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% The signal molecules produced

by legume plants and soil bacteria
rhizobia and involved in early steps of
symbiosis regulation were identified
through the evaluation of molecular
mechanisms of plant-rhizobia
communication. The molecular
dialog between plants and rhizobia
is initiated by plant flavanoids
inducing the synthesis and secretion
of lipochitooligosaccharide molecules
Nod factors by rhizobial bacteria.
Nod factors are N-acetylglucosamine
oligomers, modified by fatty acid
and certain chemical groups.

Nod factors trigger a set of plant
reactions resulting in a formation

of root nodules — nitrogen fixing
symbiotic organs. Fine chemical
structure of signal molecules
determines host specificity of the
symbiosis. Nod factors are active

in low concentrations and possess
mitogenic and morphogenic activity,
therefore they are recognized as the
new class of growth regulators. In
this paper the modern data about
study of Nod factor perception
mechanisms and signal transduction
pathway in legume plants are
presented and considered with
perspective for future application

of these knowledge for practical
increasing of symbiosis efficiency
from plant side.
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ROLE OF SIGNAL EXCHANGE IN CONTROL
OF RHIZOBIUM — LEGUME SYMBIOSIS SPECIFICITY

INTRODUCTION.

During last years many efforts were directed at elucidation of the molecu-
lar mechanisms by means of which the different extracellular signals trigger a
biological response in target cells in many-celled animals. Signal binding with
specific receptors activates transduction pathways that finally results in change
of physiological conditions in the cell. Therefore, receptors transfer the signal
into the cells, where it is amplilied in a specific manner. Deciphering of signaling
processes for representatives of different groups of eukaryotic organisms gives a
key for understanding common biological processes: cell growth, homeostasis,
apoptosis, cancer, pathogenesis, development and differentiation, so this ques-
tion is intensively studied in many laboratories in the world.

Due to their permanent communication with soil microflora, plants have
developed sensitive cellular mechanisms to respond to potentially beneficial or
pathogenic organisms. One of the most important mechanisms is the chemoper-
ception of signals emanating from the interacting organisms followed by the
transduction of signals to induce appropriate response. Plants are able to rec-
ognize different molecules produced by microorganisms such as glycopeptides,
oligosaccharides, chitooligosaccharides. Analysis of genomes of Arabidopsis
thaliana and Medicago truncatula allowed to identily more than 500 specific
receptors that significantly exceeds amount of receptors in animal (Yahyaoui et
al., 2004). The nature of these signals and mechanisms of their binding by per-
ception systems of plants are important aspects of plant-microbe interactions
(Boller, 1995).

Soil bacteria, collectively referred to as rhizobia, are able to establish sym-
biosis with leguminous plants, resulting in a formation of a new organ, nitrogen-
fixing nodule, on the plant root, where bacteria differentiate into bacteroids and
realize their capacity to fix molecular nitrogen. Selectivity of mutual recogni-
tion of nitrogen-fixing bacteria and plants during endosymbiosis development is
determined by secretion and perception of signaling molecules of the partners.
Lipochitooligosaccharide signals emanating from rhizobia, Nod factors (NFs),
trigger a complex of specific responses in root hairs, pericycle and root cortex
of the plant, thereby providing the basis for subsequent bacteria entry, infection
distribution and nodule morphogenesis. Nod factors are lipochitooligosaccha-
rides (LCOs) — oligomers of N-acetylglucosamine (4-6 GlcNAc units) carrying
fatty acid chain at non-reducing sugar and various modifications on chitin back-
bone. Additional substitutions may present on backbone of Nod factors produced
by different rhizobial species (Perret et al. 2000). These substitutions as well as
fatty acid structure determine the biological activity of Nod factors, while specific
genes controlling nodulation (Nod genes) define types and location of these sub-
stitutions. For example, Nod factors produced by Sinorhizobium meliloti, mi-
crosymbiont of most Medicago species, are O-sulphated at the reducing sugar,
O-acetylated at the non-reducing sugar and contain specific fatty acid C16:2.
The presence of acetate at non-reducing sugar and fatty acid C18:4 is character-
istic for Nod factors produced by Rhizobium leguminosarum bv. viceae infecting
pea and vetch (Perret et al. 2000).

