showed that cyto-
chalasin B reversibly inhibited cytoplasmic streaming while propyzamide alone had
no effect. Removal of cytochalasin B after treating root hair cells with these inhibi-
tors together failed to recover cytoplasmic streaming. However, after removal of
propyzamide, both cytoplasmic streaming and original organization of AFs were
recovered, suggesting that MTs play a vital role in the organization of AFs.
Similarly, in Medicago truncatula, the effects of microtubule stabilizing and desta-
bilizing drugs on the morphology of the growing root hair have revealed the role of
MTs in maintaining the normal structure of the subapical cytoplasmic dense region.
These experiments imply that MTs play important role in maintaining the normal dis-
tance between the nucleus and the growing tip of the root hair during root hair growth
and in actin maintenance (Lloyd et al. 1987; Tominaga et al. 1997; Sieberer et al. 2002).
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3.3 Roles of Ca*’ in Tip-Growing Cells

Calcium is a versatile signalling component involved in root hair elongation (Robbins
et al. 2014). Experiments conducted with ion-specific dyes have exhibited that root
hairs show tip focus gradients of calcium like that of pollen tubes. The concentration
of this ion at the tip of growing root hairs, just below the plasma membrane, is about
1 pM and varies up to a basal concentration of 100 nM within 20 pm, but the non-
growing root hairs do not show such a gradient (Wymer et al. 1997). Necessity of
calcium channel activity for root hair tip growth and maintenance was demonstrated
by the use of calcium channel blocker, verapamil. 50 pM verapamil caused the dis-
sipation of elevated calcium ion concentration and cessation of root hair growth.
Re-establishment of calcium gradients shows that the highest calcium ion concentra-
tion promotes root hair growth. Change in the direction of root hair growth reorients
the calcium ion gradient, and the gradient again changes/reverts when root hair
growth is returned to the original direction.

4 Types of Nodules: Determinate and Indeterminate

According to the mode of development, nodules formed by Rhizobium are of two
kinds, viz. determinate and indeterminate, but ultimately it is the host plant that deter-
mines the type of nodule formed (Franssen et al. 1992; Maunoury et al. 2008; Ferguson
et al. 2010). In general, the indeterminate nodules are formed by temperate legumes,
and determinate nodules are formed by tropical legumes (Nap and Bisseling 1990).
The shape, site of first internal cell division, maintenance of a meristematic region and
form of the mature nodule are the features that can be used to distinguish the two kinds
of nodules (Newcomb and Peterson 1979; Ferguson et al. 2010). In general a nodule
consists of an inner central region and an outer cortex that acts as an oxygen diffusion
barrier (Witty et al. 1987; Parsons and Day 1990). Thus, the legume nodule anatomy is
characterized by a central infected region, surrounded by a cortex of uninfected cells
and a dichotomously branching vascular system. The vasculature system for sucrose/
photosynthate delivery to nodule is present in cortex only. On the other hand, the cen-
tral region of mature nodule consists of two types of cells: one those infected with
rhizobia and other uninfected cells (which are generally less in numbers) (Gordon et al.
1992; Brown and Walsh 1994). Immunogold labelling studies using polyclonal anti-
bodies to sucrose synthase were conducted by Gordon and co-workers (1992). They
found a greater intensity of labelling in the cytosol of uninfected interstitial cells of the
central nodule region compared with the cytosol of the infected cells. Thus, in indeter-
minate nodules starch is stored in both infected and uninfected cells, whereas it is
rarely or never found in infected cells in determinate nodules (Gordon et al. 1992). In
both determinate and indeterminate nodules, the epidermal responses are similar, but
cortical responses are different, viz. in determinate nodules initials arise from outer/
midcortical cells of the root, whereas in indeterminate nodules, the initials arise from
inner cortical cells (Subramanian 2013).
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The tissues that surround the infected tissue consist of three different cell layers.
First layer is known as outer cortex, followed by nodule endodermis, which is one
cell layered and inner cortex or ‘nodule parenchyma’ forms the third layer (Brown
and Walsh 1994). Thus, the inner and outer cortex are separated by a ‘common
endodermis’ termed as nodule endodermis (Frazer 1942; Bederska et al. 2012). The
inner cortex or nodule parenchyma houses vascular bundles, each with its own
endodermis (Brown and Walsh 1994). The xylem of the vascular bundles provide
water and the photo assimilates are supplied to the nodule by phloem (Bederska
et al. 2012). Thus vascular system guarantees import of nutrients from the host and
export of nitrogenous products from nodules, as effective nitrogen fixation depends
on the balance between the import of photo assimilates and the export of nitroge-
nous solutes (Walsh et al. 1989; Streeter 1993; Schulze 2004; Bederska et al. 2012).
Inner cortex is also important to protect the nitrogenase (a key enzyme in nitrogen
fixation, which is highly sensitive to oxygen) by forming a diffusion barrier.
However, this barrier is strongly dependent on the nodule cortical anatomy (Brown
and Walsh 1994; Sujkowska et al. 2011; Bederska et al. 2012). A physiological
paradox occurs in the nodule where the aerobic requirements of bacteroid and the
oxygen sensitivity of nitrogenase both have to be dealt with. Protection against
oxygen is provided by the nodule environment through a cortical diffusion barrier.
The main route of oxygen diffusion is through nodule apex, which generates a lon-
gitudinal oxygen gradient. As a result, the free oxygen concentration drops to less
than 50 nM in the central nitrogen-fixing zone containing Rhizobium bacteroids.
Interestingly, bacteroid respiration in the central zone is made possible by a high
concentration of leghaemoglobin and induction of a high-affinity cbb3 oxidase.
Therefore, these microorganisms fix nitrogen in a microaerobic, nitrogen-rich envi-
ronment, and thus nif gene induction during symbiosis is regulated by N (Dixon and
Kahn 2004).

The indeterminate nodules are generally elongated and have a persistent meri-
stem, while the determinate nodules are globose or obovate and lack a persistent
meristem (Walsh et al. 1992). Lotocka et al. (2012) suggested that the appropriate
term for indeterminate nodules should be ‘nodules with indeterminate growth meri-
stem’. The first cell division occurs in the cortex in indeterminate nodules and is
anticlinal, whereas in determinate nodules’ first cell division takes place in outer
cortex (Ferguson et al. 2010). In indeterminate and determinate nodules, the vascular
elements are surrounded by one to several layers of pericycle and an endodermis, but
in indeterminate nodules, the vascular elements continue to differentiate throughout
the nodule life, towards the meristem (Walsh et al. 1992).

There are certain plants that have been used historically for studies on indeter-
minate and determinate nodules. These include Medicago sativa (alfalfa), M.
truncatula, Pisum sativum (pea), Vicia sp. (vetches) and Trifolium sp. (cloves) for
indeterminate nodule and Glycine max (soybean), Vicia faba (bean) and Lotus
Jjaponicus for determinate nodules (Cook 2000; Handberg and Stougaard 1992).
However, Lotus japonicus and Medicago truncatula that develop determinate and
indeterminate nodules, respectively, are considered as model organisms (Lopez
et al. 2008). Both these plants had a common ancestor ~40 MY ago; still they
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Table 1 Summary of differences between determinate and indeterminate nodules

Determinate nodules

Formed in tropical legumes

Generally globose or obovate in shape
No persistent meristem

Starch is rarely or never stored in infected
cells

First cell division is periclinal and the
initials arise from outer/midcortical cells
No clear zonation

Infected cells have minimal vacuolation

The bacteroids have high viability and are
normal rod shaped and many per
symbiosome

Bacteroids represent same genomic DNA
content

Model organism for studies Lotus

Indeterminate nodules

Formed in temperate legumes
Elongated/cylindrical

Meristem is persistent, and the vascular elements
continue to differentiate throughout the nodule
existence

Starch is present in both infected and uninfected
cells

First cell division is anticlinal and the initials arise
from inner cortical cells

Five histological zones can be seen

Infected cells are highly vacuolated

The bacteroids have low viability and are enlarged
and branched and one per symbiosome

Differentiation of bacteroids causes genome
amplification

Model organism: Medicago truncatula

Jjaponicus

form different types of nodules (Lavin et al. 2005). Both these plants are diploid,
have small genome and can be inbred to form genetically homogenous lines.
Other characters which make these plants a favourite material are their short life
cycle and prolific seed production. The genome sequencing has been done for
both these plants, and thus mutants specific to symbiotic nitrogen fixation have
been characterized, and the responsible genes have been isolated (Cannon et al.
2006). Table 1 summarizes the differences between determinate and indetermi-
nate nodules.

