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Abstract

Leguminous plants (or Legumes, family Fabaceae) are known to form symbioses with
extremely broad range of beneficial soil microorganisms (BSM), representing
examples of almost all plant-microbe mutualistic systems. One of the most ecologi‐
cally important and well-studied legume beneficial symbioses is root nodule (RN)
symbiosis (symbiotic association with nitrogen-fixing bacteria). Compared with other
interactions of legumes with BSM, RN symbioses demonstrate high level of genetic
and metabolic integrity, which implies, inter alia, highly specific mutual recognition
of partners. In this chapter, we describe the mechanisms of plant-microbe recognition
during initial steps of RN symbiosis using the interaction of model legumes - pea
(Pisum sativum L.), barrel medic (Medicago truncatula Gaertn.) and Lotus japonicus
(Regel.) K. Larsen - with rhizobia as an example. We paid particular attention to
symbiotic system of P. sativum since pea, besides its importance as a model object of
genetics, is also a valuable crop plant. Hence, in conclusion, we discuss the potential
to use obtained knowledge for optimizing the broad spectrum of plant adaptive
functions and to improve the sustainability of legume crop production.

Keywords: legume-rhizobial symbiosis, Nod factor, plant signaling, genetic control

1. Introduction

Plants are attached immobile organisms and thus have to adapt to their environment in order
to survive and reproduce successfully. Usually, plants experience multiple simultaneous
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impacts from different sources, so they developed complex signaling pathways to effectively
detect these impacts and adequately respond to them [1]. Various microorganisms, which are
constantly present in the environment, form one of the major factors affecting the life cycle of
plants [2, 3]. Although many plant-associated microbes are pathogens that impair plant growth
and reproduction, there are also a lot of beneficial (mutualistic) microorganisms able to provide
plants with nutrition and additional defense mechanisms. Cooperation with such microor‐
ganisms constitutes the universal and highly effective strategy of plants’ ecological adaptation,
so they tend to form long-lasting associations, which sometimes grow into highly integrated
symbioses where one or both partners can develop novel features useful for their survival.
Establishing of such symbiotic relationships involves the complicated developmental pro‐
grams implemented under the joint control by plant and microbial partners and based on the
cross-regulation of their genes.

Leguminous plants (or Legumes, family Fabaceae) are known to form symbioses with
extremely broad range of beneficial soil microorganisms (BSM), representing examples of
almost all plant-microbe mutualistic systems. One of the most ecologically important and well-
studied legume-beneficial symbioses is root nodule (RN) symbiosis (symbiotic association
with nitrogen-fixing bacteria). Compared with other interactions of legumes with BSM, RN
symbioses demonstrate high level of genetic and metabolic integrity, which implies, inter
alia, highly specific mutual recognition of partners. As legume plant plays a central role in
establishing of RN symbiosis, performing functions of initiation, coordination, and regulation
of all developmental processes, it possesses complex receptor system capable of accurate
identification of microsymbiotic partner. In this chapter, we describe the mechanisms of plant-
microbe recognition during initial steps of RN symbiosis using the interaction of model
legumes – pea (Pisum sativum L.), barrel medic (Medicago truncatula Gaertn.), and Lotus
japonicus (Regel.) K. Larsen – with rhizobia as an example. We pay particular attention to
symbiotic system of P. sativum since pea, besides its importance as a model object of genetics,
is also a valuable crop plant. Hence, in conclusion, we discuss the potential to use obtained
knowledge for optimizing the broad spectrum of plant adaptive functions and to improve the
sustainability of legume crop production.

2. Legume-rhizobial symbiosis: An example of highly integrated plant-
microbe system

Nitrogen is an essential component of all living systems, since it is part of the most important
biological molecules – DNA and proteins. Molecular nitrogen (N2) in the atmosphere, despite
being abundant, is extremely chemically inert and thus cannot be used by the majority of
organisms, causing them to compete for more accessible nitrogen sources. Leguminous plants
are able to grow in the soil/substrate without any combined nitrogen due to the fixation of
atmospheric nitrogen by their symbiotic nodule bacteria (collectively called rhizobia) [4].
Nitrogen fixation occurs within special plant organs – root nodules (or, in some associations,
also stem nodules). Development of these organs represents a well-organized process based
on the tightly coordinated expression of specialized symbiotic plant and bacterial genes. The
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legume nodules provide an ecological niche for bacteria, as well as structure for metabolic/
signal exchange between the partners and for the control of symbionts by the hosts [5].

Family Fabaceae contains about 19,000 species divided between three subfamilies (Caesalpi‐
nioideae, Mimosoideae, and Papilionoideae), with more than 700 genera of worldwide
distribution [6]. With a single exception (Parasponia, family Ulmaceae), the ability for symbio‐
ses with rhizobia is restricted to Fabaceae, although in eight related dicotyledonous families
(Rosid I clade) an ability to form nodules with the nitrogen-fixing actinomycete Frankia is
known [7].

By contrast to legumes, their nitrogen-fixing microsymbionts do not constitute a taxonomically
coherent group of organisms. The majority of rhizobia belong to the α-proteobacteria previ‐
ously assigned to the Rhizobiaceae family solely on the basis of their ability to nodulate the
legumes (e.g., Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium). In the
last years, several non-rhizobial symbionts capable of forming nodules and fixing nitrogen in
legume roots have been documented. According to modern conception, bacteria that can form
RN symbiotic associations (about 44 species of 12 genera) are not clustered in any common
lineage, instead being distributed in the classes α-proteobacteria and β-proteobacteria (close
to Burkholderia, Cupriavidus and Ralstonia) and dispersed over nine monophyletic groups along
with taxa that do not contain legume symbionts [8]. Recently, some γ-proteobacteria (belong‐
ing to Escherichia, Enterobacter, and Pseudomonas genera) have been discovered that can also
form nitrogen-fixing nodules with the legumes [9]. All these bacteria (collectively still referred
to as rhizobia) vary significantly in their overall genome structure, location of “symbiotic”
(sym) genes, their molecular organization and regulation [10, 11]. However, a particular
legume plant can find the appropriate rhizobial partner (species, or even strain) due to the
fine-tuned mechanism of molecular interaction.

The development of nitrogen-fixing nodule is complex process that is traditionally divided
into three major stages: preinfection, root colonization/nodule morphogenesis, and nitrogen
fixation. On the first stage, the mutual recognition of partners occurs. The interaction between
micro- and macrosymbiont begins with the activation of bacterial nod-genes under the
influence of flavonoid molecules secreted by the plant root [12, 13]. nod-genes provide the
synthesis of the main bacterial signaling molecule called Nod-factor (NF), which is crucial for
identification of microsymbiont [14-16]. After the proper reception of Nod-factor, plant
activates two parallel processes: bacterial penetration into root hair cells via so-called infection
thread (IT), and differentiation of nodule from the root cortex. IT is a special structure
generated by invagination of plant cell membrane, covered with plant-derived cell wall and
filled with matrix produced by both plant and bacteria. It grows into root hair cell and then to
the cortex where nodule tissues are formed (Figure 1) [17].

The key stage of nodule development is conversion of bacteria into the form of intracellular
symbionts through endocytosis-like process. Herein, the distal area of IT transforms into
structure called infection droplet (ID), which releases membrane vesicles containing bacteria
into plant cytoplasm. After leaving IT, rhizobia for some time retain their size and shape,
subsequently differentiating into a specific form called bacteroids [18]. Compared to free-living
bacteria, bacteroids have significantly (about 3-7 times) increased size and more complex
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shape, which can be round, pear-shaped, Y- or X-like, depending on specific symbiotic system.
After the aforesaid differentiation, the synthesis of nitrogenase (the enzyme catalyzing
reduction of N2 into NH4

+) and other proteins involved in nitrogen fixation is activated in
bacterial cells [19].

Bacteroids are embedded into a membrane structure named symbiosome, which are derived
from membrane vesicle originating from ID. They are organelle-like units of plant cell
responsible for nitrogen fixation. Symbiosome formation as well as bacteroid differentiation
is induced by plant. Peri-bacteroid membrane (PBM) that surrounds bacteroids is an active
interface of RN symbiosis where exchange of metabolites between symbionts occurs [19, 20].
Plant cells containing symbiosomes also undergo the deep differentiation, increasing the
amount of their membrane structures (endoplasmic reticulum and the Golgi complex), which
participate in the development of PBM and biosynthetic processes. Many proteins associated
with nitrogen fixation appear in these cells de novo.

The developmental program described above is typical only for evolutionary advanced
legumes belonging to the inverted repeat–lacking clade (IRLC) of Papilionoideae, such as
Medicago, Pisum, or Trifolium (clover). They form so-called “indeterminate” nodules which are
characterized by stable apical meristem and division into histological zones with constantly
renewed N2-fixing zone. Rhizobia in these nodules undergo terminal bacteroid differentiation
and cannot revert to free-living form [21, 22]. Other legumes such as Lotus or Phaseolus (bean),

Figure 1. General scheme of RN symbiosis formation and functioning in pea. From left to right: three major stages of
symbiosis, namely preinfection, root colonization/nodule morphogenesis, and nitrogen fixation. F – flavonoids excret‐
ed by the plant, NF – Nod-factors excreted by nodule bacteria, IT – infection thread, B – bacteroids. Sym10 and Sym2,
Sym37 – stages on which symbiosis is blocked in case of corresponding pea mutants/genotypes.
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however, form morphologically more simple “determinate” nodules, where apical meristem
exists only for several days, nitrogen-fixing zone is not strongly expressed, and infected (N2-
fixing) cells intermingle with noninfected ones [21]. Bacteroids in determinate nodules show
no sign of terminal differentiation as they usually maintain their normal bacterial size, genome
content, and reproductive capacity lacking from those in indeterminate nodules [22].