Specificity of Nod factor interaction with host plant and very low concentra-
tions at which the biological activity ol Nod factors is appeared suggest existence
of specific receptors for Nod factors in legume plants. However, despite on prog-
ress in this area, molecular mechanisms of Nod factor perception on root surface
of legume plants and signal transduction are still far from understanding.
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Nod factor perception on root surface
of legume plants and genes involved
in control of this process

The process of nodulation is the result of tightly regu-
lated biochemical and molecular interactions between the
symbionts (Schultze and Kondorosi, 1998). Plants release
flavonoids into the rhizosphere, which in turn stimulate
the production of Nod factors by rhizobia (Denarie et al.,
1996; Long, 1996). Successiul development of nitrogen-
fixing nodules is determined by activation of so-called ear-
ly symbiotic reactions developing during several minutes
or hours in response to Nod factor stimulation. Nod factor
stimulation of signal transduction cascade elicits the early
plant responses in root hair cells such as ion flux (Ehrhardt
et al., 1992, 1996; Harris et al., 2003), calcium oscilla-
tions (Felle et al., 1999; Engstrom et al., 2002; Charron et
al., 2004), cytoskeletal changes (Van Brussel et al., 1992;
de Ruijter et al., 1999), root hair deformation (Lerouge et
al., 1990), activation of a few initial rounds of mitotic divi-
sions in root cortex (Spaink et al., 1991) and expression of
Nod factor-dependent genes (ENOD genes or early nodu-
lins) (Horvath et al., 1993; Albrecht et al., 1998). In model
legume Medicago truncatula, the early nodulins ENODI |
and RIPI have been valuable markers of early Nod factor
activated signal transduction pathway (Cook et al., 1995;
Journet et al., 2001).

Development of early symbiotic reactions precedes rhi-
zobial entry into root hair cells and followed by subsequent
infection progression. These later processes are developed
in a few days after interaction between plants and rhizo-
bia. In most species infection starts from formation of spe-
cific root hair curl, which entraps a bacterial microcolony
(Caetano-Anolles and Gresshoff, 1991). At the next steps
bacteria induce local degradation of cell wall and invagi-
nation of root hair plasma membrane that leads to forma-
tion of tubular structure, called by infection thread (IT). In
parallel with initiation of IT growth, cortical cell division is
resumed in root cortex resulting in nodule primordia and
meristem formation (Timmers et al., 1999; Tsyganov et
al., 2002). These processes are tightly interconnected al-
though in some species like alfalfa (Medicago sativa) and
soybean bacteria-free pseudonodule formation might oc-
cur, indicating an ability to provoke nodule organogenesis
independently from bacterial infection (Truchet et al., 1989;
Stokkermans and Peters, 1994).

Experiments with bacterial mutants in the Nod genes
showed that the infection process (process of [T formation) in
M. truncatula and peais strictly dependent on structural pe-
culiarities of Nod factors, while the induction of early physio-
logical changes in cells (change in intracellular concentration
of calcium, transcriptional activation of specific genes and
reactivation of initial rounds of cortical cell division) are not
strictly dependent (Ardourel et al. 1994, Oldroyd et al. 2001,
Wais et al., 2000). In accordance with these data the hypoth-
esis about existence of two types of receptors for Nod factors

differing in specificity was suggested. It was predicted that
strictly specific with respect to Nod factor structure receptor
regulates infection of legume plant roots and it was called
“entry receptor”, while lower specific with respect to Nod
factor structure “signaling receptor” regulates development
of early symbiotic reactions preceding infection (Ardourel et
al. 1994). This suggestion is being conlirmed during subse-
quent study of Nod factor perception in legume plants.

