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Data on the role of  the legume-rhizobial  symbiosis (LRS) in  national  economic and a brief
history of the fundamental study of this unique biological phenomenon are summarized. The
features of the formation of root nodules of determinant and indeterminant types are described.
The  physiological  role  of  the  rhizobial  Nod factor  in  suppressing  the  defense  system of  a
legume plant and the role of the plant's immune systems (MTI and ETI) in the rhizobial infection

and the formation of LRS are discussed. Signal systems of a legume plant (Ca2+, NO-synthase,
NADPH oxidase) and their components (ROS, RNS) and other signaling molecules involved
and interacting in LRS onset are described. The necessity of studying the local and systemic
resistsnce of the legume plant to the rhizobial infection is emphasized. 
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Legume  plants  (Fabaceae)  numbered  more  than

1500 species set a large group of angiospermous and a

significant  part  of  fodder and food crops grown in the

world. They are cultivated on 12-15% of arable land on

the planet and account for more than 25% of the world's

crop production which is 247 million tonnes of grains per

year (Graham, Vance, 2003). Their main feature is the

ability  to  restore  atmospheric  nitrogen  thanks  to  a

symbiotic  association  with  soil  nodule  bacteria  of

Rhizobiaceae family  (rhizobia).  This  feature allows

growing  legumes  on  nitrogen-deficient  soils,  thereby

saving  expensive  nitrogen  fertilizers  and  protecting

water sources from contamination with harmful mineral

nitrogen.  These  plants  are  often  used  as  “green

fertilizer”  to  improve  nitrogen  fertility,  chemical  and

physical  properties  of  the  soil  (Shevchuk,  1979).

Legumes include the main food crops: soybeans, peas,

clover,  alfalfa,  mung  beans,  chickpeas  (Bengal  gram)

and others. In addition to food and fodder crops, such

legumes  as  soybeans  (Glycine  max L.  Merr.)  and

pongamia  (Pongamia  pinnata L.)  are  regarded  as

possible sources of biofuel due to the high content of oil

in their seeds (Scott et al., 2008).

The total level of biological nitrogen fixation on the

Earth is 175 – 320 million tonnes of nitrogen per year

and the use of mineral fertilizers in agriculture is 110 –

140  million  tonnes  per  year  (Sidorova  et  al.,  2006).

However,  covering  the  demand  for  agriculture  in  the

nitrogen deficit in soils due to the production of mineral

fertilizers is irrational due to large energy inputs for their

production. Therefore,  the increase in the efciency of

the biological nitrogen fixation process, mainly due to the

symbiotic  nitrogen  fixation  of  legumes,  sets  the  main

strategic task of the biological science (Mishustin, 1972).

The  family  Rhizobiaceae includes  gram-negative

bacteria from various genera: Rhizobium, Azorhizobium,

Allorhizobium,  Bradyrhizobium,  Mezorhizobium  and

Sinorhizobium.  Gram-positive  soil  nitrogen-fixing

bacteria of the genus Frankia (the family Actinomycetes)

can  also  form  mutualistic  associations  with  non-

leguminous  woody  and  shrubby  plants  (for  example,

alder and sea-buckthorn). In contrast to rhizobia, these

soil bacteria fix atmospheric nitrogen in the soil in a free

state; while penetrating into the tissues of the roots of

woody  plants,  they  (like  rhizobia)  form  root  nodules

where atmospheric N2 is reduced to ammonium used by

the plant for the synthesis of amino acids, protein and

other  N-containing  compounds  (Mishustin,  Shilnikova,

1973).

The  discovery  of  nodule  bacteria  as  symbiotic

partners of legume plants was in the middle and the end

of  the 19th century.  The special  role  in  these studies

belongs to such foreign and native scientists as: J. - B.

Bussengo,  E. Lahman,  G. Gelrigel,  M. Beyerink,  M.S.

Voronin,  D.N.  Pryanishnikov  and  others  (Mishustin,

Shilnikova, 1968). It is noteworthy that in the beginning

of the 20th century, blocking or inhibiting of the process

of  symbiotic  nitrogen fixation by legume plants by the

presence  of  sufcient  quantities  of  mineral  nitrogen

absorbed by the plant in the soil was discovered (Fred,

Graul,  1916).  That  speaks  for  the  legume-rhizobial

symbiosis as a possible “emergency system” functioning

under extreme conditions – when there is a shortage of

mineral nitrogen absorbed by the plant.