Several Papilionoideae members, such as Arachis and Stylosanthes, demonstrate the reductive
scheme of nodule development: rhizobia invade roots through the cracks of epidermis, and
instead of IT they are brought into cytoplasm by the direct endocytosis from intercellular space
[6, 23]. Even more primitive morphology of symbiosis is typical for members of Caesalpinioi‐
deae subfamily, as they lack endocytosis step, and nitrogen fixation occurs within modified
persistent ITs called “fixation threads” [24]. This is also relevant for evolutionary primitive
woody plants from Papilionoideae: Andira and Hymenolobium, and for Parasponia.

Such a complicated system of biological nitrogen fixation will work properly only when
suitable partners meet each other in soil. This rendezvous becomes possible owing to reciprocal
molecular signal exchange, which is not exhaustively studied to date.

2.1. Specificity of legume-rhizobial symbiosis

Root-nodule symbiosis is well known as highly specific plant-microbe interaction. According
to the early surveys of symbiotic specificity [25], legumes were suggested to comprise a range
of taxonomically restricted cross-inoculation groups (CIG) within which the free cross-
inoculation occurs, while the species from different groups do not cross-inoculate.

The best studied examples of this classification are represented by four CIG: “Trifolium –
Rhizobium leguminosarum bv. trifolii,” “Pisum, Vicia, Lathyrus, Lens – R. leguminosarum bv.
viciae,” “Galega – R. galegae,” “Medicago, Melilotus, Trigonella – Sinorhizobium meliloti, S.
medicae.” However, it was demonstrated later that such strictly defined specificity is limited
to the herbage papilionoid legumes growing in temperate zones and representing the so-called
Galegoid complex [26, 27]. Other legumes, including the majority of tropical species, tend to
broad their symbiotic specificity, where cross-inoculation is possible between tribes, subfami‐
lies, and even with non-legume plant Parasponia [28].

The analysis of CIG structure for both strictly and broadly specific legumes has shown that
plant specificity towards rhizobia has good correlation with plant taxonomy on the genus or
tribe level. It was also revealed that specificity of nodule formation does not correlate with
symbiotic efficiency, i.e., efficiency of nitrogen fixation: several bacterial strains form normal
nodules with one plant species, and are inactive (not able to fix nitrogen, Fix-) with another
[26]. This could be due to the fact that nodulation is an early stage of symbiosis similar (and
supposedly related) to pathogenic interaction, and is based on strict cross-activation of plant
and bacterial genes (“gene-for-gene” interaction), while nitrogen fixation occurs on the later
stages for which “gene-for-gene” interaction is not typical.

Moreover, it is specificity that makes possible the natural selection of effective symbiotic
pairs, but not the single “symbiotically effective” plant or single “symbiotically effective”
microorganism. On the other side, specificity of legume-rhizobial symbiosis should be
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somewhat associated with nitrogen-fixing intensity, upon which is based the ecological
efficiency of cooperation; otherwise it would not be an evolutionary advantage. The majority
of “Galegoid complex” members have both narrow specificity and effective nitrogen fixation,
suggesting that these two features are connected, though specificity of recognition is obviously
not the only condition required for effective symbiosis.

It is also important to note that the range of potential symbiotic partners can vary for both
bacteria and plants. Symbiotic pair Trifolium–Rhizobium leguminosarum bv. trifolii represents
one side of this continuum, as they are the only possible partners for each other. On the opposite
side are Phaseolus vulgaris and Vigna unguiculata, which are able to exchange their symbionts
with many unrelated legume species [25]. In bacteria, the Sinorhizobium fredii strain NGR234
was shown to interact with more than 120 plant species from all three Fabaceae subfamilies,
as well as with Parasponia, thus being the most “unscrupulous” strain known so far [29]. The
most striking feature of this strain is that its genome, although not particularly large (6.9 Mbp),
encodes more different secretion systems than any other known rhizobia and probably most
known bacteria [30]. These, among others, include type III and type IV secretion systems which
allow bacteria to direct effector proteins or DNA into the cytoplasm of their eukaryotic hosts.
There seems to be a correlation between the host range of rhizobia and the number of speci‐
alized protein secretion systems they have, as “classic” narrow-host-range rhizobia such as S.
meliloti and R. leguminosarum carry neither type III nor type IV secretion systems. Furthermore,
NGR234 is shown to secrete a large family of NFs that are variously 3-O, 4-O, or 6-O carba‐
moylated, which are N-methylated, and which carry a 2-O-methyl-fucose residue that may be
either 3-O sulfated or 4-O acetylated (see below) [29]. Since no other rhizobia synthesize such
a large family of NFs, it should be proposed as one of the main aspects contributing to the
broad host range of NGR234 [17, 31]. Another possible aspect is that NGR234 not only treats
the legume root to a large palette of NFs, but that their concentration is much higher than in
even very closely related rhizobia [32].

2.2. Initial steps of rhizobium-legume symbiosis

The specificity of legume-rhizobia interactions is expressed mostly during the preinfection
stage when rhizobia recognize the roots of appropriate host plants and colonize their surfaces.
When the root-excreted signals (in particular, flavonoids) are perceived by bacteria, they
activate the bacterial nodulation genes (nod/nol/noe) [13]. These genes control the synthesis of
lipo-chito-oligosaccharidic (LCO) nodulation factors (Nod-factors) which induce the early
stages of RN symbiosis development. NFs represent the unique group of bacterial signal
molecules not known outside legume-rhizobia symbiosis. They are among the most potent
developmental regulators: their effect is expressed at concentrations merely of 10–8 – 10–12 M.
The core structure of these molecules, common for all rhizobia species, consists of 3-6 residues
of N-acetylglucosamine and of a fatty acid (acyl) chain (Figure 2). The type of symbiotic
specificity is dependent mainly on the chemical modifications in NF structures [14-16].
However, a sufficient impact to the host specificity of RN symbiosis can also be made by the
interactions between bacterial surface molecules (some polysaccharides and proteins) [33, 34]
and the lectins located on the root hair surfaces, as well as by means of NFs secretion [35].
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n =2 or 3; regarding Afghan peas, see below (3.2).

Figure 2. Example of Nod-factor excreted by Rhizobium leguminosarum bv. viciae strain TOM nodulating Afghan peas.

Rhizobia possess a wide range of genes involved in the early stages of nodulation, i.e., the NFs
production [36]. Genes which are common to all rhizobia – nodA, nodB, nodC, and their
regulator nodD – are responsible for NF core structure synthesis [37]. The other genes specific
for particular species or strains control various modifications of signaling molecule. The
difference in the spectrum of hosts possible for microsymbiont to interact with is based on the
variety of combinations of different nod-genes. For example, presence of gene nodE, which
encodes protein similar to fatty acid synthase in several genera of rhizobia, provides modifi‐
cation of fatty acid moiety on the nonreducing end of NF molecule, thereby affecting the ability
of bacteria to nodulate certain plant species [38, 39]. Genes nodH, nodP, and nodQ found in
Sinorhizobium meliloti control the specific NF modification – the O-sulfation of reducing end –
which makes it recognizable for Medicago receptors [40]. Overall, each strain of rhizobia is
characterized by specific set of nod-genes, which together form the “molecular key” suitable
for plant receptor. It is significant to note that most rhizobia secrete an assortment of NFs
varying in their structure instead of just one particular kind [41, 42]. Thereby, the symbiotic
success of bacteria could be directly connected with diversity of NFs they are able to produce,
and “molecular key” rather becomes the “set of lock picks,” with secretion systems and surface
molecules being additional tools in it (see above).

By perceiving the NF, plant starts various processes in root tissues. In particular, signaling
molecule is required for the activation of plant genes in the epidermis cells and pericycle, as
well as for mitotic reactivation of cortical cells and the formation of IT. Genes responsible for
proper NF reception were first discovered in mutants of Lotus japonicus lacking any response

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

141



to NFs [43, 44]. These genes were named NFR1 and NFR5, for Nod-Factor Receptor. Cloning
of these genes revealed that they encode receptor-like kinases comprising LysM domains
(LysM-RLK). LysM domains occur in a variety of proteins in bacteria and eukaryotes and have
been shown to bind glycan-containing ligands (such as chitin) [45]. They consist of a repetition
of a small motif typically containing from 44 to 65 amino acid residues – the LysM sequence,
or LysM module [46, 47]. One LysM sequence has a βααβ secondary structure with the two
helices packing onto the same side of an antiparallel β sheet. Multiple LysM modules in a
protein are often separated by small Ser-, Thr-, and Asn-rich intervening sequences [48].