During the last years study of mechanisms of Nod fac-
tor perception and signaling reached a new level due to the
availability of the genome sequences of model legumes
M. truncatula and L. japonicus and the development of new
methodical approaches. Genetic analysis of non-nodulating
plant mutants and subsequent map-based cloning of mu-
tant genes in M. fruncatula (Medicago) and L. japonicus
(Lotus) allowed to identify genes which could be involved in
control of Nod factor recognition and signal transduction to
target genes. In legume plants, NF recognition seems to be
mediated by receptor-like kinases (RLKs) possessing LysM
extracellular domains (Radutoiu et al., 2003). LysM motils
were previously found in bacteriophage’s enzyme lysine,
mureine hydrolase that cleaves peptidoglycane mureine
presenting in bacterial cell wall and constituting GleNAc
units as well as Nod factor (Bateman and Bycroit, 2000).
Indeed a few receptor-like kinases with LysM extracellular
domains were identified in M. fruncatula and L. japonicus,
is thought to be essential for Nod factor perception (Radu-
toiu et al. 2003, Madsen et al. 2003, Limpens et al. 2003,
Arrighi et al. 2006, Mulder et al. 2006). In Lotus two genes
LjNFRI and LjNFR5 encoding putative receptors for Nod
factors were identified (Radutoiu et al. 2003; Madsen et al.
2003). Mutations in either of genes blocked development
of any responses to Nod factor application. Protein NFR1
is receptor-like kinase containing extracellular, transmem-
brane domains and a typical serine/threonine kinase do-
main, while NFRS, in contrast, contains atypical kinase
domain without an important part — activation loop (Radu-
toiu et al. 2003). In addition, experiments with labeled ATP
have shown that only the NFR1 protein is capable to be au-
tophosphorylated, but not the NFR5 (Arrighi et al. 2006).
Organization of kinase domains and analysis of mutant in
the genes encoding appropriate proteins suggest that the
NFRI and NFR5 could be components of heterodimeric re-
ceptor complex, which may comprise the “signaling recep-
tor” for Nod factor.

Two genes MINFP and M{LYK3 encoding receptors
with LysM motifs in extracellular domains were also iden-
tified in Medicago (Limpens et al., 2003, Arrighi et al.,
2006, Mulder et al., 2006) and in pea — PsSym 10 and
PsSym37 (Madsen et al., 2003; Zhukov et al., 2007).
The genes MINFP and PsSym10 are orthologous to the
LiNFR5 and mutations in these genes led to almost com-
plete blocking of plant responses to Nod factor stimulation
(Ben Amor et al., 2003; Walker et al., 2000). Based on
this, it was suggested that the NFP and SYM10 proteins
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Fig. 1. The model of plant recognition of bacterial signals Nod factors via LysM receptor-like kinases

containing like the NFRS non-functional kinase domains,
may be one of the components in the “signaling receptor”
for Nod factor.

Analysis of microsynteny and primary sequences of
genes revealed that the M{LYK3 and PsSymd37 are or-
thologous to the LiNFRI (Smit et al., 2007; Zhukov et
al., 2007). However, in spite of the fact that structural
resemblance between these genes in legume plants was
shown, the operation mechanisms of the predicted recep-
tor-like proteins LYK3 and SYM37 differ from those for
Lotus. In pea mutation in the gene PsSyma37 has blocked
only infection process in a specific manner, but not de-
velopment of early symbiotic reactions (Tsyganov et al.,
2002; Zhukov et al., 2007). Function of the M{LYK3 was
initially studied by RNA interference method (Limpens
et al., 2003) followed by cloning and analysis of primary
sequence of Medicago mutant gene HCL (HAIR CURL-
ING) which encodes the LysM receptor-like kinase LYK3
(Smit et al., 2007). As well as in case of sym37 pea mu-
tant, suppression of LYK3 expression by RNA interfer-
ence or mutation in this gene induced specific blocking
in symbiosis development at the stage of bacterial entry
(Limpens et al., 2003; Smit et al., 2007). Besides a weak
allele that controls infection thread formation in Nod fac-
tor structure-dependent manner was revealed (Smit et
al., 2007). These data support the suggestion that the
LYK3 in Medicago and the SYM37 in pea, may represent