At present, mutants of legume plants (for example,

peas)  have  been  made  with  the  help  of  chemical

mutagenesis.  They  are  diferently  able  for  forming

nodules  on  the  roots:  non-nodulating,  supernodulating

and hypernodulating (Sidorova  et  al.,  2003,  2006).  Of

these, there are mutants irresponsive to high doses of

soil nitrates which unequally infuence the accumulation

of  nitrogen  in  plants  and  the  productivity  of  grain

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY  Vol. 14  No. 2  2018

37



A.K. Glyan’ko

(Sidorova et al., 2010). The cited authors conclude that

the  obtained  forms  (lines)  of  pea  are  not  inferior  to

commercial  ones  in  terms  of  productivity,  but  they

considerably exceed them in terms of accumulation of

the root mass and aerial parts of plants and the content

of nitrogen in them. That makes such forms promising

for their use as siderates, the positive outcome of which

is  expressed  in  afterefect.  Moreover,  they  represent

valuable genetic  material  for  the nurture of  new high-

yield commercial samples (Sidorova, Shumnyj, 1999). 

Biological science has accumulated a large body of

scientific information on the legume-rhizobial fixation of

atmospheric  nitrogen  from  various  scientific  positions:

physiological,  biochemical,  genetic,  morphological,

agronomic and others (Mishustin and Shilnikova, 1968,

1973;  Djordjevic  et  al.,  1987;  Rolfe,  Gresshof ,  1988;

Brewin,  1991;  Hirsch,  1992;  Franssen  et  al.,  1992;

Spaink, 1995; Denarie, Debelle, 1996; Vorob’ev, 1998;

Long,  2001;  Ferguson,  Mathesius,  2003;  Gage,  2004;

Sidorova  et  al.,  2006;  Oldroyd,  Downie,  2008;

Tikhonovich, Provorov, 2009; Krugova, 2009; Ferguson

et al.,  2010; Oldroyd  et al.,  2011; Provorov, Vorob’ev,

2012,  etc.).  Accumulated  scientific  results  on  the

mechanisms of legume-rhizobial symbiosis allow us to

raise  the  question  of  the  possibility  of  constructing  a

nitrogen-fixing apparatus (on the basis of symbiosis) in

other (non-legume) plants, primarily in cereals for bread

making  (Charpentier,  Oldroyd,  2010,  Beatty,  Good,

2011).

The  enormous  general  biological  and  economic

importance of the  Rhizobiaceae family bacteria attracts

specialists of various profiles from various agrochemical

and  plant  physiologists  to  molecular  biologists  and

geneticists.  The  collective  monograph:  “Rhizobiaceae.

Molecular  biology  of  bacteria  interacting  with  plants”

published in 2002 in the publishing house “Biont”  (S.-

Petersburg,  567  p.)  is  an  example  of  a  broad

generalization of research results on this problem. The

book represents a translation of  the original  edition of

“The  Rhizobiaceae.  Molecular  biology  of  model  plant-

associated bacteria” (published by “Kluwer Acad. Press”,

1998).  The  monograph  “Genetic  foundations  of  the

evolution of plant-microbial symbiosis” by N.A. Provorov

and  N.I.  Vorob’ev,  the  employees  of  the  All-Russian

Research  Institute  for  Agricultural  Microbiology  (S.-

Petersburg,  2012,  400  p.)  is  another  example  in  this

aspect.  The  book  presents  a  summary  of  current

knowledge about  the  patterns of  the establishment  of

mutualistic  relationships  between  plant  and  microbial

organisms  with  the  analysis  and  generalization  of

scientific  data  on  genetic,  physiological,  biochemical,

morphological,  ecological  and  other  features  of  plant

microbial  communities.  Significant  place  in  the

monograph is  given to  the legume-rhizobial  symbiosis

(LRS) with the consideration of such issues as ontogeny

and regulation of nodule development, specificity, signal

interactions and metabolic integration (Glyan’ko, 2014a).