Only in plants are LysM domains associated with a kinase-like domain [49] forming two main
LysM-RLK gene families: the LYK family and the LYR family. All the LysM-RLKs are predicted
to contain three LysM modules, although these modules exhibit a high degree of divergence,
both within a protein and between proteins. It is considered that the initial function of LysM-
RLKs has been recognition of chitin-based signal molecules produced by hostile microbes
(termed as MAMPs (“microbe-associated molecular patterns”) or PAMPs (“pathogen-
associated molecular patterns”)), similar to the function of CERK1 receptor-like kinase from
Arabidopsis thaliana [2]. Based on microsyntenies between genomic regions around LysM-RLK
genes in legumes and non-legumes (A.thaliana, rice) plants, it has been speculated that these
genes are the descendants of a common ancestor [50]. Zhang et al. (2007) [51] proposed that in
Leguminosae LysM-RLKs have undergone further duplication and diversification, with some
LysM-RLKs acquiring the ability to perceive bacterial NFs, leading to mutually beneficial
endosymbiosis with rhizobia. One aspect of this diversification is the adaptation of extracel‐
lular LysM domains to recognize specific structures of NFs, while another being evolution of
the intracellular kinase domains to switch the signals from cascades inducing defense re‐
sponses to symbiotic gene cascades. Recently, the function of NFRs as NF receptors was
confirmed by demonstration of their ability to directly bind NF molecule in vitro [52].

In Medicago and pea, which belong to IRLC (see above), NF perception seems to be more
complicated than in Lotus. Genes orthologous to NFR1 and NFR5 were identified in Medicago
truncatula (LYK3 and NFP) and in Pisum sativum (Sym37 and Sym10), with careful description
of corresponding mutant phenotypes [44, 53-55]. While phenotype of nfp and sym10 mutants
(in Medicago and pea, respectively) coincided with that of nfr5 mutants in Lotus, mutations in
genes lyk3 and sym37 (orthologs of NFR1) led to significantly different phenotype – successful
penetration of bacteria into root hair with subsequent block of IT progress, instead of complete
absence of responses to rhizobia [55, 56]. These data support the “two-receptor” model of Nod-
factor perception proposed more than 20 years ago [40]. According to this model, which was
developed on the base of the infection phenotype of several S. meliloti nod mutants, there are
two different types of NF receptors – the “recognition” (or “signaling”) receptor inducing early
responses with high affinity for Nod-factor and low requirements toward its structure, and
the “entry” receptor that controls penetration of bacteria into plant cell and has more stringent
demands [40].

It is significant to note that NFR5 (and its homologs, NFP in Medicago and Sym10 in Pisum)
lacks the independent kinase activity and thus can function properly only in complex with
active kinase (which is suggested to be NFR1) [52]. It can be assumed, based on the above, that
in general the “recognition” receptor (NFR5, NFP or Sym10) perceives NF and afterwards
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forms complex with another receptor possessing kinase activity (NFR1, LYK3 or Sym37,
respectively), thus constituting the “entry” receptor. Still, results of genome and transcriptome
sequencing in Lotus, Medicago and pea show that legumes possess more than 10 genes of
receptor kinases similar by structure to the aforementioned ones. So, the system of NF receptors
could be actually much more complicated, suggesting that the overall mechanism of NF
perception is probably even more intricate than was thought before.

3. Molecular genetics of Nod-factor signaling in legumes

As reviewed in our recent publication [57], plant genes involved in development of RN
symbiosis may be divided into two groups, according to approach which was used for the
gene identification. The first group, Sym-genes, had been identified with the use of formal
genetic analysis (started from selection of plant mutants defective in nodule development).
The other group of genes called nodulins was identified by molecular genetic methods,
through identification of proteins and/or RNAs synthesized de novo in root nodules.

The large sizes of genomes of crop legumes (e.g., soybean or pea) in which the formal genetics
of symbioses was initially developed, as well as low capability for genetic transformation,
complicate greatly the cloning of symbiotic genes, analysis of their primary structures, and
gene manipulations. Therefore, in the early 1990s, Lotus japonicus [58] and Medicago truncatu‐
la [59, 60] have been introduced in symbiogenetic studies as model plants. These species are
characterized by relatively small genomes (470-500 Mb; [61]) and can be easily genetically
transformed [60, 62-64]. In addition, the short life cycle and high seed productivity made them
attractive and convenient model objects for studying molecular bases of RN symbioses, as well
as other types of plant-microbial symbioses.

The analysis of signaling pathway in RN symbiosis was started with experimental mutagen‐
esis. Large-scale programs of insertion, chemical and X-rays mutagenesis, performed by
different research groups, resulted in generation of numerous symbiotic mutants in L.
japonicus and M. truncatula [65, 66] which allowed researchers to identify and characterize a
series of Sym-genes. The genes involved at the initial stages of nitrogen-fixing symbiosis
(named “early Sym-genes”) were of primary interest, allowing dissection of the mechanisms
by which the NF signal is perceived and transduced by host plants.

3.1. Nod-factor signaling in model legumes

After the first step of NF reception implemented by LysM-receptor kinases (described above),
the symbiotic signal is transmitted to the pathway named Common Symbiosis Pathway (CSP),
for it shares components with another interaction – arbuscular mycorrhiza (AM) symbiosis,
the association with obligate biotrophic fungi of phylum Glomeromycota. Arbuscular mycor‐
rhiza is formed by at least 80% of contemporary land plants and is believed to be the most
ancient plant-microbe symbiosis which has played a decisive role in plants adaptation for
terrestrial life [67-69]. AM is the main source of plants’ phosphoric nutrition, although in many
temperate and boreal species it is supplemented or even completely replaced by other forms
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of mycorrhiza (ectotrophic, ericoid) with various representatives of the Ascomycota and
Basidiomycota, and for some plants (orchids) fungi supply not only mineral nutrition, but also
organic carbon compounds [69, 70]. Being the first beneficial association with microorganisms
known for plants (occurred approximately 400 million years ago), AM is considered as an
ancestor for other mutualistic plant-microbe interactions, such as RN symbiosis. Therefore, it
is supposed that NF signaling evolved on the base of previously existing AM signaling.
Intriguingly, arbuscular mycorrhizal fungi excrete a set of chitin-derived Myc-factors struc‐
turally similar to Nod-factors [71], which also serve as the signaling molecules. It still remains
unknown, however, how exactly the Myc-factors are percepted by plants.

The first player in the CSP was identified more than 10 years ago. It is LRR-receptor kinase, or
SymRK (symbiotic receptor kinase) described for Lotus as SymRK (Symbiotic Receptor Kinase)
and for Medicago as NORK (Nodulation Receptor Kinase) [72, 73]. In pea, the gene Sym19 is
orthologous to SymRK in Lotus and NORK (also known as DMI2, for Doesn’t Make Infections)
in Medicago [72]. Ligand of this receptor kinase is not known as yet (Figure 3). Interestingly,
the activity of SymRK is also required for proper progression of late symbiotic stages, at least
for rhizobial infection [74]. SymRK kinase domain has been shown to interact with 3-hy‐
droxy-3-methylglutaryl CoA reductase 1 (HMGR1) from M. truncatula [75], and an ARID-type
DNA-binding protein [76]. These results suggest that SymRK may form complex with key
regulatory proteins of downstream cellular responses. Symbiotic Remorin 1 (SYMREM1) from
M. truncatula and SymRK-interacting E3 ligase (SIE3) from L. japonicus have also been shown
to interact with SymRK [77, 78].

From left to right: stages of symbiosis.

Figure 3. Receptor kinases of pea participating in nodulation signaling.

The symbiosis receptor kinase SymRK acts upstream of the NF-induced Ca2+ spiking in the
perinuclear region of root hairs within a few minutes after NF application [79]. Perinuclear
calcium spiking involves the release of calcium from a storage compartment (probably the
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nuclear envelope) through as-yet-unidentified calcium channels. To date, it is known that the
potassium-permeable channels might compensate for the resulting charge imbalance and
could regulate the calcium channels in plants [80-84]. Also, nucleoporins NUP85 and NUP133
(described only in Lotus so far) are required for calcium spiking, although their mode of
involvement is currently unknown. Probably, they might be a part of specific nuclear pore
subcomplex that plays a crucial role in the signal process requiring interaction at the cell plasma
membrane and at nuclear and plastid organelle membranes to induce a Ca2+ spiking [85-86].
Recently, the third constituent of a conserved subcomplex of the nuclear pore scaffold, NENA,
was identified as indispensable component of RN endosymbiotic development [87].

Ca2+ spikes are supposed to activate a calcium- and calmodulin-dependent protein kinase
(CCaMK). This kinase contains an autoinhibition domain which, when removed, leads to a
spontaneous activation of downstream transcription events and induction of nodule formation
even in the absence of rhizobia [88]. Thus, CCaMK appears to be a general “manager” for both
RN and AM symbioses and the last member of Common Symbiosis Pathway, because the next
steps of nodulation signaling are independent from those of AM: the mutations in downstream
Sym-genes do not affect the AM symbiotic properties of legume. Interestingly, mutations in
any Sym-genes do not influence the defense reactions, suggesting that signaling pathways of
mutualistic symbioses and pathogenesis are sufficiently different.

The CCaMK is known to form a complex with CYCLOPS, a phosphorylation substrate, within
the nucleus [89]. cyclops mutants of Lotus severely impair the infection process induced by the
bacterial or fungal symbionts. During RN symbiosis, cyclops mutants exhibit the specific
defects in IT initiation, but not in the nodule organogenesis [90], indicating that CYCLOPS acts
in an infection-specific branch of the symbiotic signaling network [35]. Cyclops encodes a
protein with no overall sequence similarity to proteins with known function, but containing a
functional nuclear localization signal and a carboxy-terminal coiled-coil domain.