“entry receptor”, but they are not components of “signal-
ing receptor”, because they regulate infection process in
Nod factor structure-dependent manner. Accumulated
data allowed suggesting the model of sequential activa-
tion of two complex receptors during Nod factor binding
in legume plants (Geurts et al., 2005). In accordance with
this model at the early stages of symbiosis development
binding of Nod factors with first heterodimeric receptor
induces the early symbiotic reactions including root hair
deformations, calcium oscillations and reactivation of the
cortical cells that leads to first rounds of mitotic divisions.
In Lotus this heterodimeric receptor may be comprised by
NFR5/ NFR1 proteins, while only particular components
NFP/- and SYM10/- were characterized in Medicago
and in pea, correspondently. At the later steps of sym-
biosis after curling of root hairs another receptor complex
may be activated that triggers signaling cascade leading
to infection process development (fig. 1). Proteins LYK3
and SYM37 are the most probable candidates on the role
of “entry receptor” in Medicago and pea, while such can-
didates were not discovered in Lotus. Some researchers
consider that “entry receptor” could be also represented
by heterodimeric complex (Geurts et al., 2005; Arrighi
et al.,. 2006). In this connection search of new mutants
blocked in IT development is being continued in Lotus,
Medicago and pea (Yano et al., 2006; Lombardo et al.,
2006; Miwa et al., 2006; Borisov et al., 2007).
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Previously it was suggested that the gene SymZ2 may
be also specifically involved in control of infection process
due to study of plants carrying different alleles of this gene
(Geurts et al., 1997). Pea lines carrying the Sym2* allele
(pea cultivars like Afghanistan) were characterized by in-
fection abortion during inoculation with incompatible rhi-
zobial strains. At the same time early symbiotic reactions
preceding infection development were not disturbed in such
lines. In contrast, normal symbiosis development resulting
in effective nodule formation was found in pea lines carrying
the Sym2°¢ allele. Taking into consideration the significant
resemblance between phenotypes of pea lines carrying the
Sym24 allele and mutant lines in the gene the PsSym37 it
could not be excluded that the Sym2 gene encodes other
component of “entry receptor” in pea. However, until now
the pea Sym2 gene was not cloned and this suggestion
should be verified in future.

Characterization of early signal transduction
pathway components in legume plants

Basic data about components of signal transduction
pathway activated by Nod factors were obtained using mo-
lecular-genetic approach. Analysis of non-nodulating Nod-
mutants of legume plants showed that they were impaired
at the different early stages of symbiosis development (Bor-
isovet al., 2000; Tsyganov et al., 2002). Map-based cloning
of these genes allowed finding the first components of signal
pathway. It seems that Nod factor binding activates a whole
complex of proteins involved in signal transduction, five
from those may be components of a common pathway lead-
ing not solely to legume-rhizobial symbiosis development,
but also to establishment of symbiosis between plants and
arbuscular fungi (arbuscular mycorhiza) (Gianinazzi-Pear-
son, 1996; Catoira et al., 2000; Oldroyd and Long, 2003).

One of the first components of this pathway is a protein
showing the properties of ligand- regulated cation channel.
In M. truncatulathis protein is encoded by the DMI1 (DOES
NOT MAKE INFECTION 1) gene and its orthologs Sym§ and
POLLUX were found in pea and L. japonicus, correspond-
ingly (Catoira et al., 2000; Ane et al., 2004; Imaizumi-Anr-
aku et al., 2005). The presence of regions involved in bind-
ing with other proteins (proline rich) points out this cation
channel as a constituent part of multicomponent complex
with receptor transmitting signal from Nod factor to subse-
quent components of signal transduction pathway.

Next stage of signal cascade is operated by protein
from family of receptor-like kinases with leucine-rich
repeats in extracellular domain LRR-RLK (leucine-rich
repeats receptor-like kinase) (Endre et al., 2002; Stracke
et al., 2002). In M. truncatula this protein is encoded by
the DMI2 (DOES NOT MAKE INFECTION 2) gene and its
orthologs Sym19 and SYMRK (SYMBIOSIS RECEPTOR-
LIKE KINASE) were found in pea and L. japonicus, corre-
spondingly (Schneider et al., 1999; Stracke et al., 2002).
Plant receptor-like kinases with leucine-rich repeats in
extracellular domain have evolutionary and functional re-

semblance with receptors of Toll family in Drosophila and
Toll-like receptors of other animals. It is known that Toll-
like receptors participate in recognition of pathogenic
organisms and in development of immunity. Recently it
was revealed that plant leucine-rich repeats receptor-like
kinases participate in recognition of proteins regulating
plant development and defence reaction activation.