4.1 Indeterminate Nodules

In the indeterminate nodules, the activity of meristem is persistent and new cells are
constantly added to the distal end, forming cylindrical nodules. The nodules, growth
and functioning occur simultaneously, and the differentiation can be observed in a
single longitudinal section. During the development of indeterminate nodules, the
first cell division is anticlinal and occurs in the inner cortex, and then in the endo-
dermis and pericycle, the periclinal divisions take place and a primordium is formed.
Being indeterminate nodules, the nodule meristem maintains its activity throughout
the growth cycle and apical meristem continuously produces new cells that are
being infected by bacteria, thus a gradient of developmental stages/zones can be
identified while the nodule continues to grow. Five histological zones can be distin-
guished in the fully developed indeterminate nodules (Timmers et al. 2000; Ferguson
et al. 2010; Bederska et al. 2012).
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The apical part (Zone I) consists of meristem and produces cells of the nodule
tissue, but no rhizobia. The distal part has an invasion or symbiotic zone. Adjacent
to this part is the infection zone (Zone II) that has young symbiotic tissue. In this
zone the cell division comes to an end and bacteria are released from the infection
threads into the cytosol. These bacteria then undergo endocytotic internalization
and differentiate into bacteroids to form symbiosomes. Bacteroid is different from
the free-living, rod-shaped rhizobia (Paau et al. 1978, 1980; Vasse et al. 1990). This
differentiation of bacteroids is linked to morphological and cytological changes,
such as cell elongation, genome amplification, membrane permeabilization and loss
of reproductive capacity (Mergaert et al. 2000).

Next to this is a transitional zone or interzone II/III with starch stored in cells,
and here bacteroid-containing tissues undergo final differentiation. Bacteroid dif-
ferentiation is orchestrated with dramatic changes in the invaded plant cells, which
enlarge and are highly polyploid (Timmers et al. 2000). Zone III is the differentiated
zone, where nitrogen fixation takes place. There is a senescent zone (Zone IV),
where symbionts degenerate (Vasse et al. 1990; Hirsch 1992). The presence of a
saprophytic zone (Zone V) was first time shown in alfalfa by Timmers and co-
workers (2000). In this zone, rhizobia neither undergo differentiation into bacteroid
nor they are surrounded by membrane envelope and possess features of free-living
bacteria. This zone is of special interest as it forms an ecological niche where intra-
cellular rhizobia take advantage of the interaction for their exclusive benefit and
live as parallel saprophytic partners (Timmers et al. 2000). These rhizobia are
returned to the soil after nodule decomposition (Lotocka et al. 2012).

4.2 Determinate Nodules

In determinate nodules, the nodule zonation is not clearly distinguished. The deter-
minate nodules originate from mitotic activity of the root outer cortex. However,
the mitotic activity stops during development, and increase in nodule size occurs
mainly due to cell expansion. The inner region of determinate nodule has rhizobia-
colonized cells where symbiotic nitrogen fixation occurs and relatively small
rhizobia-infected (as yet uncolonized) cells in the surrounding region. During the
development process, the infection thread branches and penetrates the cells of the
central region, once the infection thread comes in contact with nodule primordia.
The bacteria bud off from the tips of the infection threads into the plant cytoplasm
and the bacteria become enclosed by the peribacteroid membrane. The bacteroids
of determinate nodules represent the same cell size, genomic DNA content and
reproductive capacity as the free-living bacteria. Thus at the end of symbiosis,
these bacteria can return to a free-living lifestyle and recolonize the rhizosphere
(Mergaert et al. 2006).
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5 Molecular Conversation

Symbiotic nitrogen fixation genes can be broadly divided into nod, nif and fix genes
(Fischer 1994). The nod gene products are required for the early steps in nodule
formation (which is discussed subsequently). In free-living diazotrophs such as
Klebsiella pneumoniae, nif genes exist and are structurally homologous to rhizobial
nif genes. The conserved nif gene plays a similar role in rhizobia as in
K. pneumoniae (Long 1989; Fischer 1994, Schmitz et al. 2002). Alternatively, the
term ‘fix gene’ is used for genes that are essential for nitrogen fixation but do not
have a homologous counterpart in K. pneumoniae (Long 1969; Fischer 1994).
However, the homologues of some of the fix genes exist in bacteria that do not fix N
(Dixon and Kahn 2004). Interestingly, both nif and fix gene mutants are able to
cause nodule development, but the nodules do not fix nitrogen (Long 1969).
Regulation of nif expression is a complex phenomenon, and the regulatory events
that control the transcription of the nif genes in free-living and symbiotic diazo-
trophs have been well reviewed by Dixon and Kahn (2004).

5.1 NF Perception and Signalling Cascade

Roots of the host plant attract the rhizobia and activate the expression of rhizobial
nod genes that in turn leads to the production and secretion of strain-specific NFs.
There are two receptor-like kinases (RLK) that are located on the epidermal cells:
LjNFR1 and LjNFRS in L. japonicus and MtLYK3/MtLYK4 and M(NFP in M.
truncatula (Limpens et al. 2003; Madsen et al. 2003; Radutoiu et al. 2003; Arrighi
et al. 2006). These NF receptors comprise of an intracellular kinase domain, a
transmembrane domain and an extracellular region having lysin motif (LysM)
domains. These LysM domains mediate recognition of different NAG-containing
ligands and facilitate microbial infection and symbiosis (Gust et al. 2012). Most
of the NF receptors are characterized by the presence of activation loop (the site
of phosphorylation). The NF receptors, LiNFR1 and MtLYK3/MtLYK4, have a
typical serine/threonine kinase domain, but LiNFRS5 and MtNFP do not have any
activation loop (Limpens et al. 2003; Madsen et al. 2003; Radutoiu et al. 2003).
The absence of an activation loop in the receptor of one of the kinase domains
gives an indication that the two LysM RLKs form a heterodimeric receptor, with
the active kinase domain functioning in downstream signal transduction. Thus,
the NF that is perceived by two LysM RLKs leads to NF signalling cascade, corti-
cal and pericycle cell division and bacterial infection events (Cardenas et al. 1998;
de Ruijter et al. 1998).

The signalling cascade involves potassium ion (K*) channel proteins located in
the nuclear membrane (encoded by MtDML1, LjCASTOR and LjPOLLUX) (Ané
et al. 2004; Imaizumi-Anraku et al. 2005; Riely et al. 2007), two nucleoporins
(encoded by LjNup133 and LjNUP8S5) (Kanamori et al. 2006; Saito et al. 2007)
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and a calcium- and calmodulin-dependent protein kinase (CCaMK) (encoded by
MtDM13/PsSYM9) (Lévy et al. 2004; Mitra et al. 2004). Rapid influx of Ca*?, fol-
lowed by membrane depolarization involving efflux of Cl- and K* (Felle et al.
1999), induces oscillation in cytosolic Ca*? concentration, which is known as Ca*?
ion spiking (Wais et al. 2000). Ca*? spiking signals are perceived by CCaMK
(Oldroyd and Downie 2004). Various mutation studies suggest that NF LRR RLK,
the ion channels and the nucleoporins act downstream of NF perception, but
upstream of Ca*? spiking, and CCaMK acts downstream of Ca*? spiking (Ferguson
et al. 2010). Downstream of CCaMK, many transcription factors necessary for
nodulation and nodule inception get activated. These include nodulation signalling
pathway 1 (NSP1) (Smit et al. 2005), NSP2 (Kal¢ et al. 2005), Ets2 repressor fac-
tor required for nodulation (ERN) (Middleton et al. 2007) and nodule inception
(NIN) (Schauser et al. 1999; Borisov et al. 2003). Mutational studies of NSP1 and
NSP2 have shown that these mutants exhibit normal Ca*? responses when treated
with NFs but fail to initiate transcription of the early nodulation (ENOD) genes
localized in the epidermis. NSP1 and NSP2 get activated after Ca*? spiking (Catoira
et al. 2000; Oldroyd and Long 2003), but probably downstream of CCaMK
(Ferguson et al. 2010). In addition to these genes, the ENOD gene shows its expres-
sion in the epidermal cells. Experimental evidences suggest that expression of
ENOD:s in the epidermis is an orchestrated effort of NSP1, NSP2, ERN1 and NIN
(Andriankaja et al. 2007; Hirsch et al. 2009; Ferguson et al. 2010). NF signalling
cascade, cell divisions in cortex and pericycle and bacterial infection, all these
events occur in a coordinated way and give rise to a nodule.

5.2 Epidermal and Cortical Responses During Early Stages
of Nodulation

During root hair invasion, bacterial infection is regulated by epidermis, whereas
formation of a nodule is controlled by cortex. However, in case of crack invasion,
the epidermis is breached and the bacteria gain direct access to cortical cells. The
developmental processes in the cortex and epidermis are different, but coordinated
such that a nodule primordium occurs close to the site of bacterial infection.
Essentiality of a cytokinin receptor for nodule development indicates cytokinin as
a key player in nodule organogenesis. Indeed, cytokinin may be the mobile signal
communicating epidermal perception of NF to the inner root (Subramanian 2013;
Ferguson et al. 2010). Abscisic acid (ABA) has already been proposed as a mobile
signal and is known to have a role in both the epidermis and cortex (Ding et al. 2008;
Biswas et al. 2009; Ding and Oldroyd 2009). ABA is a negative regulator of nodule
development and other plant hormones such as auxin, brassinosteroids and gibberel-
lins acting as positive regulators. Like the hormones, there are certain factors and
signals that are required both in the cortex and in the epidermis. For example, CCaMK
is required in the epidermis and the cortex but involves entirely different pathways.
Similarly, NSP1 and NSP2, which act downstream of CCaMK in the epidermis, and
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downstream of CCaMK and the cytokinin receptor in the cortex is thus required in
both epidermis and cortex (Heckmann et al. 2006). Another transcription factor, NIN,
also appears to have a role in both epidermal and cortical cells. NF perception in the
epidermis causes rapid responses in the inner root. In M. truncatula within 16 h, cyto-
skeletal rearrangement takes place in pericycle cells (Timmers et al. 1999). Such rapid
response in the inner root to rhizobia/NF suggests some form of signalling
communication.