It is supposed that CCaMK with help of CYCLOPS probably phosphorylates the specific
transcription factors already present in cell, NSP1 and NSP2, which influence the changes of
expression in several genes related to the symbiosis development [91, 92]. The activity of these
proteins leads to the transcriptional changes in root tissues, for instance, increasing the level
of early nodulins ENOD40, ENOD11, ENOD12, ENOD5, which are known to be the potential
regulators of IT growth and nodule primordium formation [93-95]. Also, the changes in
cytokinin status of plant are detected, followed by up-regulation of genes encoding for RN
symbiosis-specific cytokinin receptors [96-98]. Moreover, transcription regulators NIN and
ERN are to be induced specifically downstream of the early NF signaling pathway in order to
coordinate and regulate the correct temporal and spatial formation of root nodules [99-102].

The presented genes are responsible for the signal cascade which is aimed to induce the
nodulin genes involved in building the symbiotic structures and implementing their biochem‐
ical functions. It is supposed that this signaling pathway did not appear de novo in legumes
when they become able to form nodules, but was developed from already existing system of
AM formation into which the novel, nodule-specific genes were recruited. Still, new genes had
been involved in RN symbiosis development, especially those encoding the receptors recog‐
nizing hormones (e.g., cytokinins) and hormone-like molecules (Nod-factors).
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Another important signaling process in RN symbiosis is an autoregulation of nodule forma‐
tion. It takes place after successful mutual partners’ recognition and signal exchange. It is
considered that legume host controls the root nodule numbers by sensing the external and
internal cues. A major external cue is the concentration of soil nitrate, whereas a feedback
regulatory system where nodules formed earlier suppress further nodulation through shoot-
root communication is an important internal cue. The latter is known as the autoregulation of
nodulation (AON), and is believed to consist of two long-distance signals: a root-derived signal
that is generated in infected roots and transmitted to the shoot; and a shoot-derived signal that
inhibits nodulation systemically [103-104]. Therefore, AON represents a strategy through
which the host plant can balance the symbiotrophic N nutrition with the energetically more
“cheap” combined N nutrition.

Recent findings on autoregulation of nodulation suggest that the root-derived ascending
signals to the shoot are short peptides belonging to the CLE peptide family [105] [106]. The
leucine-rich repeat receptor-like kinase HAR1 of Lotus and its homologues in M. truncatula and
P. sativum (SUNN and Sym29, respectively) mediate AON and also the nitrate inhibition of
nodulation, presumably by recognizing the root-derived signal [107-110] (Figure 3).

It was suggested that NF signaling induces expression or posttranslation processing of CLE
peptides, which likely function as ascending long-distance signals to the shoot [110]. Thus, NF
signaling is related to autoregulation as well, but in some indirect way. It is also worth noting
that NF signaling pathway appears to work in mature nodules, since aforementioned “early
nodulation genes” belonging to CSP, as well as NF receptor kinase genes, are highly expressed
in nodule tissues (76, 111). Perhaps the active NF signaling is needed to prevent the induction
of defense-like responses and/or to restrict the release of rhizobia into precise cell layers, thus
regulating the formation of symbiotic interface [112].

3.2. Pea (Pisum sativum L.) as a unique example of increased specificity in plant-microbe
interaction

Being one of the most ancient crops known to humanity, nowadays garden pea (Pisum
sativum L.) is widely distributed in the world. According to the recent data, pea is a third most
important legume for food industry, following beans and soybeans [113]. It is also the popular
model for various genetic and physiological researches, including the studying of symbiosis
with nodule bacteria. Despite the fact that work with pea is complicated by the presence of
some negative properties, such as relatively large (about 4000 Mb) genome, low seed produc‐
tivity, and poor transformation capability, the use of this object in study of symbiotic relation‐
ships continues and brings significant results.

There are several pea genes known to participate in NFs’ reception, with the most interesting
of them being Sym2. This gene was first described in the 1970s as determinant of “resistance”
to nodulation in pea cultivars from Afghanistan and Iran [114, 115]. While being unable to
form nodules with the majority of natural Rhizobium leguminosarum bv. viciae (Rlv) strains
obtained from European soils, these cultivars have demonstrated the ability to interact
normally with strains from the Middle East, such as strain Rlv TOM [115]. This feature is
controlled by specific recessive allele of Sym2 named “Afghan allele” (Sym2A). Presence of
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Sym2A in homozygous state leads to block of infection thread progression in the root hair,
similarly to phenotype of sym37 mutants [55]. Later it was shown that Rlv strains able to
nodulate “Afghan” cultivars have special gene called nodX, which is involved in the modifi‐
cation of NF structure [116, 117]. NodX encodes the acetyltransferase providing O-acetylation
on reducing end of NF sugar backbone. Thus, only nodX-modified NFs can be recognized by
plants with Sym2A allele, although Ovtsyna et al. (2000) [118] show that fucosylation on the
same position controlled by nodZ gene can also induce nodulation of “Afghan” peas.

More than 20 years ago, Sym2 was localized on the pea genetic map. Using RAPD (Random
Amplification of Polymorphic DNA) markers, Kozik and colleagues [119] created the detailed
map of pea I linkage group fragment including Sym2 and a few other symbiotic genes (such
as Nod3 and PsENOD7). Based on the fact that plants with Sym2A allele show the “Afghan”
phenotype then exposed to NF with specific structure, it was suggested that Sym2 protein
could act as an “entry” receptor during preinfection stage (similar to NFR1 in Lotus or LYK3
in Medicago).

When Pisum gene Sym37 was shown to be orthologous for NFR1 [55], it was at first proposed
as a candidate for Sym2. This was strongly supported by the fact that the missense mutation
in Sym37 carried by Pisum mutant line RisNod4 led to Nod- phenotype (the absence of
nodulation), which could be suppressed by Rlv strain A1 known to produce broad specter of
NFs, including nodX-modified one [55]. However, the paralogue of Sym37, gene K1, was
discovered shortly after, the similar structure of which indicated a possible involvement in the
reception of NF, although the purpose of this additional NF receptor remained unclear.

The comparison of Sym37 and K1 nucleotide sequences obtained from “Afghan” (Sym2A) and
“European” pea varieties, as well as amino acid sequences of their corresponding proteins,
shows that neither of these genes possesses any features correlating with “Afghan” phenotype
[55]. Thus, there must be another determinant corresponding to Sym2. Recently, the promising
candidate was found – the gene named LykX by the authors, which is the second paralogue of
Sym37 localized in the same region of the pea genome (Sulima et al., 2015, in preparation).
Analysis of the LykX protein sequences revealed that there are amino acid substitutions within
first LysM module of receptor domain typical for plants with “Afghan” phenotype [120].
Simultaneously, Li and colleagues [121] compared the sequence of Sym37 from series of pea
genotypes that differ in interaction with rhizobia mutant on nodE gene determining the
structure of fatty acid on nonreducing end of NF. It was shown that the efficiency of interaction
with mutant strain strictly correlates with particular variation of Sym37. Similar situation was
observed for interaction between nodX and Sym2 (LykX) genes: “Afghan” pea varieties
requiring NF with additional acetyl group on reducing end of molecule also display charac‐
teristic features in structure of receptor protein LykX.

We proposed a model, based on the above, according to which the less specific “recognition”
receptor (Sym10, perhaps in complex with other proteins) perceives the NF signal per se and
“anchors” NF molecule on the membrane, subsequently “presenting” it to other components
of reception complex, with reducing end being tested by Sym2 (LykX), and nonreducing by
Sym37 [122]. Only if all participants in the process react positively will the signal be considered
as adequate, and symbiogenesis will start properly (see Figure 4). So, in pea not only one
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ortholog of Lotus NFR1, but two closely related paralogs – Sym37 and Sym2 – are involved in
genetic control of Nod-factor reception. This is not surprising, if we take into account the
complexity of Nod-factor molecule and the importance of its proper recognition for successful
development of symbiosis.

Figure 4. Hypothetical model for precise recognition of Nod-factor structure by receptor kinases in pea. The model is
proposed by Dr. V.A. Zhukov (ARRIAM, St. Petersburg, Russia). At first step, less specific receptor (probably, Sym10)
anchors NF molecule onto the membrane; then it presents it to Sym37, which tests the structure of the nonreducing
end, and to Sym2, which tests the structure of reducing end. When both Sym37 and Sym2 bind NF, they activate
downstream components of signal transduction pathway.

4. Conclusion

Among all the multicellular eukaryotes, plants have the greatest need for the beneficial
interaction with microorganisms, as they lack active movement and therefore cannot choose
more advantageous habitat. That kind of restriction can be compensated by the ability of
photosynthesis, as carbon compounds produced by plants are a significant stimulus for
various microbes to cooperate with them. As a result of such cooperation, plant acquires an
access to the adaptations of microsymbiont, and vice versa, according to a principle of genome
complementarity that was recently formulated by Prof. I.A. Tikhonovich and Dr. N.A.
Provorov (ARRIAM, Russia) [122]. It means that, in spite of lacking the nitrogenase genes in
its own genome, plant “exploits” corresponding part of microorganism’s genome in order to
implement biological nitrogen fixation, while rhizobia “exploit” plant genes controlling
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photosynthetic apparatus, and so forth. Thereby the plant-microbe system acquires an
advantage over plants and microbes that compete for survival separately.