The proteins composing the nuclear pore may be oth-
er components of signal transduction pathway in legume
plants. By analogy with animal cells the nuclear pore com-
prised by a few proteins. However, until now only two such
proteins the NUP85 and NUP133 were revealed in L. ja-
ponicus (Kistner et al., 2005; Kanamori et al., 2006), but
no orthologous genes were found either in M. fruncatula or
in P. sativum (fig. 1). It means that other nucleopore pro-
teins will be revealed nearest time. Mutations in the genes
Nup85 and Nup133 blocked calcium oscillations which are
activated during Nod factor dependent cascade, that dem-
onstrates the importance of these proteins in generation of
calcium signal.

Recently next key element of signal pathway activated
by Nod factors the CCaMK, calcium/ calmodulin — de-
pendent protein kinase was revealed (Levy et al., 2004;
Mitra et al., 2004; Gleason et al., 2006). In M. truncatula
this protein is encoded by the DMI3 (DOES NOT MAKE
INFECTION 3) gene and its orthologs Sym9 and Sym15
were found in pea and Lotus (Levy et al., 2004; Mitra
et al., 2004; Tirichine et al., 2006). Protein CCaMK is
activated in response to change in intracellular calcium
concentration in plant cells and transmits the signal to
other proteins. It is known that the CCaMK acts at the
checkpoint were pathways leading to legume-rhizobial
symbiosis and arbuscular mycorhiza development are
separated (Catoira et al., 2000; Parniske, 2004; Kistner
et al., 2005).

After stage controlled by the CCaMK only specific for
Nod factor activated signalling components are involved in
subsequent signal transduction from Nod factor, but they
are not related to arbuscular mycorhiza development. Prob-
ably, they participate in transcription activation of genes in
nucleus of plant cells, which are targets of Nod factor ac-
tivated signal transduction pathway. Recently two genes
NSP1 (NODULATION SIGNALING PATHWAY 1) and NSP2
(NODULATION SIGNALING PATHWAY 2) encoding tran-
scription factors of GRAS family were cloned and charac-
terized in Medicago and Lotus (Kalo et al., 2005; Smit et
al., 2005; Heckmann et al., 2006; Murakami et al., 2006).
They are also key elements involved in legume-rhizobial
symbiosis development. Pea PsSym7 gene is orthologous
to the NSPI (Kalo et al., 2005). Full-scale analysis of tran-
scriptional changes in gene expression in plants during
symbiosis development showed that activity of the NSP1
and NSP2 is absolutely required for expression induction
of majority of symbiosis-specific genes (Mitra et al., 2004;
Smit et al., 2005).
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Fig. 2. Genetic dissection of the Rhizobium — legume symbiosis

Genes involved in control of later steps of
symbiosis related to development of infection
structures and nodule organogenesis

If the components controlling the early steps of sym-
biosis were partially characterized, it is noticeably less
known about genes related to control of infection structure
development and nodule organogenesis. Substantially it
depends on what restricted number of Lotus and Medi-
cago mutants blocked in symbiosis development at these
stages are available. In contrast to Lotus and Medicago
extensive genetic screening of symbiotic mutants was per-
formed in P. sativum L. that resulted in identification of
new loci required for infection and nodule organogenesis
(Borisov et al., 2000; Tsyganov et al., 2002; Borisov et al.,
2007). Among of them a few loci are orthologous to genes
previously characterized in Lotus and Medicago, while the
other ones were exclusively described in pea (fig. 2). Such
material will be used for cloning and analysis of primary
sequence of mutant genes.

Among of these the NIN (NODULE INCEPTION) gene
should be remarked (Schauser et al., 1999; Borisov et al.,
2003; Smit et al., 2005; Marsh et al., 2007 ). NIN protein,
comprising several domains (I — VI), shows similarity to
transcription factors. At present, no function can be sug-

gested for domains I through III. Domain IV contains the
hydrophobic stretches suggested to be either membrane-
spanning regions or hydrophobic pockets (Schauser et al.,
1999). Domain V is the most conserved region and makes
up the previously identified RWP-RK region, suggested to
serve in dimerization and DNA binding in this family of
putative transcriptional regulators (Schauser et al., 1999).
Detailed analysis of mutant plants has shown that the NIN
is not required for early steps of symbiosis development,
but may be involved in control of nodule organogenesis
(Tirichine et al., 2006; Marsh et al., 2007).