The activation of the mitotic cell cycle and regulators of the cell cycle in cortical
cells play an important role during the formation of a nodule primordium. A cytokinin
receptor, which has a histidine kinase domain (encoded by MtCRE1/LjLHK1), func-
tions in the root cortex and is essential for cell division events (Gonzalez-Rizzo et al.
2006; Tirichine et al. 2007). Downregulation, or loss of function, of this receptor
results in decreased nodule numbers, as nodule primordium is not formed by plant
(Gonzalez-Rizzo et al. 2006; Murray et al. 2007). During such an event rhizobial
infections take place, but the infection threads lose their direction and spread laterally
rather than growing towards the root cortex (Murray et al. 2007). Thus, nodule pri-
mordia formation or the cytokinin receptor is not mandatory for bacterial infection
events, but for guiding the growth of infection thread.

The loss-of-function Mtdmi3 mutants produce a non-nodulation phenotype as
CCaMK activity is required in the epidermis. But gain-of-function mutants of
CCaMK result in spontaneous nodulation due to controlled cell divisions in the
cortex (Gleason et al. 2006; Tirichine et al. 2006). However, presence of functional
copies of NSP1 or NSP2 is essential for nodulation in gain-of-function mutants of
CCaMK (Gleason et al. 2006; Tirichine et al. 2007). Thus, NSP1 and NSP2 act
downstream of CCaMK in the epidermis.

The transcription factor, NIN, has a role in both epidermal and cortical cells
(Schauser et al. 1999; Borisov et al. 2003; Marsh et al. 2007). In the epidermis, the
mutant NIN plants show show excessive ENOD11 expression (suggesting that NIN
is not essential for NF-induced ENOD11 expression), excessive root hair curling,
blocked rhizobial infection (Schauser et al. 1999; Marsh et al. 2007) and in the cor-
tex, such mutants are unable to initiate cell divisions and nodule primordium forma-
tion (Schauser et al. 1999; Borisov et al. 2003). NIN acts as a negative regulator of
NF signalling to regulate the spatial expression of ENOD11 in the root epidermis
(Marsh et al. 2007). The expression of NIN is brought out by cytokinin or NF appli-
cation (Gonzalez-Rizzo et al. 2006; Murray et al. 2007), further supporting the idea
that NIN positively regulates cortical cell divisions.

6 Legume-Rhizobium Under Stress

Stress refers to any environmental condition that affects normal growth, metabolism
and development of organisms. More than 90 % of arable land experience one or other
kind of stress and causes more than 50 % of crop loss worldwide. In the symbiotic
association of rhizobium and legume, it is important to discuss the factors that affect
the microbe, the host plant and the functioning of the symbiotic association, as the N,
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fixation is strongly related to the physiological state of the host plant (Bordeleau and
Prevost 1994; Zahran 1999). Stress factors may be from natural or anthropogenic
sources (i.e. due to human activities). Natural stresses include soil pH, soil moisture,
salinity, temperature, nutrients, predation, etc. Stress leads to the generation of reac-
tive oxygen species (ROS). These ROS react with biomolecules like proteins, nucleic
acids, membrane lipids, etc. and hamper their normal functioning in the cell. Plants
respond to these stresses through synthesis of metabolites and antioxidant enzymes
that enhance tolerance mechanisms in plants under stress (Latef and Ahmad 2015).
The presence of stress changes the physiological state of host plant, rhizobial survival
in the soil, infection and nodule establishment and ultimately the nodule functioning.
In the following section, major environmental constraints and their effects on the
legumes, rhizobium and legume—Rhizobium interaction are discussed.

6.1 SoilpH

Soil acidity alters the availability of phosphorous, calcium and molybdenum and
determines the toxicity of iron, aluminium and manganese (Muthukumar et al.
2014). Highly alkaline soil has sodium chloride, bicarbonate and borate which are
toxic to both legume and rhizobium. Neutral or slightly acidic pH in soil is required
for most leguminous plants (Bordeleau and Prevost 1994). In both tropical and tem-
perate areas, the acidic pH limits the growth and survival of rhizobium strains in soil
and nodulation and ultimately constrains nitrogen fixation of legumes (Graham
etal. 1994). In a study by Tang and Thomson (1996), they studied the effects of pH
(4,5, 6,7 and 8) and bicarbonate (5 mM KHCOs;) on the growth and nodulation of
14 grain legume species supplied with N or reliant on N, fixation. Species shows a
broader optimal pH range for growth when supplied with N, but showed sensitivity
at low pH when reliant on N, fixation.

Thus, soil pH affects the number of nodules, the nitrogenase activity, the nodule
ultrastructure and the fresh and dry weights of nodules to a greater extent (Vassileva
et al. 1997; Zahran 1999). Generally, nodulation problems occur once the pH falls
below 5.5, as the rhizobium attachment to root hair is hampered (Bordeleau and
Prevost 1994; Zahran 1999).

Taylor et al. (1991) suggested that at low pH, the rhizobial population decreases.
However, not all the strains exhibit pH sensitivity, and rhizobia appear to be more
tolerant to alkalinity and acidity and then do their legume hosts, thus host legume is
considered to be a limiting factor for creating rhizobium-legume symbiosis (Tang and
Thomson 1996; Graham et al. 1994; Zahran 1999). Bradyrhizobium (slow-growing
strain) is more tolerant to low pH than the fast-growing strains of rhizobium, with the
exception of R. loti and R. tropici. In pH-tolerant strains, the cytoplasmic pH is not
altered much by external acidity. Experimental evidences suggest that this tolerance
can be attributed due to the differences in the lipopolysaccharide composition of
strains, proton exclusion and extrusion, synthesis of acid shock proteins and high
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cytoplasmic potassium and glutamate levels (Aarons and Graham 1991; Bhat and
Carlson 1992; Fujihara and Yoneyama 1993; Zahran 1999).

Like rhizobial species, the legume species also differ in their response to low pH
(Tang and Thomson 1996). Muthukumar et al. (2014) suggest three possible mech-
anisms that enable plants to tolerate acidic conditions: (1) exclusion of toxic ions
(such as Al and Mn) from the root apex, (2) tolerance to toxic levels of Al and Mn
through detoxification in the plant symplasm and (3) enhanced efficiency in the
uptake of limiting nutrients from acid soils (Kochian et al. 2005; Bhalerao and
Prabhu 2013).

Soil acidity also limits the phosphorous availability, reduces legume growth and
indirectly limits nodulation (Bordeleau and Prevost 1994). Phosphorous deficiency
affects the growth of the legume host as well as of the symbiont. Rhizobial strains
differ in their capacity to tolerate phosphorous deficiency, and generally slow-
growing strains are more tolerant than the fast-growing ones (Zahran 1999). The
presence of heavy metals such as aluminium further aggravates the problem of low
pH, as under these conditions phosphorous is precipitated and becomes unavail-
able to plant and rhizobium in the rhizosphere. Thus, such conditions result in the
stunted root growth, low calcium uptake by plant and reduced nodulation and
nitrogen fixation (Zahran 1999; Azooz and Ahmad 2015). Wood et al. (1984)
observed the symbiosis of Trifolium repens var Huia—Rhizobium trifolii strain
HP3 in axenic solution culture system that under 10 mM phosphate and 50 mM Al,
aluminium inhibits the root elongation at pH < 6.0 and root hair formation at
pH < 5, while nodulation and rhizobium multiplication at pH < 6.0. Ferreira et al.
(2012) demonstrated that the rhizobial strains of R. tropici, viz. UFLA04-195,
UFLAO04-173 and UFLAO04-20, have greater efficiency for plant growth, shoot
nitrogen content and nodulation when compared to strain CIAT 899.