The staf of the Institute of Cytology and Genetics of the

Siberian Branch of  the Russian Academy of Sciences

(Novosibirsk) made a significant contribution to the study

of symbiotic nitrogen fixation (Sidorova 1981, Shumnyj

et al., 1991). Among the publications of the post-Soviet

space  in  recent  years,  a  fundamental  four-volume

monograph “Biological fixation of nitrogen” issued by the

Institute  of  Plant  Physiology  and  Genetics  of  the

National Academy of Sciences of Ukraine in cooperation

with  other  institutions  is  worth  noticing  (Kiev:  Logos,

2010, 2011). In this monograph, the process of nitrogen

fixation  is  analyzed  from  interdisciplinary  positions:

separate  volumes  are  devoted  to  the  physiological,

biochemical, microbiological aspects of legume-rhizobial

symbiosis and plant-microbial associations as well as to

questions  of  the  genetics  of  nitrogen  fixation.  In

particular, the authors consider transposon mutagenesis
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among  the  perspectives  that  allow  solving  complex

problems of increasing the efciency of  plant-microbial

symbiosis functioning (Kots et al., 2010, 2011).

Features of the formation of root nodules in legume

plants. Root  nodules  are  the  main  ecological,

physiological  and  biochemical  niche  in  legumes  for

nitrogen fixation and symbiosis functioning. Rhizobia are

capable  of  forming  nitrogen-fixing  nodules  on  certain

types of legumes and are classified into two groups: fast

growing  varieties  (Rhizobium)  and  slow growing  ones

(Bradyrhizobium).  As  a  rule,  infection  with  nodule

bacteria  Rhizobium is  typical  for  limited  species  of

legume plants,  although there are strains with  a wide

range  of  hosts.  Thus,  the  following  cross-inoculation

groups  were  identified:  Rhizobium  (Rh.)  trifolii (cow

clover),  Rh.  leguminosarum (peas,  vetch,  lentil),  Rh.

phaseoli (bean),  Rh. meliloti (alfalfa, sweet clover),  Rh.

japonicum (soybean),  Rh.  lupine (lupine),  Rh.  cicer

(gram),  Bradyrhizobium  japonicum (soya,  vigna),

Rhizobium spp  (strains  BR816,  NGR234,  MPIK1030

with a wide range of host plants),  Sinorhizobium fredii

(strain USDA257 with a wide range of hosts). Although

Rhizobium is  a  member  of  the  family  Rhizobiaceae

which  includes  the  known  plant  pathogen

Agrobacterium, they are usually not considered as plant

pathogens or parasitic bacteria (Djordjevic et al., 1987).

However, plants infected with rhizobia do not lose their

innate defense systems which can be directed against

rhizobia  in  case  of  violation  of  symbiotic  relationships

(Glyan’ko, Ischenko, 2017).

Thanks  to  the  nodule,  nutrients  are  exchanged

between the  organisms:  the  bacteria  supply  the  plant

with  reduced  nitrogen  (ammonium)  and  the  plant

supplies  them with  carbohydrates  (dicarboxylic  acids).

After  genetic  transformations  and  signaling  processes

involving  plant  favonoids  and  bacterial

lipopolysaccharides (the so-called Nod factors), bacteria

enter the root hairs through newly synthesized specific

plant  structures  –  infection  threads  (ITs),  initiating

meristematic activity in the cortical cells of the root and

formation  of  nodule  primordum.  Bacteria  multiply  in

infection threads of root hairs. Moving along them to the

cells of the host plant with the help of endocytosis they

form  organelle-like  structures  –  symbiosomes.  The

symbiosomes diferentiate in the nodule into bacteroides

where the fixation of atmospheric nitrogen occurs with

the  participation  of  the  bacterial  nitrogenase  enzyme

complex (Kretovich, 1997).

There are two main morphological types of nodules

in  legumes:  determinate  and  indeterminate  (Hirsch,

1992).  Formed  indeterminate  nodules  typical  for

example for peas, clover and alfalfa have a cylindrical

shape,  a  permanent  meristem  and  include  four

diferentiated zones:  meristematic,  infectious,  N2 fixing

and a senescence zone in mature nodules (Timmers et

al.,  2000).  Mature  indeterminate  nodules  contain  a

heterogeneous population of nitrogen fixing bacteroides.

Legumes  with  determinate  nodules  are  mainly

tropical  and  subtropical  species.  In  particular,  they

include  soybean  (Glycine  max),  pongamia  (Pongamia

pinnata), bean (Phaseolus vulgaris), vigna (Vigna Savi)

as well as some temperate climate species, for example,

Lotus japonicus. The determinate nodules are spherical

and do not form a permanent meristem. They grow by

cell  stretching  faster  compared  to  cell  division.  The

central  zone in  these nodules is occupied by infected

and uninfected  host  cells  where  atmospheric  nitrogen

fixation  occurs  (Franssen  et  al.,  1992).  It  should  be

added that the bacterial  nitrogenase in the nodules is

irreversibly  inhibited  by  “trace”  amounts  of  oxygen;

consequently,  the  nodule  development  occurs  under

varying conditions – from normal conditions (normoxis)

in the formation of symbiotic nodules to microoxic ones

in functioning nodules (Appleby, 1992).  This is one of
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the intensively studied features of rhizobia functioning in

nodules  (Yakovleva,  1975;  Tsyganova  et  al.,  2011).