The role of symbioses in the evolution of life, and plants in particular, cannot be underesti‐
mated. One can state that the tendency to establish mutually beneficial associations with
microorganisms is an essential feature of plants, which has a wide variety of manifestations
through a long coevolution of symbiotic partners. Photosynthesis itself, the main distinctive
feature of plants, is provided by chloroplasts – the descendants of ancient symbiotic cyano‐
bacteria. According to modern conception, plant colonization of land was possible primarily
due to the symbiotic association with arbuscular mycorrhiza fungi. AM, in turn, is considered
as a basis for the development of highly specific root-nodule symbiosis characteristic for
legume plants. The possible path of the AM origin and its connection with RN was largely
understood by studying Geosiphon pyriformis – the only representative of the phylum Glomer‐
omycota that does not form symbiotic association with higher plants.. Instead, it contains
intracellular symbiotic nitrogen-fixing cyanobacteria of the Nostoc genus which are essential
for its proper nutrition and development [123, 124]. The intensive exchange of products of
nitrogen, carbon, and phosphorus metabolism between partners indicates that mechanisms of
reciprocal nutrients’ transport probably emerged in symbiotic systems formed by Geosiphon
and Nostoc ancestors and lately have been recruited in the evolution of AM [124, 125]. The
transition from Geosiphon-Nostoc-type association to AM could occur through an intermediate
“triple” symbiosis including plant, common ancestor of AM fungi, and Geosiphon, and
ancestral forms of Nostoc, with subsequent loss of cyanobiont. It should be noted that ancient
symbiotic fungi presumably carried additional bacterial symbionts both on the surface and in
the cytoplasm. In the cells of modern Glomeromycota, including Geosiphon, various symbiotic
bacteria are found, including those capable of nitrogen-fixation (close to β-proteobacteria of
Burkholderia genus, some members of which were shown to form the RN symbiosis with
legumes; see above) [126]. Thus, the AM symbiosis could be the direct “gateway” for intro‐
ducing symbiotic bacteria, including the ascendants of modern rhizobia, into plant tissues.
This suggestion is also supported by the existence of CSP and the similarity of rhizobial and
fungal signal molecules.

Emergence of Nod-factor signaling was among the most important factors that determined
the evolutionary success of legume-rhizobial symbiosis. The wide variety of Nod-factors as
well as finely tuned receptor system in plants ensure that only specific partners will meet each
other in the soil and consequently form a superorganism with high level of genetic and
metabolic integration. This appears to be a basis for evolution of the efficiency of symbiotic
pairs, instead of single organisms – the results we now observe.

Legumes provide both an important food source for humanity and a unique model for
investigation of the evolution and the underlying genetic mechanisms of mutualistic plant-
microbe symbioses. Further studies of the genetic bases of signal interactions between plants
and microbes can provide more information about evolution of such a mutually beneficial
association, as well as about spreading of the legumes across the world. Discovery of genes
involved in recognition of partners, transduction of symbiotic signals and overall “manage‐
ment” of symbiosis will also provide a useful tool for agriculture, as the knowledge obtained
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from this studying will facilitate the creation of highly-effective specific symbiotic pairs
between crop plants and nitrogen-fixing bacteria in field..

Acknowledgements

A.S. Sulima was financially supported by the grant of Russian Foundation for Basic Research
(RFBR) # 14-04-32289_mol-a. V.A. Zhukov, O.Y. Shtark, A.Y. Borisov, and I.A. Tikhonovich
were financially supported by the grant of Russian Science Foundation (RSF) # 14-24-00135.
The authors thank Dr. M.N. Povydysh (Saint-Petersburg State Chemical Pharmaceutical
Academy, St.Petersburg, Russia) for help in preparation of figures.

Author details

Sulima Anton Sergeevich, Zhukov Vladimir Alexandrovich*, Shtark Oksana Yurievna,
Borisov Alexey Yurievich and Tikhonovich Igor Anatolievich

*Address all correspondence to: zhukoff01@yahoo.com

All-Russia Research Institute for Agricultural Microbiology (ARRIAM), St.-Petersburg, Russia

References

[1] Mulligan RM, Chory J, Ecker JR. Signaling in plants. Proc Natl Acad Sci USA. 1997;94:
2793-2795.

[2] Nakagawa T, Kaku H, Shimoda Y, Sugiyama A, Shimamura M, Takanashi K, Yazaki
K, Aoki T, Shibuya N, Kouchi H. From defense to symbiosis: limited alterations in
the kinase domain of LysM receptor-like kinases are crucial for evolution of legume–
Rhizobium symbiosis. Plant J 2011;65: 169-180.

[3] Hua J. Modulation of plant immunity by light, circadian rhythm, and temperature.
Curr Opin Plant Biol. 2013;16: 406–413.

[4] Vance CP. Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition in
the world of declining renewable resources. Plant Physiol. 2001;127(2): 390-397.

[5] Brewin NJ. Plant cell wall remodeling in the rhizobium-legume symbiosis. Crit Rev
Plant Sci. 2004;23: 1-24.

[6] Allen ON, Allen EK. The Leguminosae. A Source Book of Characteristics, Uses and Nodu‐
lation. Madison: The University of Wisconsin Press; 1981. 806 pp.

Plants for the Future150



[7] Wall LG. The actinorhizal symbiosis. J Plant Growth Regul. 2000;19(2): 167-182.

[8] Sawada H, Kuykendall LD, Young JM. Changing concepts in the systematics of bac‐
terial nitrogen-fixing legume symbionts. J Gen Appl Microbiol. 2003;49(3): 155-179.

[9] Balachandar D, Raja P, Kumar K, Sundaram SP. Non-Rhizobial nodulation in le‐
gumes. Biotechnol Molec Biol Rev. 2007;2(2): 49-57.

[10] Spaink HP, Kondorosi A, Hooykaas PJJ. (eds.) The Rhizobiaceae. Molecular Biology of
Model Plant-Associated Bacteria. Dordrecht/Boston/London: Kluwer; 1998. 566 pp.

[11] MacLean AM, Finan T, Sadowsky MJ. Genomes of the symbiotic nitrogen-fixing bac‐
teria of legumes. Plant Physiol. 2007;144(2): 615-622.

[12] Geurts R, Bisseling T. Rhizobium nod factor perception and signaling. Plant Cell.
2002;14.

[13] Ovtsyna AO, Staehelin C. Bacterial signals required for the Rhizobium-legume sym‐
biosis. In: Pandalai SG. (ed.), Recent Research Developments in Microbiology, Vol 7 (Part
II). Trivandrum, India: Research Signpost; 2003. p 631-648.

[14] Spaink HP. The molecular basis of infection and nodulation by rhizobia: the Ins and
Outs of sympathogenesis. Ann Rev Phytopathol. 1995;33: 345-368.

[15] Schultze M, Kondorosi A. Regulation of symbiotic root nodule development. Annu
Rev Genet 1998;32: 33-57.

[16] D’Haeze W, Holsters M. Nod factor structures, responses, and perception during ini‐
tiation of Nodule development. Glycobiology 2002;12(6): 79-105.

[17] Perret X, Staehelin C, Broughton WJ. Molecular basis of symbiotic promiscuity. Mi‐
crobiol Mol Biol. Rev 2000;64(1): 180–201.

[18] Oke V, Long SR. Bacteroid formation in the rhizobium-legume symbiosis. Curr Opin
Microbiol 1999;2(6): 641-646.

[19] Brewin NJ (1998) Tissue and cell invasion by rhizobium: the structure and develop‐
ment of infection threads and symbiosomes. In: Spaink HP, Kondorosi A, Hooykaas
PJJ. (eds.), The Rhizobiaceae. Molecular Biology of Model Plant-Associated Bacteria. Dor‐
drecht/Boston/London: Kluwer; 1998. p 417-429.

[20] Mylona P, Pawlowski K, Bisseling T. Symbiotic Nitrogen Fixation. Plant Cell.
1995;7(7): 869-885.

[21] Brewin NJ. Development of the legume root nodule. Annu Rev Cell Biol. 1991;7:
191-226.

[22] Mergaert P, Uchiumi T, Alunni B, Evanno G, Cheron A, Catrice O, Mausset AE, Bar‐
loy-Hubler F, Galibert F, Kondorosi A, Kondorosi E. Eukaryotic Control on Bacterial
Cell Cycle and Differentiation in the Rhizobium-Legume Symbiosis. Proc Natl Acad Sci
USA. 2006;103(13): 5230-5235.

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

151



[23] Hirsch AM, LaRue TA. Is the legume nodule a modified root or stem or an organ sui
generis? Crit Rev Plant Sci. 1997;16: 361-392.

[24] Sprent JI, Raven JA. Evolution of nitrogen-fixing symbiosis. In: Stacey G, Burris RH,
Evans HJ. (eds.) Biological Nitrogen Fixation. New York, London: Chapman & Hall;
1992. p 461-496.

[25] Fred EB, Baldwin IL, McCoy E. Root Nodule Bacteria and Leguminous Plants. Madison:
Univ Wisconsin Stud Sci; 1932. 343 pp.

[26] Provorov NA. The interdependence between taxonomy of legumes and specificity of
their interaction with rhizobia in relation to evolution of the symbiosis. Symbiosis.
1994;17: 183-200.

[27] Broughton WJ, Perret X. Genealogy of legume-rhizobium symbiosis. Curr Opin Plant
Biol. 1999;2(4): 305-311.