6.2 Soil Moisture

Moisture regime determines the distribution, survival and activity of the rhizobium
in their microhabitats (Orchard and Cook 1983; Zahran 1999). Waldon et al. (1989)
isolated 74 rhizobial strains from the nodules of the desert woody legumes.
Rhizobia isolated from surface and deep phreatic soil were compared. Jenkins
et al. (1989) worked on three warm desert ecosystems such as sand dune,
Chihuahuan Desert of New Mexico and Sonoran Desert of Southern California and
observed that fast-growing rhizobia exists as free-living populations from 0 to 8 m
depth, while slow-growing rhizobia dominated the surface 1 m of soil. However,
this distribution of rhizobia was related to the concentration of total soil salts in the
soils. Such studies show that rhizobia can exist in soil with low moisture contents
but with low population density, while legumes are sensitive to extreme water
regimes (Jenkins et al. 1989; Waldon et al. 1989; Tate 1995; Bordeleau and Prevost
1994). Faba bean and pea are known to be drought sensitive, whereas lentil and
chickpea are known as drought-resistant genera (Azooz and Ahmad 2015). Tolerant
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legumes show osmotic adjustment (Ford 1984) by accumulating osmolytes such as
glutamic acids (Botsford and Lewis 1990), trehalose, N-acetylglutaminylglutamine
amide (D’Souza-Ault et al. 1993; Smith et al. 1994), proline (Kapuya et al. 1985)
and pinitol (o-methylinositol) (Ford 1984).

Low moisture induces oxidative damage in legumes thereby effecting nodule per-
formance (Azooz and Ahmad 2015). When 1-month-old alfalfa plants were inoculated
with Sinorhizobium meliloti strains 102 F78 and subjected to drought, a decrease in
plant growth due to decrease in leaf area and decrease in nodule dry mass was observed
(Aranjuelo et al. 2007). Interestingly, Talbi et al. (2012) in their study observed that
inoculation of Phaseolus vulgaris with a R. etli strain (which has enhanced expression
of cbb 3 oxidase) increased the tolerance of Phaseolus vulgaris—R. etli symbiosis to
drought and modulate carbon metabolism in nodules. The degree of water stress on the
rhizobium and its activity also depends on the age and growth stage of the host plant.
For example, in Phaseolus vulgaris, Pena-Cabriales and Castellanos (1993) demon-
strated that water stress is more detrimental to nodulation at reproductive stage, rather
than at the vegetative stage. Nodules initiated under sufficient water conditions show
retarded growth, if exposed to dry conditions. In dry soil infection is restricted because
of the short, stubby root hairs, which are inadequate for rhizobial infection (Bordeleau
and Prevost 1994). Rate of nitrogen fixation in legume plants decreased under drought
stress due to the accumulation of ureides in nodules and shoots and reduced shoot
nitrogen demand, xylem translocation rate and metabolic enzyme activity (Azooz and
Ahmad 2015).

6.3 Soil Salinity

Salinity is a major abiotic stress limiting agricultural production especially in arid and
semiarid regions (Munns and Tester 2008). Rhizobial strains are found to be salinity
tolerant than their partner legumes; the tolerance in this symbiotic nitrogen fixation
depends on the plant as well as the rhizobium genotype (Dogra et al. 2013). Soil salin-
ity adversely affects the microbial population mainly because of ion toxicity and
osmotic stress (Tate 1995; Zahran 1999). The bacteria adapt to saline conditions by
the intracellular accumulation of low molecular weight organic solute osmolytes
(Csonka and Hanson 1991); increase in intracellular free glutamate and/or K* (Zahran
1999); release of osmoprotectants such as sucrose, ectoine, mannitol, lactose, etc.
(Talibort et al. 1994; Ghittoni and Bueno 1995; Gouffi et al. 1999); accumulation of
glycine betaine (Fougere et al. 1991); and increase in the content of polyamines
(Fujihara and Yoneyama 1993). In a study by Sharma et al. (2013), the isolated rhizo-
bial strains from the root nodules of three leguminous plants, namely, sesbania
(Sesbania sesban), lablab (Lablab purpureus) and pigeon pea (Cajanus cajan), grow-
ing at a research farm in Dubai were able to nodulate in saline water 12 dS m™ on
21-day-old seedlings.

Saline soils limit the productivity of legumes by adversely affecting the growth
of the host plant, the symbiotic development of rhizobial root nodules and their
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nitrogen fixating capacity (Dogra et al. 2013). Some legumes, e.g. Vicia faba,
Phaseolus vulgaris and Glycine max, are more salt tolerant than others, e.g. Pisum
sativum (Zahran 1999). Increase in soil salinity causes water stress, ion toxicity,
nutritional disorders, oxidative stress, alteration of metabolic processes, membrane
disorganization by displacing membrane Ca*? by Na*, reduction of cell division and
expansion and genotoxicity in legumes (Azooz and Ahmad 2015). In another study
by Latrach et al. (2014), salinity decreased the plant height, their dry mass and
nodulation in the symbiotic combinations of two Moroccan alfalfa (Medicago
sativa) populations (Demnate and Tata) and two rhizobial strains (rhLAr 1 and
rhLAr 4). Oufdou et al. (2014) inoculated faba beans by rhizobial strains RhOF6
and exposed plants to 150 mM of NaCl. In the plant inoculated by RhOF6,
glutathione S-transferase (GST) activity was generally increased while a decrease
in glutathione peroxidase (GPOX), superoxide dismutase (SOD), ascorbate peroxi-
dase (APOX) and monodehydroascorbate reductase (MDHAR) in roots of faba
bean.

The initial steps of legume-rhizobium interaction are inhibited under salt stress
(Zahran 1991). The legume—Rhizobium symbioses and nodule formation on legumes
are more sensitive to salt or osmotic stress than are the rhizobia. Tu (1981) demon-
strated that failure of nodulation in soybean occurs due to decrease in rhizobial
colonization and shrinkage of root hairs. Salt stress reduces nodule respiration and
cytosolic protein production, especially leghaemoglobin, thus depressing nitrogen
fixation (Zahran 1999).

6.4 Temperature

Ideally, 28-31 °C is found to be the optimal temperature for rhizobial growth, and
they are generally unable to grow at and above 37 °C. Heat-tolerant rhizobia are
likely to be found in environments affected by temperature stress. For example,
rhizobial isolates from southern Nile Valley of Egypt were tolerant to 3540 °C,
although they formed less effective symbiosis with their legume hosts (Zahran
1999). At high temperature, the rhizobial strains become ineffective and outnumber
the infective rhizobia in the rhizosphere. Zahran et al. (1994) reported that the heat
stress changes the lipopolysaccharide pattern of some strains of rhizobia.

In legume host, elevated temperature negatively affects photosynthesis, respira-
tion, water relations and membrane stability and also modulates levels of hormones
and primary and secondary metabolites. The enhanced expression of a variety of
heat shock proteins and production of ROS constitutes major plant responses to heat
stress (Azooz and Ahmad 2015). Increased temperatures adversely affect root hair
formation, adherence of bacteria to hairs, root hair infection, sites of nodulation,
bacteroid differentiation and nodule structure and functioning, but accelerate nod-
ule senescence (Roughley 1970; Roughley and Dart 1970; Pankhurst and Gibson
1973; Sutton 1983). Hungria and Franco (1993), in their study, screened strains of
Rhizobium leguminosarum bv. phaseoli and observed that some of the strains were
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able to nodulate beans even when given a heat shock of 35 and 38 °C for § hin a
day. However, the nodules formed were ineffective and nitrogen did not accumulate
in plants. Thermal shocks of 40 °C at the time of flowering decreased the nitroge-
nase activity and nodule relative efficiency of plants but recovered only when new
nodules were formed.

Michiels et al. (1994) compared heat-tolerant (CIAT899) and heat-sensitive
(CNPAF512) strains of bean-nodulating rhizobia: 14 heat shock proteins were
detected in CNPAF512 at 40 °C and 6 heat shock proteins in CIAT899 at 45 °C. In
cowpea, Simdes-Aratijo and co-workers (2002) showed similarities in the tran-
scripts — fragments derived after heat shock to those that encode for wound-induced
proteins, disease resistance protein, heat shock proteins and xylan endohydrolase
isoenzyme, as well as different housekeeping genes.

In temperate legumes, elevated temperatures delay nodule initiation and devel-
opment, interfere with nodule structure and functioning, whereas nitrogen fixation
efficiency is mainly affected in tropical legumes (Bordeleau and Prevost 1994).
However, in a study on alfalfa (temperate legume) by Aranjuelo et al. (2007), ele-
vated temperature decreased not only plant growth but also CO, and N, fixation
rates and inhibited nodule activity. The results were obtained by inoculating alfalfa
with Sinorhizobium meliloti strain 102 F78 grown under different temperature
(25/15 or 28/18 °C, day/night) and water treatments.

6.5 Predation

Rhizobium bacteria have to adapt to soil conditions in the soil ecosystem, and spatial
distribution of rhizobia in the soil influences their survival (Postma et al. 1990). The
rhizobium is attacked by number of organisms such as insect larvae (for source of
food), nematodes, bacteriophages, viruses, etc. (Andrés et al. 2012). In addition to
the competition for resources with other organisms, rhizobia also have to cope with
the predation by the protists (Jousset et al. 2006). This decreases bacterial number
and also plays an important role in controlling bacterial populations (Jjemba 2001;
Rgnn et al. 2002). As a response to predation, bacteria have developed several adap-
tations such as morphological changes, increased motility, toxin production and
membrane properties that make them unattractive (Jousset et al. 2006). In a study by
Pérez et al. (2014), it was observed that in a cocultured medium of Myxococcus xan-
thus (a soil bacterium) and strains of Sinorhizobium meliloti, the predatory pattern is
determined by the galactoglucan released by the rhizobial strain.