There exist plants that form nodules on roots and stems

at the same time. In particular, such plants include the

subtropical  and  tropical  legume plant  sesbania  of  the

Sesbania Scop.  genus,  numbered  more  than  50

species.  Sesbania  is  widely  used  in  the  countries  of

southern Asia as a siderat and as an ornamental plant

(Vul’f, Maleeva, 1969).

Formation  and  functioning  of  legume-rhizobial

symbiosis. The initial stages of LRS include infection of

the  roots  of  legumes  and  the  formation  of  symbiotic

structures:  infection threads (ITs)  for  the multiplication

and transport of bacteria to cortex cells and root nodules

for  enzymatic  fixation  of  atmospheric  nitrogen.  These

complex  processes  involve  both  symbionts  and

represent molecular dialogue between the two partners

resulting in profound genetic, metabolic, structural and

other  changes  in  the  plant  organism  that  lead  to

bacterial  invasion  and  nodule  formation  (Oldroyd,

Downie, 2008; Oldroyd  et al.., 2011). The main role in

these  processes  is  played  by  Nod  factors  which

represent  bacterial  lipohitooligosaccharides  interacting

on the plasmalemma of epidermal cells with receptor-

like  kinases  (RLK).  That  leads  to  the  activation  of

symbiotic pathways in the host plant (Murray, 2011). In

the  initial  stage,  rhizobia  in  the  rhizosphere  or  ones

adsorbed on the root surface recognize plant favonoids

specific  to  them  (daidzen,  genistein,  couestrol,

naringenin,  etc.)  and  activate  the  transcription  of  the

nod-genes  that  are  required  for  infection,  nodule

formation and choice of a specific host plant (Denarie,

Debelle, 1996). The products of interaction of favonoids

with  rhizobial  genes  lead  to  the  synthesis  of  various

compounds including  rhizobial  NFs (Long,  1996).  The

basic  NF  skeleton  (chitooligosaccharide)  has

modifications  in  various  species  of  rhizobia.  The

skeletom mainly  modifies  according to  the length and

level of saturation of the side fatty acid residues (C16 –

C20) as well as according to the presence of radicals –

acetyl,  sulfate,  carbamoyl,  fucosyl  (Gough,  Cullimore,

2011).  The  side  NFs  chains  specifically  interact  with

plant receptors (RLK) and carry out signal transduction

to  establish  a  mutualistic  cohabitation  of  the  two

organisms causing a variety  of  responses in  the host

plant:  a  change  in  the  membrane  potential,

depolarization  of  the  root  hair  plasmalemma  and

initiation of nodule primordum (Heidstra, Bisseling, 1996;

Glyan’ko, 2014). The complex NFs structure determines

the specificity of rhizobia to the legume host plants. In

this case, the polyspecificity of rhizobia to the host plant

is  due  to  the  variety  of  their  synthesis  of  NFs.  An

example of  the broad specificity  of  rhizobia to legume

host  plants  is  the rhizobial  strain  NGR234 capable of

infecting and nodulating 112 species of legume plants as

well as the non-leguminous plant Parasponia andersonii

Miq.  from  the  hemp  family  (Cannabaceae)  (Skorpil,

Broughton, 2005).

The physiological role of Nod factor (NF) and plant

receptors (RLK) in the symbiosis

Molecular  interaction of  NFs and RLK is  the main

condition for the start of  programs of genetic infection

and nodule formation (nodulation) of the roots of legume

plants.  These events are preceded by the preinfective

responses  of  the  host  plant  to  the  action  of  NF:  the

alteration of the cytoskeleton, the swelling and twisting

of the tip of the root hair, and the formation of radically

directed cytoplasmic bridges in the outer cortical cells –

preinfection  threads.  A  bacterial  microcolony  carrying

out  local  hydrolysis  of  the cell  wall  of  the root hair  is

formed in these threads. As a result, the root hair ceases

external  growth  and begins  to  grow inward  forming  a

tubular invagination of the cell wall of the infection thread

where the bacteria multiply and move to the cells of the
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cortex. The participation of NF-signaling in the formation

of  IT is  proved in  experiments with  mutant organisms

(Gough,  Cullimore,  2011).  The  role  of  NF  in  the

activation of a number of genes and transcription factors

(proteins: NIN, RPG, ERN, CYCLOPS, CERBERUS) is

shown.  That  is  associated  with  infection  and  nodule

primordum formation (Ferguson et al., 2010).