CONCLUSION

The significant influence on the efficiency of symbiosis
could be reached through applying stored knowledge about
molecular mechanisms of rhizobia-plant signaling now.
Modern programs aimed to improve the efficiency of sym-
biosis have assumed approaches exploring both microsym-
biont and legume host. Summarizing published data about
selected rhizobial strains with high efficiency and genetically
modified stains harboring additional genes responsible for
Nod factor synthesis it could be concluded that substantial
progress in control of symbiotic performance from the side of
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microsymbiont has been revealed. In contrast approaches to
explore the control of symbiosis specificity and efficiency in
plant partner are weakly designed. Recent progress in plant
functional genomics is challenged the developing of new
strategies to operate upon the system of symbiosis specificity.
Identified plant genes responsible for plant-microbe signal-
ing, perception of signals and nodulation could assume as a
basis for evaluation of fundamental biochemical and genetic
mechanisms potentially important for increasing symbiosis
efficiency.
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Posb o6MeHa curHanamu B KOHTpoJie cneuupuyHoCTH
6000B0O-pU3006MaTLHOrO CUMOUO3a

Jloaeux E. A., Jlennuarnen H. B.,
Ocunosa M. A., Tuxonosuu H. A.

% PE3KOME: PesysibtaTom u3yueHusi MOJIEKYJIsSPHBIX MEXaHU3MOB B3a-
umopeicTBUsl 6000BBIX PACTEHUH U NMOYBEHHbIX GaKTepuil pu3o0uil nNpu
Pa3BUTHHM BHYTPUKJIETOYHOrO CHMOMO03a cTana MAEHTU(UKALUS CUTHANb-
HbIX MOJIEKYJI, BbIAE/SIEMbIX MapTHepaMu 1o cumouo3dy. Modneky.isipHblit
Juaior HHULMupyercs laBaHOMIAMU PACTeHUil, KOTOpble B CBOIO Ove-
pe/ib CTUMYJIMPYIOT CHHTE3 U Bble/IeHUe PU300MSIMU IMIIOXUTOOJIMIOCaXa-
puasbix curaioB Nod akTopoB. ITH coelMHEeHHS NPEACTABISIOT CO00#
oJquromepbl N-aLeTWINII0K03aM1Ha, MOAM(ULIMPOBAHHbIE XKUPHOI KUC-
JIOTOM W onpeneeHHbIMU Xumuueckumu rpynnamu. Nod dakropsl 3amyc-
KalOT PsifL PACTUTE/IbHBIX PEaKLHii, KOTOpPbIe BeAyT K (hopMUPOBAHUIO KOP-
HeBbIX KJy0eHbKOB — CUMOUOTHYECKUX opraHoB a3ordukcauuu. Tonkas
XUMHYeCcKasi CTPYKTypa 3THX MOJIEKYJl ONpe/esieT X03s1icKyto cnenuduy-
HocTb cuM61o3a. Nod (hakTopbl aKTUBHBI IPY HU3KMX KOHLEHTPALMSX U
00J1a1a10T MUTOT€HHOI U MOP(OreHHOI aKTUBHOCTBIO, UTO Npe/riosaraer,
YTO OHU SIBJISIIOTCS HOBbIM KJ1acCOM peryisitopoB. B cratbe npencrasieHbl
COBpeMeHHble JaHHble 00 u3yueHuu mexaHusmon penenuuu Nod ak-
TOPOB M «CUTHAJMHra» y 6000BbIX PacTeHHil U pacCMaTPUBAIOTCS Mepc-
MNEeKTHUBbI JaJIbHENLIEro UCMOoJb30BaHHUS 3TUX 3HAHUI ISl IPAKTHYECKOTO
yBesiueHus 3(h(heKTMBHOCTH CUMOH03a CO CTOPOHbI PACTEHHI.

FKJIHOYEBDIE CJIOBA: cum6uos, Rhizobium — 6060Bble pacTeHust,
MOJIEKYJIsIpHble CHrHaJIbl, (iaBaHonapl pactennil, Nod cakropsr, LysM
peLenTop-no100Hble KHHA3b!, CHTHAJIBHbII KACKA/l, SKCIPECCHsl PeHOB, HH-

(heKLHOHHbIE CTPYKTYPBI, OpraHorenes kiayGeHbKOB.
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