7 Epilogue

Understanding the role of biological N, fixation can help us to achieve agricultural
sustainability worldwide. However, the relationship between plants, soil microorgan-
ism and soil is multifaceted. Plants and microorganisms, directly or indirectly, play a
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crucial role in the major ecological processes such as nutrient cycling, soil formation,
improving soil fertility and BNF, etc. The process of nodulation involves two-way
molecular conversation between the host legume and the bacteria. A number of natu-
ral and anthropogenic factors affect the legume—Rhizobium interaction. However,
there are varieties of strains that can tolerate harsh environmental conditions.
Optimum utilization of BNF can help us to achieve agricultural sustainability world-
wide. The use of new inventions and its access to the farmers could be a step towards
sustainability and will help in improving the economic status of the farmers.
Therefore, more research program across the world to identify the superior legume
varieties and rhizobial strains for the human welfare are required.

References

Aarons SR, Graham PH (1991) Response of Rhizobium leguminosarum bv phaseoli to acidity.
Plant Soil 134:145-151

Andrés JA, Rovera M, Guifiazi LB, Pastor NA, Rosas SB (2012) Interactions between legumes and
rhizobia under stress conditions. In: Maheshwari DK (ed) Bacteria in agrobiology: stress man-
agement. Springer, Berlin

Andriankaja A, Boisson-Dernier A, Frances L, Sauviac L, Jauneau A, Barker DG, de Carvalho-
Niebel F (2007) AP2-ERF transcription factors mediate nod factor-dependent MtENODI1
activation in root hairs via a novel cis-regulatory motif. Plant Cell 19:2866-2885

Ané JM, Kiss GB, Riely BK, Penmetsa RV, Oldroyd GE, Ayax C, Lévy J, Debellé F, Back JM, Kalo
P, Rosenberg C, Roe BA, Long SR, Dénari€ J, Cook DR (2004) Medicago truncatula DMI1
required for bacterial and fungal symbioses in legumes. Science 303:1364—1367

Aranjuelo I, Irigoyen JJ, Sdnchez-Diaz, M (2007). Effect of elevated temperature and water avail-
ability on CO, exchange and nitrogen fixation of nodulated alfalfa plants. Environ Exp Bot
59(2):99-108

Arrighi JF, Barre A, Ben Amor B, Bersoult A, Soriano LC, Mirabella R, de Carvalho-Niebel F,
Journet EP, Ghérardi M, Huguet T, Geurts R, Dénari€ J, Rougé P, Gough C (2006) The Medicago
truncatula Lysine motif-receptor-like kinase gene family includes NFP and new nodule-expressed
genes. Plant Physiol 142(1):265-279

Azooz MM, Ahmad P (eds) (2015) Legumes under environmental stress: yield, improvement and
adaptations. John Wiley & Sons, Hoboken

Bederska M, Borucki W, Znojek E (2012) Movement of fluorescent dyes Lucifer Yellow (LYCH)
and carboxyfluorescein (CF) in Medicago truncatula Gaertn. roots and root nodules. Symbiosis
58:183-190

Bhalerao SA, Prabhu DV (2013) Aluminium toxicity in plants: a review. ] Appl Chem 2:447-474

Bhat UR, Carlson RW (1992) Chemical characterization of pH-dependent structural epitopes of
lipopolysaccharides from  Rhizobium leguminosarum biovar phaseoli. '] Bacteriol
174(7):2230-2235

Biswas B, Chan PK, Gresshoff PM (2009) A novel ABA insensitive mutant of Lotus japonicus
with a wilty phenotype displays unaltered nodulation regulation. Mol Plant 2:487-499

Bond L (1948) Origin and developmental morphology of root nodules of Pisum sativum. Bot Gaz
109(4):411-434

Bordeleau LM, Prevost D (1994) Nodulation and nitrogen fixation in extreme environments. Plant
Soil 161:115-125

Borisov AY, Madsen LH, Tsyganov VE, Umehara Y, Voroshilova VA, Batagov AO, Sandal N,
Mortensen A, Schauser L, Ellis N, Tikhonovich IA, Stougaard J (2003) The sym35 gene required
for root nodule development in pea is an ortholog of NIN from Lotus japonicus. Plant Physiol
131:1009-1017



378 G. Yamal et al.

Botsford JL, Lewis TA (1990) Osmoregulation in Rhizobium meliloti: production of glutamic acid
in response to osmotic stress. Appl Environ Microbiol 56(2):488-494

Brown SM, Walsh KB (1994) Anatomy of the legume nodule cortex with respect to nodule perme-
ability. Aust J Plant Physiol 21:49-68

Cannon SB et al (2006) Legume genome evolution viewed through the Medicago truncatula and
Lotus japonicus genomes. Proc Natl Acad Sci U S A 103(40):14959-14964

Cardenas L, Vidali L, Dominguez J, Perez H, Sanchez F, Hepler PK, Quinto C (1998) Rearrangement
of actin microfilaments in plant root hairs responding to Rhizobium etli nodulation signals. Plant
Physiol 116(3):871-877

Catoira R, Galera C, de Billy F, Penmetsa RV, Journet EP, Maillet F, Rosenberg C, Cook D, Gough
C, Denarie J (2000) Four genes of Medicago truncatula controlling components of a nod factor
transduction pathway. Plant Cell 12:1647-1665

Cook D (2000) Medicago truncatula—a model in the making! Curr Opin Plant Biol 2:301-304

Cooper JE (2007) Early interactions between legumes and rhizobia: disclosing complexity in a
molecular dialogue. J Appl Microbiol 103:1355-1365

Csonka LN, Hanson AD (1991) Prokaryotic osmoregulation: genetics and physiology. Annu Rev
Microbiol 45:569-606

D’Souza-Ault MR, Smith LT, Smith GM (1993) Roles of N-acetylglutaminylglutamine amide and
glycine betaine in adaptation of Pseudomonas aeruginosa to osmotic stress. Appl Environ
Microbiol 59(2):473-478

de Ruijter N, Rook M, Bisseling T, Emons A (1998) Lipochitooligosaccharides re-initiate root hair tip
growth in Vicia sativa with high calcium and spectrin-like antigen at the tip. Plant J 13:341-350

Ding YL, Oldroyd GE (2009) Positioning the nodule, the hormone dictum. Plant Signal Behav
4:89-93

Ding YL, Kalo P, Yendrek C, Sun J, Liang Y, Marsh JF, Harris JM, Oldroyd GE (2008) Abscisic
acid coordinates Nod factor and cytokinin signaling during the regulation of nodulation in
Medicago truncatula. Plant Cell 20:2681-2695

Dixon R, Kahn D (2004) Genetic regulation of biological nitrogen fixation. Nat Rev Microbiol
2:621-631

Dogra T, Priyadarshini A, Kumar A, Singh NK (2013) Identification of genes involved in salt toler-
ance and symbiotic nitrogen fixation in chickpea rhizobium Mesorhizobium ciceri Cal8]1.
Symbiosis 61(3):135-143

Felle HH, Kondorosi E, Kondorosi A, Schultze M (1999) Elevation of the cytosolic free [Ca®*] is
indispensable for the transduction of the nod factor signal in alfalfa. Plant Physiol
121:273-279

Ferguson BJ, Indrasumunar A, Hayashi S, Lin MH, Lin YH, Reid DE, Gresshoff PM (2010) Molecular
analysis of legume nodule development and autoregulation. J Integr Plant Biol 52(1):61-76

Ferreira PAA, Bomfeti CA, Soares BL, de Souza Moreira FM (2012). Efficient nitrogen-fixing
Rhizobium strains isolated from amazonian soils are highly tolerant to acidity and aluminium.
World J Microbiol Biotechnol 28: 1947-1959.