Plant  hormone  cytokinin,  the  receptor  of  which  is

histidine  kinase  (MtCRE1  /  LjHK1),  takes  part  in  the

initiation of  cortical  cell  division and morphogenesis of

the  nodule  primordum;  it  is  activated  by  Ca2+-

calmodulin-dependent kinase (CCaMK) (Glyan’ko, 2015;

Glyan’ko,  Ischenko,  2015).  In  this  case,  the hormonal

status of the cells shifts toward increasing the content of

cytokinin and reducing the content of  auxin.  However,

the  relationship  of  these  hormones  and  their  role  in

nodule formation can significantly change in the future

(Akimova, Sokolova, 2012; Ferguson, Mathesius, 2014).

The role of Nod factors in suppressing the defense

systems of the host plant

In addition to initiating symbiotic functions, NFs are

involved in the inactivation of the defense systems of the

macrosymbiont  (Glyan’ko,  2016;  Glyan’ko,  Ischenko,

2017).  Plant  receptors  (for  example,  LysM  RLK)

“recognize”  rhizobial  NFs and  inhibit  the  innate  MTI-

defense plant system by an unknown mechanism with

the  simultaneous  initiation  of  a  cascade  of  symbiotic

reactions (Liang et al., 2013). However, this process can

be  violated  with  unfavorable  conditions  for  symbiosis.

That  leads  to  the  activation  of  plant  defense

mechanisms such as the synthesis and accumulation of

ROS, RNS and signaling compounds (O2
•−, H2O2, NO,

Ca2+) including defense mechanisms. To initiate these

mechanisms, the host plant uses two ways of the innate

immune  system:  MTI  (MAMP-triggered  immunity)  and

ETI (efector-triggered immunity) (Figure 1).

Figure 1. Scheme of immune reactions in a legume plant infected with rhizobia (Glyan’ko, Ischenko, 2017a). 

Translation  of  Russian  terms  to  Fig.1  in  English.  Плазмалемма  –  Plasmalemma  ;  Цитоплазма   –  Сytoplasm  ;
Локальная и системная устойчивость бобового растения – Local and systemic resistance of a legume plant ;
Инфекция, органогенез клубенька – Infection, nodule organogenesis ; Защитные реакции растения – Plant
defense  reactions  ;  Системная  приобретенная  устойчивость  надземных  органов  –  Systemic  acquired
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resistance of aerial organs ; Аквопорины — Aquaporins.

Explanations. Rhizobium – nodule bacteria (rhizobia); NF – rhizobial Nod factor; MAMPs – molecular microbial patterns;
EPS –  rhizobial  exopolysaccharides;  LPS –  rhizobial  lipopolysaccharides;  ROS –  reactive  oxygen  species;
NADPH oxidase – favin-containing enzyme involved in the generation of ROS on the plasmalemma; fg22 –
active determinant of MAMP; PRR – plant receptor; RLK (NFP / NFR) – plant receptors-like kinases; T3 / 4SS –
bacterial  secretion systems of types 3 and 4;  Nop and products  Avr-genes (Nodulational  protein Nop L and
products of Avr-genes) bacterial compounds secreted into a plant cell; NB-LRR – the product of plant R-genes;
ETI –intracellular immune system of the plant associated with bacterial efectors; MTI – the plant's nonspecific
immune system associated with MAMPs; aquaporin – water protein channel; N-terminal domain – a site of an

enzyme that undergoes phosphorylation with Ca2+-dependent protein kinases; EF-hand – enzyme motifs that
bind two calcium ions. 