[28] Lafay B, Bullier E, Burdon JJ. Bradyrhizobia isolated from root nodules of Parasponia
(Ulmaceae) do not constitute a separate coherent lineage. Int J Syst Evol Microbiol.
2006;56(Pt 5): 1013-1018.

[29] Price NP, Relić B, Talmont F, Lewin A, Promé D, Pueppke SG, Maillet F, Dénarié J,
Promé JC, Broughton WJ. Broad-host-range rhizobium species strain NGR234 se‐
cretes a family of carbamoylated, and fucosylated, nodulation signals that are O-ace‐
tylated or sulphated. Mol Microbiol. 1992;6(23): 3575-3584.

[30] Schmeisser C, Liesegang H, Krysciak D, Bakkou N, Le Quéré A, Wollherr A, Heine‐
meyer I, Morgenstern B, Pommerening-Röser A, Flores M, Palacios R, Brenner S,
Gottschalk G, Schmitz RA, Broughton WJ, Perret X, Strittmatter AW, Streit WR. Rhi‐
zobium sp. strain NGR234 possesses a remarkable number of secretion systems. Appl
Environ Microbiol. 2009;75(12): 4035-4045.

[31] Broughton WJ, Jabbouri S, Perret X. Keys to symbiotic harmony. J Bacteriol. 2000;182:
5641-5652.

[32] Relić B, Staehelin C, Fellay R, Jabbouri S, Boller T, Broughton WJ. Do Nod-factor lev‐
els play a role in host specificity? In: Kiss GB, Endre, G (eds.), Proceedings of the First
European Congress on Nitrogen Fixation. Officina Press Szed, Szeged, Hungary; 1994. p
69-75.

[33] Becker A, Pühler A. Production of exopolysaccharides. In: Spaink HP, Kondorosi A,
Hooykaas PJJ. (eds.), The Rhizobiaceae. Molecular Biology of Model Plant-Associated Bac‐
teria. Dordrecht/Boston/London: Kluwer; 1998. p 87-118.

[34] Lugtenberg BJJ. Outer membrane proteins. In: Spaink HP, Kondorosi A, Hooykaas
PJJ. (eds.), The Rhizobiaceae. Molecular Biology of Model Plant-Associated Bacteria. Dor‐
drecht/Boston/London: Kluwer; 1998. p 45-53.

[35] Jones KM, Sharopova N, Lohar DP, Zhang JQ, VandenBosch KA, Walker GC. Differ‐
ential response of the plant Medicago truncatula to its symbiont Sinorhizobium meliloti

Plants for the Future152



or an exopolysaccharide-deficient mutant. Proc Natl Acad Sci USA. 2008;105(2):
704-709.

[36] Downie JA, Rossen L, Knight CD, Robertson JG, Wells B, Johnston AW. Rhizobium le‐
guminosarum genes involved in early stages of nodulation. J Cell Sci Suppl. 1985;2:
347-354.

[37] Spaink HP, Sheeley DM, van Brussel AA, Glushka J, York WS, Tak T, Geiger O, Ken‐
nedy EP, Reinhold VN, Lugtenberg BJ. A novel highly unsaturated fatty acid moiety
of lipo-oligosaccharide signals determines host specificity of Rhizobium. Nature.
1991;354(6349): 125-130.

[38] Demont N, Debellé F, Aurelle H, Dénarié J, Promé JC. Role of the Rhizobium meliloti
nodF and nodE genes in the biosynthesis of lipo-oligosaccharidic nodulation factors.
J Biol Chem. 1993;268(27): 20134-20142.

[39] Spaink HP, Weinman J, Djordjevic MA, Wijffelman CA, Okker RJ, Lugtenberg BJ.
Genetic analysis and cellular localization of the Rhizobium host specificity-determin‐
ing NodE protein. EMBO J. 1989;8(10): 2811-2818.

[40] Ardourel M, Demont N, Debelle F, Maillet F, de Billy F, Prome J-C, Denarie J. Rhiz‐
hobium meliloty lipooligosaccharide nodulation factors. Plant Cell. 1994;6: 1357-1374.

[41] Poupot R, Martinez-Romero E, Gautier N, Promé J-C. Wild type Rhizobium etli, a
bean symbiont, produces acetyl-fucosylated, N-methylated, and carbamoylated nod‐
ulation factors. J Biol Chem. 1995;270: 6050-6055.

[42] Yang G-P, Debellé F, Savagnac A, Ferro M, Schiltz O, Maillet F, Promé D, Treilhou
M, Vialas C, Lindström K et al. Structure of the Mesorhizobium huakuii and Rhizobi‐
um galegae Nod factors: a cluster of phylogenetically related legumes are nodulated
by rhizobia producing Nod factors with α, β-unsaturated N-acyl substitutions. Mol
Microbiol. 1999;34: 227-237.

[43] Radutoiu S, Madsen LH, Madsen EB, Felle HH, Umehara Y, Grønlund M, Sato S, Na‐
kamura Y, Tabata S, Sandal N, Stougaard J. Plant recognition of symbiotic bacteria
requires two LysM receptor-like kinases. Nature. 2003;425(6958): 585-592.

[44] Madsen EB, Madsen LH, Radutoiu S, Olbryt M, Rakwalska M, Szczyglowski K, Sato
S, Kaneko T, Tabata S, Sandal N, Stougaard J. A receptor kinase gene of the LysM
type is involved in legume perception of rhizobial signals. Nature. 2003;425(6958):
637-640.

[45] Ohnuma T, Onaga S, Murata K, Taira T, Katoh E. LysM domains from Pteris ryu‐
kyuensis chitinase-A: a stability study and characterization of the chitin-binding site.
J Biol Chem. 2008;283: 5178-5187.

[46] Bateman A, Bycroft M. The structure of a LysM domain from E. coli membrane-
bound lytic murein transglycosylase D (MltD). J Mol Biol. 2000;299: 1113-1119.

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

153



[47] Buist G, Steen A, Kok J, Kuipers OP. LysM, a widely distributed protein motif for
binding to (peptido)glycans. Mol Microbiol. 2008;68: 838-847.

[48] Visweswaran GRR, van Roosmalen KLM, Kok J, Buist G. Exploiting the peptidogly‐
can-binding motif, LysM, for medical and industrial applications. Appl Microbiol Bio‐
technol. 2014;98: 4331-4345.

[49] Bensmihen S, de Billy F, Gough C. Contribution of NFP LysM domains to the recog‐
nition of Nod factors during the Medicago truncatula/Sinorhizobium meliloti symbiosis.
PLoS One. 2011;6(11): e26114.

[50] Zhu H, Riely BK, Burns NJ, Ane JM. Tracing nonlegume orthologs of legume genes
required for nodulation and arbuscular mycorrhizal symbioses. Genetics. 2006;172:
2491-2499.

[51] Zhang XC, Wu X, Findley S, Wan J, Libault M, Nguyen HT, Cannon SB, Stacey G.
Molecular evolution of lysin motif-type receptor-like kinases in plants. Plant Physiol.
2007;144: 623-636.

[52] Broghammer A, Krusell L, Blaise M, Sauer J, Sullivan JT, Maolanon N, Vinther M,
Lorentzen A, Madsen EB, Jensen KJ, Roepstorff P, Thirup S, Ronson CW, Thygesen
MB, Stougaard J. Legume receptors perceive the rhizobial lipochitin oligosaccharide
signal molecules by direct binding. PNAS. 2012;109(34): 13859-13864.

[53] Limpens E, Franken C, Smit P, Willemse J, Bisseling T, Geurts R. LysM domain re‐
ceptor kinases regulating rhizobial Nod factor-induced infection. Science. 2003;24:
630-633.

[54] 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, Dénarié J, Rougé P, Gough C.
The Medicago truncatula lysin [corrected] motif-receptor-like kinase gene family in‐
cludes NFP and new nodule-expressed genes. Plant Physiol. 2006;142(1): 265-279.

[55] Zhukov V, Radutoiu S, Madsen LH, Rychagova T, Ovchinnikova E, Borisov A, Ti‐
khonovich I, Stougaard J. The pea Sym37 receptor kinase gene controls infection-
thread initiation and nodule development. Mol Plant Microbe Interact. 2008;21(12):
1600-1608.

[56] Smit P, Limpens E, Geurts R, Fedorova E, Dolgikh E, Gough C, Bisseling T. Medicago
LYK3, an entry receptor in rhizobial nodulation factor signaling. Plant Physiol. 2007
Sep;145(1): 183-191.

[57] Zhukov VA, Shtark OY, Borisov AY, Tikhonovich IA. Breeding to improve symbiotic
effectiveness of legumes. In: Andersen SB (ed.), Plant Breeding from Laboratories to
Field. Croatia: InTech; 2013. p 167-207.

[58] Handberg K, Stougaard J. Lotus japonicus, an autogamous, diploid legume species
for classical and molecular genetics. Plant J. 1992;2: 487-496.

Plants for the Future154



[59] Barker D, Bianchi S, Blondon F, Dattee Y, Duc G, Essad S, Flament P, Gallusci P, Gen‐
ier G, Guy P, Muel X, Tourneur J, Denarie J, Huguet T. Medicago truncatula, a model
plant for studying the molecular genetics of the rhizobium-legume symbiosis. Plant
Mol Biol Rep. 1990;8: 40-49.

[60] Cook DR. Medicago truncatula – a model in the making. Curr Opin Plant Biol.
1999;2(4): 301-304.