Fischer H-M (1994) Genetic regulation of nitrogen fixation in Rhizobia. Microbiol Rev 58:352-386

Fliegmann J, Bono J (2015) Lipo-chitooligosaccharidic nodulation factors and their perception by
plant receptors. Glycoconj J 32:455-464

Ford CW (1984) Accumulation of low molecular weight solutes in water stressed tropical legumes.
Phytochemistry 23:1007-1015

Fougere F, Le-Rudulier D, Streeter JG (1991) Effects of salt stress on amino acid, organic acid, and
carbohydrate composition of roots, bacteroids and cytosol of alfalfa (Medicago sativa L.).
Plant Physiol 96:1228-1236

Franssen HJ, Vijn I, Yang WC, Bisseling T (1992) Developmental aspects of the Rhizobium-
legume symbiosis. Plant Mol Biol 19(1):89-107

Frazer HL (1942) The occurrence of endodermis in leguminous root nodules and its effect on
nodule function. Proc R Soc Edinb B 61:328-343

Fujihara S, Yoneyama T (1993) Effects of pH and osmotic stress on cellular polyamine contents in
the soybean rhizobia Rhizobium fredii P220 and Bradyrhizobium japonicum A1017. Appl
Environ Microbiol 59:1104-1109



An Insight into the Legume—Rhizobium Interaction 379

Gage DJ (2004) Infection and invasion of roots by symbiotic, nitrogen-fixing rhizobia during nod-
ulation of temperate legumes. Microbiol Mol Biol Rev 68(2):280-300

Ghittoni NE, Bueno MA (1995) Peanut rhizobia under salt stress: role of trehalose accumulation
in strain ATCC 514466. Can J Microbiol 41:1021-1030

Gibson KE, Kobayashi H, Walker GC (2008) Molecular determinants of a symbiotic chronic infec-
tion. Annu Rev Genet 42:413-441

Gleason C, Chaudhuri S, Yang TB, Munoz A, Poovaiah BW, Oldroyd GE (2006) Nodulation inde-
pendent of rhizobia induced by a calcium-activated kinase lacking autoinhibition. Nature
441:1149-1152

Gonzalez-Rizzo S, Crespi M, Frugier F (2006) The Medicago truncatula CRE1 cytokinin receptor
regulates lateral root development and early symbiotic interaction with Sinorhizobium meliloti.
Plant Cell 18:2680-2693

Gordon AJ, Thomas BJ, Reynolds PHS (1992) Localization of sucrose synthase in soybean root
nodules. New Phytol 122:35-44

Gouffi K, Pica N, Pichereau V, Blanco C (1999). Disaccharides as a new class of nonaccumulated
osmoprotectants for Sinorhizobium meliloti. Appl Environ Microbiol 65:1491-1500.

Graham PH, Vance CP (2003) Legumes: Importance and constraints to greater use. Plant Physiol
131:872-877

Graham PH, Draeger K, Ferrey ML, Conroy MJ, Hammer BE, Martinez E, Naarons SR, Quinto C
(1994) Acid pH tolerance in strains of Rhizobium and Bradyrhizobium tolerance of Rhizobium
tropici UMR1899. Can J Microbiol 40:198-207

Gust AA, Willmann R, Desaki Y, Grabherr HM (2012) Plant LysM proteins: modules mediating
symbiosis and immunity. Trends Plant Sci 17(8):495-502

Haeze WD, Holsters M (2002) Nod factor structures, responses, and perception during initiation
of nodule development. Glycobiology 12(6):9R-105R

Handberg K, Stougaard JS (1992) Lotus japonicus, an autogamous, diploid legume species for
classical and molecular genetics. Plant J 2:487-496

Heckmann AB, Lombardo F, Miwa H, Perry JA, Bunnewell S, Parniske M, Wang TL, Downie JA
(2006) Lotus japonicus nodulation requires two GRAS domain regulators, one of which is
functionally conserved in a non-legume. Plant Physiol 142:1739-1750

Hepler PK, Vidali L, Cheung AY (2001) Polarized cell growth in higher plants. Annu Rev Cell Dev
Biol 17:159-187

Hirsch AM (1992) Developmental biology of legume nodulation. New Phytol 122:211-237

Hirsch AM (1999) Role of lectins (and rhizobial exopolysaccharides) in legume nodulation. Curr
Opin Plant Biol 2:320-326

Hirsch S, Kim J, Munoz A, Heckmann AB, Downie JA, Oldroyd GE (2009) GRAS proteins form
a DNA binding complex to induce gene expression during nodulation signaling in Medicago
truncatula. Plant Cell 21:545-557

Hungria M, Franco AA (1993) Effects of high temperature on nodulation and nitrogen fixation by
Phaseolus vulgaris L. Plant Soil 149(1):95-102

Imaizumi-Anraku H, Takeda N, Kawaguchi M, Parniske M, Hayashi M, Kawasaki S (2005) Host
genes involved in activation and perception of calcium spiking. Plant Cell Physiol 46:S5-S5

Iwanami Y (1956) Protoplasmic movement in pollen grains and pollen tubes. Phytomorphology 6:288-295

Jenkins MB, Virginia RA, Jarrell WM (1989) Ecology of fast-growing and slow-growing mesquite-
nodulating rhizobia in Chihuahuan and Sonoron Desert ecosystems. Soil Sci Soc Am
J53(2):543-549

Jjemba PK (2001) The interaction of protozoa with their potential prey bacteria in the rhizosphere.
J Eukaryot Microbiol 48:320-324

Jousset A, LaraE, Wall LG, Valverde C (2006) Secondary metabolites help biocontrol strain Pseudomonas
fluorescens CHAOQ to escape protozoan grazing. Appl Environ Microbiol 72:7083-90

Kalé P, Gleason C, Edwards A, Marsh J, Mitra RM, Hirsch S, Jakab J, Sims S, Long SR, Rogers
J, Kiss GB, Downie JA, Oldroyd GE (2005) Nodulation signaling in legumes requires NSP2, a
MEMBER of the GRAS family of transcriptional regulators. Science 308:1786—1789



380 G. Yamal et al.

Kanamori N, Madsen LH, Radutoiu S, Frantescu M, Quistgaard EM, Miwa H, Downie JA, James
EK, Felle HH, Haaning LL, Jensen TH, Sato S, Nakamura Y, Tabata S, Sandal N, Stougaard
J(2006) A nucleoporin is required for induction of Ca?* spiking in legume nodule development
and essential for rhizobial and fungal symbiosis. Proc Natl Acad Sci U S A 103:359-364

Kapuya JA, Barendse GWM, Linskens HF (1985) Water stress tolerance and proline accumulation
in Phaseolus vulgaris. Acta Bot Neerl 34:295-300

Ketelaar T, Emons AMC (2001) The cytoskeleton in plant cell growth: lessons from root hairs.
New Phytol 152:409-418

Kochian LV, Pifieros MA, Hoekenga OA (2005) The physiology, genetics and molecular biology
of plant aluminum resistance and toxicity. Plant Soil 274:175-195

Kropf DL, Bisgrovet SR, Hable WE (1998). Cytoskeletal control of polar growth in plant cells.
Curr Opin Cell Biol 10:117-122.

Latef AAHA, Ahmad P (2015) Legumes and breeding under abiotic stress: an overview. In: Azooz
MM, Ahmad P (eds) Legumes under environmental stress: yield, improvement and adapta-
tions. John Wiley & Sons, Hoboken

Latrach L, Farissi M, Mouradi M, Makoudi B, Bouizgaren A, Ghoulam C (2014) Growth and nodu-
lation of alfalfa-rhizobia symbiosis under salinity: electrolyte leakage, stomatal conductance,
and chlorophyll fluorescence. Turk J Agric For 38(3):320-326

Lavin M, Herendeen PS, Wojciechowski MF (2005) Evolutionary rates analysis of Leguminosae
implicates a rapid diversification of lineages during the tertiary. Syst Biol 54:574-594

Lévy J, Bres C, Geurts R, Chalhoub B, Kulikova O, Duc G, Journet EP, Ané JM, Lauber E,
Bisseling T, Dénarié J, Rosenberg C, Debellé F (2004) A putative Ca?>* and calmodulin-
dependent protein kinase required for bacterial and fungal symbioses. Science
303:1361-1364

Lhuissier FGP, De Ruijter NCA, Sieberer BJ, Esseling JJ, Emons AMC (2001) Time course of cell
biological events evoked in legume root hairs by Rhizobium Nod factors: state of the art. Ann
Bot 87:289-302

Limpens E, Franken C, Smit P, Willemse J, Bisseling T, Geurts R (2003) LysM domain receptor
kinases regulating rhizobial nod factor-induced infection. Science 302:630-633

Lloyd C, Pearce K, Rawlins DJ, Ridge RW, Shaw PJ (1987) Endoplasmic microtubules connect
the advancing nucleus to the tip of legume root hairs, but F-actin is involved in basipetal migra-
tion. Cell Motil Cytoskeleton 8:27-36

Lodwig EM et al (2003) Amino-acid cycling drives nitrogen fixation in the legume—Rhizobium
symbiosis. Nature 422:722-726

Long SR (1989) Rhizobium-legume nodulation: life together in the underground. Cell 56:203-214

Long SR (2015) Receptive to infection. Nature 523:298-299

Lopez M, Herrera-Cervera JA, Iribarne C, Tejera NA, Lluch C (2008) Growth and nitrogen fixa-
tion in Lotus japonicus and Medicago truncatula under NaCl stress: Nodule carbon metabo-
lism. J Plant Physiol 165(6):641-650

Lotocka B, Kopcinska J, Skalniak M (2012) Review article: the meristem in indeterminate root
nodules of faboideae. Symbiosis 58:63-72

Madsen EB, Madsen LH, Radutoiu S, Olbryt M, Rakwalska M, Szczyglowski K, Sato S, Kaneko T,
Tabata S, Sandal N, Stougaard J (2003) A receptor kinase gene of the LysM type is involved in
legume perception of rhizobial signals. Nature 425:637-640

Marsh JF, Rakocevic A, Mitra RM, Brocard L, Sun J, Eschstruth A, Long SR, Schultze M, Ratet
P, Oldroyd GE (2007) Medicago truncatula NIN is essential for rhizobial-independent nodule
organogenesis induced by autoactive calcium/calmodulin-dependent protein kinase. Plant
Physiol 144:324-335

Maunoury N, Kondorosi A, Kondorosi E, Mergaert P (2008) Cell biology of nodule infection and
development. In: James EK, Sprent JI, Dilworth WE (eds) Nitrogen-fixing leguminous sym-
bioses. Springer, The Netherlands

Mergaert P, Uchiumi T, Alunni B, Evanno G, Cheron A, Catrice O, Mausset AE, Barloy-Hubler F,
Galibert F, Kondorosi A, Kondorosi E (2006) Eukaryotic control on bacterial cell cycle and dif-
ferentiation in the Rhizobium-legume symbiosis. Proc Natl Acad Sci U S A 103(13):5230-5235



An Insight into the Legume—Rhizobium Interaction 381

Michiels J, Verreth C, Vanderleyden J (1994) Effects of temperature stress on bean-nodulating
Rhizobium strains. Appl Environ Microbiol 60(4):1206-1212

Middleton PH, Jakab J, Penmetsa RV, Starker CG, Doll J, Kal6 P, Prabhu R, Marsh JF, Mitra RM,
Kereszt A, Dudas B, VandenBosch K, Long SR, Cook DR, Kiss GB, Oldroyd GE (2007) An
ERF transcription factor in Medicago truncatula that is essential for nod factor signal transduc-
tion. Plant Cell 19:1221-1234

Miller DD, de Ruijter NCA, Emons AMC (1997) From signal to form: aspects of the cytoskeleton
plasma membrane cell wall continuum in root hair tips. J Exp Bot 48:1881-1896

Mitra RM, Gleason CA, Edwards A, Hadfield J, Downie JA, Oldroyd GE, Long SR (2004) A
Ca?calmodulin-dependent protein kinase required for symbiotic nodule development: Gene
identification by transcript-based cloning. Proc Natl Acad Sci U S A 101:4701-4705

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Ann Rev Plant Biol 59:651-681

Murray JD, Karas BJ, Sato S, Tabata S, Amyot L, Szczyglowski K (2007) A cytokinin perception
mutant colonized by Rhizobium in the absence of nodule organogenesis. Science 315:101-104

Muthukumar T, Priyadharsini P, Uma E, Jaison S, Pandey RR (2014) Role of arbuscular mycor-
rhizal fungi in alleviation of acidity stress on plant growth. In: Miransari M (ed) Use of
microbes for the alleviation of soil stresses. Springer, New York

Nap JP, Bisseling T (1990) Developmental biology of plant-prokaryote symbiosis: the legume root
nodule. Science 250:948-954

Newcomb W, Peterson RL (1979) The occurrence and ontogeny of transfer cells associated with
lateral roots and root nodules in Leguminosae. Can J Bot 57:2583-2602

Oldroyd GED, Downie JA (2004) Calcium, kinases and nodulation signalling in legumes. Nat Rev
Mol Cell Biol 5:566-576

Oldroyd GED, Long SR (2003) Identification and characterization of nodulation-signaling pathway 2,
a gene of Medicago truncatula involved in Nod factor signaling. Plant Physiol 131:1027-1032

Orchard VA, Cook FG (1983) Relation between soil respiration and soil moisture. Soil Biol
Biochem 15:447-453

Oufdou K, Benidire L, Lyubenova L, Daoui K, Fatemi ZEA, Schroder P (2014) Enzymes of the
glutathione—ascorbate cycle in leaves and roots of rhizobia-inoculated faba bean plants (Vicia
faba L.) under salinity stress. Eur J Soil Sci 60:98-103

O’Brian MR, Kirshbom PM, Maier RJ. (1987). Bacterial heme synthesis is required for expression
of the leghemoglobin holoprotein but not the apoprotein in soybean root nodules. Proc Nati
Acad Sci U S A 84: 8390-8393.

O’Hara GW, Howieson JG, Yates RJ, Real D, Revell C. (2008). BNF Applications for Poverty
Alleviation. In: Dakora F, Chimphango SBM, Valentine AJ, Elmerich C, Newton WE (eds.)
Biological Nitrogen Fixation: Towards Poverty Alleviation through Sustainable Agriculture.
pp- 25-26. Springer Netherlands.

Paau AS, Cowles JR, Raveed D (1978) Development of bacteroids in alfalfa (Medicago sativa)
nodules. Plant Physiol 62:526-530

Paau AS, Bloch CB, Brill WJ (1980) Developmental fate of Rhizobium meliloti bacteroids in
alfalfa nodules. J Bacteriol 143:1480-1490

Pankhurst CE, Gibson AH (1973) Rhizobium strain influence on disruption of clover nodule devel-
opment at high root temperature. J Gen Microbiol 74:219-231

Parsons R, Day DA (1990) Mechanism of soybean nodule adaptation to different oxygen pressure.
Plant Cell Environ 13:501-512

Pena-Cabriales JJ, Castellanos JZ (1993) Effects of water stress on N, fixation and grain yield of
Phaseolus vulgaris L. Plant Soil 152(1):151-155

Peoples MB, Brockwell J, Herridge DF, Rochester 1J, Alves BJR, Urquiaga S, Boddey RM,
Dakora FD, Bhattarai S, Maskey SL, Sampet C, Rerkasem B, Khan DF, Hauggaard-Nielsen H,
Jensen ES (2009) The contributions of nitrogen-fixing crop legumes to the productivity of
agricultural systems. Symbiosis 48:1-17



382 G. Yamal et al.

Pérez J, Jiménez-Zurdo JI, Martinez-Abarca F, Millan V, Shimkets LJ, Mufioz-Dorado J (2014)
Rhizobial galactoglucan determines the predatory pattern of Myxococcus xanthus and protects
Sinorhizobium meliloti from predation. Environ Microbiol 16:2341-2350

Pislariu CI, Sinharoy S, Wen J, Murray JD, Ratet P, Udvardi MK (2015) Retrotransposon (Tnt1)-
Insertion mutagenesis in Medicago as a tool for genetic dissection of symbiosis in legumes. In:
de Bruijn FJ (ed) Biological nitrogen fixation. John Wiley& Sons Inc, Hoboken, NJ

Postma J, Hok-A-Hin CH, van Veen JA (1990) Role of microniches in protecting introduced
Rhizobium leguminosarum biovar trifolii against competition and predation in soil. Appl Environ
Microbiol 56:495-502

Pueppke SG, Broughton WJ (1999) Rhizobium sp. strain NGR234 and R. fredii USDA257 share
exceptionally broad, nested host ranges. Mol Plant Microbe Interact 12(4):293-318

Radutoiu S, Madsen LH, Madsen EB, Felle HH, Umehara Y, Grgnlund M, Sato S, Nakamura Y,
Tabata S, Sandal N, Stougaard J (2003) Plant recognition of symbiotic bacteria requires two
LysM receptor-like kinases. Nature 425:585-592

Riely BK, Lougnon G, Ane JM, Cook DR (2007) The symbiotic ion channel homolog DMII is
localized in the nuclear membrane of Medicago truncatula roots. Plant J 49:208-216

Robbins NE, Trontin C, Duan L, Dinneny JR (2014) Beyond the barrier: communication in the
root through the endodermis. Plant Physiol 166:551-559

Roche P, Debelle F, Maillet F, Lerouge P, Faucher C, Truchet G, Denarib J, Prome JC (1991)
Molecular basis of symbiotic host specificity in Rhizobium meliloti: nodH and nodPQ genes
encode the sulfation of lipo-oligosaccharide signals. Cell 67:1131-1143

Rgnn R, Mccaig AE, Griffiths BS, Prosser JI (2002) Impact of protozoan grazing on bacterial com-
munity structure in soil microcosms. Appl Environ Microbiol 68:6094—-6105

Roughley RJ (1970) The influence of root temperature, Rhizobium strain and host selection on the
structure and nitrogen-fixing efficiency of the root nodules of Trifolium subterraneum. Ann Bot
34:631-646

Roughley RJ, Dart PJ (1970) Root temperature and root-hair infection of Trifolium subterraneum
L. cv. Cranmore. Plant Soil 32:518-520

Rounds CM, Bezanilla M (2013) Growth Mechanisms in tip-growing plant cells. Annu Rev Plant
Biol 64:243-265

Saito K, Yoshikawa M, Yano K, Miwa H, Uchida H, Asamizu E, Sato S, Tabata S, Imaizumi-
Anraku H, Umehara Y, Kouchi H, Murooka Y, Szczyglowski K, Downie JA, Parniske M,
Hayashi M, Kawaguchi M (2007) NUCLEOPORINSS is required for calcium spiking, fungal
and bacterial symbioses, and seed production in Lotus japonicus. Plant Cell 19:610-624