[61] Young ND, Mudge J, Ellis THN. Legume genomes: more than peas in a pod. Curr
Opin Plant Biol. 2003;6(2): 199-204.

[62] Cook DR, Vandenbosch K, de Brujin FJ, Huguet T. Model legumes get the Nod. Plant
Cell. 1997;9: 275-281.

[63] Udvardi MK. Legume models strut their stuff. Mol Plant Microbe Interact. 2001;14(1):
6-9.

[64] Stougaard J. Genetics and genomics of root ymbiosis. Curr Opin Plant Biol. 2001;4(4):
328-335.

[65] Penmetsa RV, Cook DR. A legume ethylene-insensitive mutant hyperinfected by its
rhizobial symbiont. Science. 1997;275(5299): 527-530.

[66] Schauser L, Handberg K, Sandal N, Stiller J, Thykjaer T, Pajuelo E, Nielsen A, Stou‐
gaard J. Symbiotic mutants deficient in nodule establishment identified after T-DNA
transformation of Lotus japonicus. Mol Gen Genet. 1998;259(4): 414-423.

[67] Schüßler A, Schwarzott D, Walker C. A New fungal phylum, the Glomeromycota:
phylogeny and evolution. Mycol Res. 2001;105: 1413-1297.

[68] Brundrett MC. Coevolution of roots and mycorrhizas of land plants. New Phytol.
2002;154: 275-304.

[69] Smith SE, Read DJ. Mycorrhizal Symbiosis (3rd edn.). London: Academic Press; 2008.
800 pp.

[70] Bidartondo MI. The evolutionary ecology of myco-heterotrophy. New Phytol.
2005;167: 335–352.

[71] Maillet F, Poinsot V, André O, Puech-Pagès V, Haouy A, Gueunier M, Cromer L, Gir‐
audet D, Formey D, Niebel A, Martinez EA, Driguez H, Bécard G, Dénarié J. Fungal
lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza. Nature.
2011;469(7328): 58-63.

[72] Endre G, Kereszt A, Kevei Z, Mihacea S, Kaló P, Kiss GB. A receptor kinase gene reg‐
ulating symbiotic nodule development. Nature. 2002;417(6892): 962-966.

[73] Stracke S, Kistner C, Yoshida S, Mulder L, Sato S, Kaneko T, Tabata S, Sandal N,
Stougaard J, Szczyglowski K, Parniske M. A plant receptor-like kinase required for
both bacterial and fungal symbiosis. Nature. 2002;417(6892): 959-962.

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

155



[74] Limpens E, Mirabella R, Fedorova E, Franken C, Franssen H, Bisseling T, Geurts R.
Formation of organelle-like N2-fixing symbiosomes in legume root nodules is con‐
trolled by DMI2. Proc Natl Acad Sci USA. 2005; 102(29): 10375-10380.

[75] Kevei Z, Lougnon G, Mergaert P, Horvath GV, Kereszt A, Jayaraman D, Zaman N,
Marcel F, Regulski K, Kiss GB, Kondorosi A, Endre G, Kondorosi, E-Ané JM. 3-Hy‐
droxy-3-methylglutaryl coenzyme A reductase 1 interacts with NORK and is crucial
for nodulation in Medicago truncatula. Plant Cell. 2007;19(12): 3974-3989.

[76] Zhu H, Chen T, Zhu M, Fang Q, Kang H, Hong Z, Zhang Z. A Novel ARID DNA‐
binding protein interacts with SymRK and is expressed during early nodule develop‐
ment in Lotus japonicus. Plant Physiol. 2008;148(1): 337-347.

[77] Lefebvre B, Timmers T, Mbengue M, Moreau S, Herve C, Tóth K, Bittencourt-Silves‐
tre J, Klaus D, Deslandes L, Godiard L, Murray JD, Udvardi MK, Raffaele S, Mon‐
grand S, Cullimore J, Gamas P, Niebel A, Ott T. A remorin protein interacts with
symbiotic receptors and regulates bacterial infection. Proc Natl Acad Sci USA.
2010;107(5): 2343-2348.

[78] Yuan S, Zhu H, Gou H, Fu W, Liu L, Chen T, Ke D, Kang H, Xie Q, Hong Z, Zhang Z.
A ubiquitin ligase of symbiosis receptor kinase involved in nodule organogenesis.
Plant Physiol. 2012; DOI:10.1104/pp.112.199000.

[79] Wais RJ, Galera C, Oldroyd G, Catoira R, Penmetsa RV, Cook D, Gough C, Dénarié J,
Long SR. Genetic analysis of calcium spiking responses in nodulation mutants of
Medicago truncatula. Proc Natl Acad Sci USA. 2000;97(24): 13407-13412.

[80] Ané JM, Kiss GB, Riely BK, Penmetsa RV, Oldroyd GE, Ayax C, Lévy J, Debellé F,
Baek JM, Kalo P, Rosenberg C, Roe BA, Long SR, Dénarié J, Cook DR. Medicago trun‐
catula DMI1 required for bacterial and fungal symbioses in legumes. Science.
2004;303(5662): 1364-1367.

[81] Imaizumi-Anraku H, Takeda N, Charpentier M, Perry J, Miwa H, Umehara Y, Kou‐
chi H, Murakami Y, Mulder L, Vickers K, Pike J, Downie JA, Wang T, Sato S, Asami‐
zu E, Tabata S, Yoshikawa M, Murooka Y, Wu GJ, Kawaguchi M, Kawasaki S,
Parniske M, Hayashi M. Plastid proteins crucial for symbiotic fungal and bacterial
entry into plant Roots. Nature. 2005;433(7025): 527-531.

[82] Edwards A, Heckmann AB, Yousafzai F, Duc G, Downie JA. Structural implications
of mutations in the pea SYM8 symbiosis gene, the DMI1 ortholog, encoding a pre‐
dicted ion channel. Mol Plant Microbe Interact. 2007;20(10): 1183-1191.

[83] Riely BK, Lougnon G, Ané JM, Cook DR. The symbiotic ion channel homolog DMI1
is localized in the nuclear membrane of Medicago truncatula roots. Plant J.
2007;49(2): 208-216.

[84] Peiter E, Sun J, Heckmann AB, Venkateshwaran M, Riely BK, Otegui MS, Edwards
A, Freshour G, Hahn MG, Cook DR, Sanders D, Oldroyd GE, Downie JA, Ané JM.

Plants for the Future156



The Medicago truncatula DMI1 protein modulates cytosolic calcium signaling. Plant
Physiol. 2007;145(1): 192-203.

[85] Kanamori N, Madsen LH, Radutoiu S, Frantescu M, Quistgaard EMH, Miwa H,
Downie JA, James EK, Felle HH, Haaning LL, Jensen TH, Sato S, Nakamura Y, Taba‐
ta S, Sandal N, Stougaard J. A nucleoporin is required for induction of Ca2+ spiking in
legume nodule development and essential for rhizobial and fungal symbiosis. Proc
Natl Acad Sci USA. 2006;103(2): 359-364.

[86] Saito K, Yoshikawa M, Yano K, Miwa H, Uchida H, Asamizu E, Sato S, Tabata S, Im‐
aizumi-Anraku H, Umehara Y, Kouchi H, Murooka Y, Szczyglowski K, Downie JA,
Parniske M, Hayashi M, Kawaguchi M. NUCLEOPORIN85 is required for calcium
spiking, fungal and bacterial symbioses, and seed production in Lotus japonicus. Plant
Cell. 2007;19(2): 610-624.

[87] Groth M, Takeda N, Perry J, Uchida H, Draxl S, Brachmann A, Sato S, Tabata S, Ka‐
waguchi M, Wang TL, Parniske M. NENA, a Lotus japonicus homolog of Sec13, is re‐
quired for rhizodermal infection by Arbuscular Mycorrhiza fungi and rhizobia but
dispensable for cortical endosymbiotic development. Plant Cell. 2010;22(7): 2509-2526.

[88] Gleason C, Chaudhuri S, Yang T, Munoz A, Poovaiah BW, Oldroyd GE. Nodulation
independent of rhizobia induced by a calcium-activated kinase lacking autoinhibi‐
tion. Nature. 2006;441(7097): 1149-1152.

[89] Parniske M. Arbuscular Mycorrhiza: the mother of plant root endosymbioses. Nat
Rev Microbiol. 2008;6(10): 763-775.

[90] Yano K, Yoshida S, Muller J, Singh S, Banba M, Vicker K. CYCLOPS, a mediator of
symbiotic intracellular accommodation. Proc Natl Acad Sci USA. 2008;105(51):
20540-20545.

[91] Kaló 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. Nodulation signaling in legumes re‐
quires NSP2, a member of the GRAS family of transcriptional regulators. Science.
2005;308(5729): 1786-1789.

[92] Smit P, Raedts J, Portyanko V, Debellé F, Gough C, Bisseling T, Geurts R. NSP1 of the
GRAS protein family is essential for rhizobial Nod factor-induced transcription. Sci‐
ence. 2005;308(5729): 1789-1791.

[93] Albrecht C, Geurts R, Bisseling T. Legume nodulation and Mycorrhizae formation;
two extremes in host specificity meet. EMBO J. 1999;18(2): 281-288.

[94] Heckmann AB, Lombardo F, Miwa H, Perry JA, Bunnewell S, Parniske M, Wang TL,
Downie JA. Lotus japonicus nodulation requires two GRAS domain regulators, one of
which is functionally conserved in a non-legume. Plant Physiol. 2006;142(4):
1739-1750.

[95] Murakami Y, Miwa H, Imaizumi-Anraku H, Kouchi H, Downie JA, Kawasaki KMS.
Positional cloning identifies Lotus japonicus NSP2, a putative transcription factor of

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

157



the GRAS family, required for NIN and ENOD40 gene expression in nodule initia‐
tion. DNA Res. 2006;13: 255-265.

[96] Gonzalez-Rizzo S, Crespi M, Frugier F. The Medicago truncatula CRE1 cytokinin re‐
ceptor regulates lateral root development and early symbiotic interaction with Sino‐
rhizobium meliloti. Plant Cell. 2006;18(10): 2680-2693.

[97] Murray JD, Karas BJ, Sato S, Tabata S, Amyot L, Szczyglowski K. A cytokinin percep‐
tion mutant colonized by rhizobium in the absence of nodule organogenesis. Science.
2007;315(5808): 101-104.

[98] Tirichine L, Sandal N, Madsen LH, Radutoiu S, Albrektsen AS, Sato S, Asamizu E,
Tabata S, Stougaard J. A gain-of-function mutation in a cytokinin receptor triggers
spontaneous root nodule organogenesis. Science. 2007;315(5808): 104-107.

[99] Schauser L, Roussis A, Stiller J, Stougaard J. A Plant regulator controlling develop‐
ment of symbiotic root nodules. Nature. 1999;402(6758): 191-195.

[100] Borisov AY, Madsen LH, Tsyganov VE, Umehara Y, Voroshilova VA, Batagov AO,
Sandal N, Mortensen A, Schauser L, Ellis N, Tikhonovich IA, Stougaard J. The Sym35
gene required for root nodule development in pea is an ortholog of Nin from Lotus
japonicus. Plant Physiol. 2003;131(3): 1009-1017.

[101] Marsh JF, Rakocevic A, Mitra RM, Brocard L, Sun J, Eschstruth A, Long SR, Schultze
M, Ratet P, Oldroyd GE. Medicago truncatula NIN is essential for rhizobial-inde‐
pendent nodule organogenesis induced by Autoactive Calcium/Calmodulin-De‐
pendent Protein Kinase. Plant Physiol. 2007;144(1): 324-335.

[102] Middleton PH, Jakab J, Penmetsa RV, Starker CG, Doll J, Kalo P, Prabhu R, Marsh JF,
Mitra RM, Kereszt A, Dudas B, VandenBosch K, Long SR, Cook DR, Kiss GB, Old‐
royd GE. An ERF Transcription factor in Medicago truncatula that is essential for Nod
factor signal transduction. Plant Cell. 2007;19(4): 1221-1234.

[103] Caetano-Anolles G, Gresshoff PM. Plant genetic control of nodulation. Annu Rev Mi‐
crobiol. 1991;45: 345-382.

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

[105] Okamoto S, Ohnishi E, Sato S, Takahashi H, Nakazono M, Tabata S, Kawaguchi M.
Nod factor/nitrate-induced CLE genes that drive HAR1-mediated systemic regula‐
tion of nodulation. Plant Cell Physiol. 2009;50(1): 67-77.

[106] Mortier V, Den Herder G, Whitford R, Van de Velde W, Rombauts S, D'Haeseleer K,
Holsters M, Goormachtig S. CLE peptides control Medicago truncatula nodulation
locally and systemically. Plant Physiol. 2010;153(1): 222-237.

[107] Krusell L, Madsen LH, Sato S, Aubert G, Genua A, Szczyglowski K, Duc G, Kaneko
T, Tabata S,de Bruijn F, Pajuelo E, Sandal N, Stougaard J. Shoot control of root devel‐

Plants for the Future158



opment and nodulation is mediated by a receptor-like kinase. Nature. 2002;420(6914):
422-426.

[108] Nishimura R, Hayashi M, Wu GJ, Kouchi H, Imaizumi-Anraku H, Murakami Y, Ka‐
wasaki S, Akao S, Ohmori M, Nagasawa M, Harada K, Kawaguchi M. HAR1 Medi‐
ates systemic regulation of symbiotic organ development. Nature. 2002;420(6914):
426-429.

[109] Schnabel E, Journet EP, de Carvalho-Niebel F, Duc G, Frugoli J. The Medicago trun‐
catula SUNN Gene Encodes a CLV1-like leucine-rich repeat receptor kinase that reg‐
ulates nodule number and root length. Plant Mol Biol. 2005;58(6):809-822.

[110] Staehelin C, Xie ZP, Illana A, Vierheilig H. Long-distance transport of signals during
symbiosis: are nodule formation and mycorrhization autoregulated in a similar way?
Plant Signal Behav. 2011;6(3): 372-377.

[111] Limpens E, Moling S, Hooiveld G, Pereira PA, Bisseling T, Becker JD, Küster H. Cell-
and tissue-specific transcriptome analyses of Medicago truncatula root nodules. PLoS
One. 2013 May 29;8(5): e64377.

[112] Moling S, Pietraszewska-Bogiel A, Postma M, Fedorova E, Hink MA, Limpens E, Ga‐
della TW, Bisseling T. Nod factor receptors form heteromeric complexes and are es‐
sential for intracellular infection in Medicago nodules. Plant Cell. 2014;26(10):
4188-4199.

[113] Bourion V, Rizvi SM, Fournier S, de Larambergue H, Galmiche F, Marget P, Duc G,
Burstin J. Genetic dissection of nitrogen nutrition in pea through a QTL approach of
root, nodule, and shoot variability. Theor Appl Genet. 2010;121(1): 71-86.

[114] Razumovskaya ZG. Nodule formation in various pea cultivars. Russian J Microbiol.
1937;6: 321-328.

[115] Lie TA. Host genes of Pisum sativum L. conferring resistance to European Rhizobium
leguminosarum strains. Plant Soil. 1984;82: 462-465.

[116] Davis EO, Evans IJ, Johnston AWB. Identification of nodX, a gene that allows Rhizobi‐
um leguminosarum bv. viciae strain TOM to nodulate Afghanistan peas. Mol Gen Gen‐
et. 1988: 531-535.

[117] Ovtsyna AO, Rademaker GJ, Esser E, Weinman J, Rolfe BG, Tikhonovich IA, Lugten‐
berg BJ, Thomas-Oates JE, Spaink HP. Comparison of characteristics of the nodX
genes from various Rhizobium leguminosarum strains. Mol Plant Microbe Interact.
1999;12(3): 252-258.

[118] Ovtsyna AO, Schultze M, Tikhonovich IA, Spaink HP, Kondorosi E, Kondorosi A,
Staehelin C. Nod factors of Rhizobium leguminosarum bv. viciae and their fucosylated
derivatives stimulate a nod factor cleaving activity in pea roots and are hydrolyzed
in vitro by plant chitinases at different rates. Mol Plant Microbe Interact. 2000;13(8):
799-807.

Nod-Factor Signaling in Legume-Rhizobial Symbiosis
http://dx.doi.org/10.5772/61165

159



[119] Kozik A, Matvienko M, Scheres B, Paruvangada VG, Bisseling T, van Kammen A, El‐
lis TH, LaRue T, Weeden N. The pea early gene PsENOD7 maps in the region of link‐
age group I containing sym2 and leghemoglobin. Plant Mol Biol. 1996;31(1): 149-156.

[120] Zhukov VA, Sulima AS, Porozov YB, Borisov AY, Tikhonovich IA. Polymorphism in
gene sequence of LysM receptor kinase is associated with Sym2-controlled nodula‐
tion in pea (Pisum sativum L.). Proceedings of 18th International Conference on Nitro‐
gen Fixation (14–18 October 2013, Myazaki, Japan): 76.

[121] Li R, Knox MR, Edwards A, Hogg B, Ellis TH, Wei G, Downie JA. Natural variation
in host-specific nodulation of pea is associated with a haplotype of the SYM37 LysM-
type receptor-like kinase. Mol Plant Microbe Interact. 2011;24(11): 1396-1403.

[122] Tikhonovich IA, Andronov EE, Borisov AY, Dolgikh EA, Zhernakov AI, Zhukov
VA,Provorov NA, Roumiantseva ML, Simarov B.V. The Principle of Genome Com‐
plementarity in the Enhancement of Plant Adaptive Capacities. Russian J Genet.
2015;51(9): 831–846.

[123] Schüßler A. Molecular phylogeny, taxonomy and evolution of Geosiphon pyriformis
and arbuscular mycorrhizal fungi. Plant Soil. 2002;244: 75-83.

[124] Schüßler A, Wolf E. Geosiphon pyriformis – a glomeromycotan soil fungus forming en‐
dosymbiosis with cyanobacteria. In: Declerck S, Strullu DG, Fortin JA. (eds.), In Vitro
Culture of Mycorrhizas. Berlin–Heidelberg–New York: Springer; 2005. 271-290.

[125] Kluge M, Mollenhauer D, Wolf E, Schüßler A. The Nostoc-Geosiphon endocytobio‐
sis. In: Rai AN, Bergman B, Rasmussen U. (eds.), Cyanobacteria in Symbiosis. Kluw‐
er Academic Publishers; 2003. 19-30.

[126] Minerdi D, Bianciotto V, Bonfante P. Endosymbiotic bacteria in mycorrhizal fungi:
from their morphology to genomic sequences. Plant Soil. 2002;244: 211-219.

Plants for the Future160