Schauser L, RoussisA SJ, Stougaard J (1999) A plant regulator controlling development of symbi-
otic root nodules. Nature 402(6758):191-195

Schmitz RA, Klopprogge K, Grabbe R (2002) Regulation of Nitrogen Fixation in Klebsiella pneu-
moniae and Azotobacter vinelandii: NifL, Transducing Two Environmental Signals to the nif
Transcriptional Activator NifA. J Mol Microbiol Biotechnol 4(3): 235-242

Schulze J (2004) How are nitrogen fixation rates regulated in legumes? J Plant Nutr Soil Sci
167:125-137

Sharma SR, Rao NK, Gokhale TS, Ismail S (2013) Isolation and characterization of salt-tolerant
rhizobia native to the desert soils of United Arab Emirates. Em J Food Agric 25(2):102-108

Sieberer BJ, Timmers ACJ, Lhuissier FGP, Emons AMC (2002) Endoplasmic microtubules con-
figure the subapical cytoplasm and are required for fast growth of Medicago truncatula root
hairs. Plant Physiol 130:977-988

Simoes-Aradjo JL, Rodrigues, RL, Liliane BDA, Mondego, JM, Alves-Ferreira M, Rumjanek,
NG, Margis-Pinheiro M. 2002. Identification of differentially expressed genes by cDNA-AFLP
technique during heat stress in cowpea nodules. FEBS letters 515(1):44-50

Smit P, Raedts J, Portyanko V, Debellé F, Gough C, Bisseling T, Geurts R (2005) NSP1 of the GRAS
protein family is essential for rhizobial Nod factor-induced transcription. Science 308:1789-1791

Smith LG (2003) Cytoskeletal control of plant cell shape: getting the fine points. Curr Opin Plant
Biol 6:63-73



An Insight into the Legume—Rhizobium Interaction 383

Smith LT, Smith GM, D’souza MR, Pocard JA, Rudulier DL, Madkour MA (1994) Osmoregulation
in Rhizobium meliloti: mechanism and control by other environmental signals. J Exp Zool
268(2):162-165

Streeter G (1993) Translocation—A key factor limiting the efficiency of nitrogen fixation in legume
nodules. Physiol Plant 87:616-623

Subramanian S (2013) Distinct hormone regulation of determinate and indeterminate nodule devel-
opment in legumes. J Plant Biochem Physiol 1(110):2

Sujkowska M, Gérska-Czekaj M, Bederska M, Borucki W (2011) Vacuolar organization in the
nodule parenchyma is important for the functioning of pea root nodules. Symbiosis 54:1-16

Sutton WD (1983) Nodule development and senescence. In: Broughton WJ (ed) Nitrogen Fixation,
vol 3. Clarendon Press, Oxford

Talbi C, Sanchez C, Hidalgo-Garcia A, Gonzilez EM, Arrese-Igor C, Girard L, Bedmar EJ,
Delgado MJ (2012) Enhanced expression of Rhizobium etli cbb 3 oxidase improves drought
tolerance of common bean symbiotic nitrogen fixation. J] Exp Bot 63(14):5035-5043

Talibart R, Jebbar M, Gouesbet G, Himdi-Kabbab S, Wréblewski H, Blanco C, Bernard T (1994)
Osmoregulation in rhizobia: ectoine-induced salt tolerance. J Bacteriol 176:5210-5217

Tang C, Thomson BD (1996) Effects of solution pH and bicarbonate on the growth and nodulation
of a range of grain legumes. Plant Soil 186:321-330

Tate RL (1995) Soil microbiology (symbiotic nitrogen fixation). Wiley, New York

Taylor RW, Williams ML, Sistani KR (1991) Nitrogen fixation by soybean-Bradyrhizobium combi-
nations under acidity, low P and high Al stresses. Plant Soil 131:293-300

Timmers AC, Auriac MC, Truchet G (1999) Refined analysis of early symbiotic steps of the
Rhizobium-Medicago interaction in relationship with microtubular cytoskeleton rearrange-
ments. Development 126:3617-3628

Timmers AC, Soupene E, Auriac MC, de Billy F, Vasse J, Boistard P, Truchet G (2000) Saprophytic
intracellular rhizobia in alfalfa nodules. Mol Plant Microbe Interact 13(11):1204—1213

Tirichine L, Imaizumi-Anraku H, Yoshida S, Murakami Y, Madsen LH, Miwa H, Nakagawa T,
Sandal N, Albrektsen AS, Kawaguchi M, Downie A, Sato S, Tabata S, Kouchi H, Parniske M,
Kawasaki S, Stougaard J (2006) Deregulation of a Ca**/calmodulin-dependent kinase leads to
spontaneous nodule development. Nature 441:1153-1156

Tirichine L, Sandal N, Madsen LH, Radutoiu S, Albrektsen AS, Sato S, Asamizu E, Tabata S,
Stougaard J (2007) A gain-of-function mutation in a cytokinin receptor triggers spontaneous root
nodule organogenesis. Science 315:104-107

Tominaga MK, Sonobe MS, Yokota E, Shimmen T (1997) Microtubules regulate the organization
of actin filaments at the cortical region in root hair cells of Hydrocharis. Protoplasma
199:83-92

Tu JC (1981) Effect of salinity on Rhizobium-root-hair interaction, nodulation and growth of soy-
bean. Can J Plant Sci 61(2):231-239

Udvardi M, Day D (1997) Metabolite transport across symbiotic membranes of legume nodules.
Annu Rev Plant Biol 48:493-523

Vasse J, de Billy F, Camut S, Truchet G (1990) Correlation between ultrastructural differentiation
of bacteroids and nitrogen fixation in alfalfa nodules. J Bacteriol 172(8):4295-4306

Vassileva V, Milanov G, Ignatov G, Nikolov B (1997) Effect of low pH on nitrogen fixation of
common bean grown at various calcium and nitrate levels. J Plant Nutr 20:279-94

Wagner SC (2011) Biological nitrogen fixation. Nat Educ Knowledge 3(10):15

Wais RJ, Galera C, Oldroyd G, Catoira R, Penmetsa RV, Cook D, Gough C, Denari€ J, Long SR
(2000) Genetic analysis of calcium spiking responses in nodulation mutants of Medicago trun-
catula. Proc Natl Acad Sci U S A 97(24):13407-13412

Waldon HB, Jenkins MB, Virginia RA, Harding EE (1989) Characteristics of woodland rhizobial
populations from surface-and deep-soil environments of the Sonoran Desert. Appl Environ
Microbiol 55(12):3058-3064

Walsh KB, McCully ME, Conny MJ (1989) Vascular transport and soybean nodule function: nod-
ule xylem is a blind alley, not a throughway. Plant Cell Environ 12:395-405



384 G. Yamal et al.

Walsh KB, Atkins RS, Low CS (1992) Vascular anatomy of fabaceous nodules of determinate
growth. Plant Cell Environ 15:849-854

Witty JF, Skot L, Revsbech NP (1987) Direct evidence for changes in the resistance of legume root
nodules to O, diffusion. J Exp Bot 38:1129-1140

Wood M, Cooper JE, Holding AJ (1984). Aluminium toxicity and nodulation of Trifofium repens.
Plant and Soil 78: 381-391.

Wymer CL, Bibikova TN, Gilroy S (1997) Cytoplasmic free calcium distributions during the
development of root hairs of Arabidopsis thaliana. Plant J 12(2):427-439

Zahran HH (1991) Conditions for successful Rhizobium-legume symbiosis in saline environ-
ments. Biol Fertil Soils 12:73-80

Zahran HH (1999) Rhizobium-Legume symbiosis and nitrogen fixation under severe conditions
and in an arid climate. Microbiol Mol Biol Rev 63(4):968-989

Zahran HH, Risdnen LA, Karsisto M, Lindstrom K (1994) Alteration of lipopolysaccharide and
protein profiles in SDS-PAGE of rhizobia by osmotic and heat stress. World J Microbiol
Biotechnol 10(1):100-105



	An Insight into the Legume–Rhizobium Interaction
	1 Introduction
	2 Nodule Organogenesis
	2.1 Process of Nodule Formation
	2.2 Process of Bacterial Invasion

	3 Changes in Root During Infection Thread Growth
	3.1 Cytological Changes During Root Hair Development
	3.2 Roles of Actin and Microtubule Cytoskeleton in Tip-­Growing Cells
	3.3 Roles of Ca+2 in Tip-Growing Cells

	4 Types of Nodules: Determinate and Indeterminate
	4.1 Indeterminate Nodules
	4.2 Determinate Nodules

	5 Molecular Conversation
	5.1 NF Perception and Signalling Cascade
	5.2 Epidermal and Cortical Responses During Early Stages of Nodulation

	6 Legume–Rhizobium Under Stress
	6.1 Soil pH
	6.2 Soil Moisture
	6.3 Soil Salinity
	6.4 Temperature
	6.5 Predation

	7 Epilogue
	References