Figure 2.  Са2+-oscillations in the plant cell depending on the signaling stimulus (Modification: Downie, 2014)

Explanations. (a) – innate immune signaling (fg22),  (b) – symbiotic signaling (Nod factor),  (c) – other signaling types
(Mas7, glucochitosaccharides). (a) Interaction of the bacterial MAMP-compound flg22 (fagellin) with the surface
receptors of the plant cell (leucine-rich FLS2 and BAK1) causes activation of  Са2+ fux into the cytoplasm and
calcium  oscillations  in  the  cytoplasm.  (b) In  a  symbiotic  signaling,  the  Nod  factor  (NF)  interacts  on  the

plasmalemma with the plant receptors NFR1 or NFR5 causing there through an increase in  Са2+ fux into the
cytoplasm and calcium oscillations in the nucleus.  (c) Interaction of the peptide Mas7 (Mastoparan7) with the
plant cell causes the appearance of calcium oscillations in the nucleus and is associated with the endoplasmic
reticulum but does not cause an increase in Са2+ fux from the extracellular space. It should be noted that diferent

biological stimuli  (flg22, NFF, Maas2) cause  Са2+oscillations diferent in the amplitude, frequency and duration.
However,  the nature of  Са2+-  spiking in mycorhizal  and rhizobial  symbiosis is the same in all  plant species
(Granqvist et al., 2015). 
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The first way is based on the use of transmembrane

plant  receptor  kinases  (RKs)  or  proteins  (RLPs)  and

microbial  compounds  MAMPs  (microbial-associated

molecular  patterns)  or  PAMPs  (pathogen-associated

molecular  patterns).  The  second  way  is  intracellular,

where polymorphic NB-LRR (nucleotide binding - leucine

rich repeat) plays the main role. These defense systems

act  when  infected  with  both  rhizobia  and  pathogens.

Moreover,  the  functioning  of  these  systems  is  not

excluded in the initial stages of rhizobial infection and in

the functioning of LRS (Gourion  et al., 2015; Glyan’ko,

Ischenko, 2017). 

MTI activity has been proven to be suppressed by

high concentrations of  NFs (Liang  et  al.,  2013).  Such

inhibition of MTI defense system activity is independent

of  nodulation  as  it  was  observed in  soybean mutants

unable to synthesize NF receptors (Liang  et al., 2013).

The  ability  of  NF  at  high  doses  (10-6 to  10-9 M)  to

suppress the activity of the defense systems of the host

plant  can  be  a  part  of  the  mechanism  by  which

nodulation  is  regulated  on  the  feedback  principle

(Bufard  et  al.,  1996).  Thus,  NFs can both  block  and

activate  the  plant  defense  system  and  participate  in

reactions related to the nodule organogenesis.

At  the earliest  stages of  invasion,  rhizobia behave

like  pathogens  and,  apparently,  initiate  systemic

acquired  resistance  in  plant  organs  that  are  not

subjected  to  rhizobial  infection.  Due  to  this,  it  is

proposed to distinguish between the local and systemic

resistance  of  the  legume  plant  to  the  infection  with

rhizobia  (Glyan’ko,  Ischenko,  2017).  Local  resistance

localized in the roots (and in some cases, in stems) is

suppressed  by  rhizobia;  systemic  resistance  prevents

rhizobial infection of the plant aerial organs (Fig. 1).

Signaling systems of rhizobia and legume plants in

LRS formation

Plants,  like animals,  perceive signals of  a diferent

nature coming from the environment and react to them

with the help of a genetic apparatus activating defense

mechanisms and changing the metabolism conciliatorily

to  new  external  or  internal  conditions.  Bacterial  NF-

signaling  closely  interacts  with  plant  signal  systems:

calcium,  NO-synthase,  NADPH  oxidase  (Glyan’ko,

2015). Expression of the symbiotic nuclear genes of the

host plant is carried out with the participation of these

signal  systems and their  components (ROS, RNS) as

intermediates  (secondary  messengers)  in  LRS

formation. 

The role  of  calcium in symbiosis. The  Са2+ signal

system in symbiosis (as in other cases) is associated

with  the  appearance  of  oscillations,  the  so-called

calcium  spiking  as  a  result  of  rhythmic  increase  and

decrease  in  intracellular  calcium  concentration

(Granqvist  et  al.,  2015).  Са2+  oscillations  are

characterized by amplitude, frequency and duration (Fig.

2). It is proven that the calcium oscillation system is a

highly conserved part of the symbiotic signaling pathway

that determines the role of calcium in the genetic efect

on LRS formation (Granqvist  et  al.,  2015).  In  case of

LRS, the fast  fux into the cytoplasm is replaced by a

decrease in its content in the cytoplasm (Shaw, Long,

2003).  Oscillations  of  cytosolic  calcium  are  observed

approximately 10 – 15 min after exposure of rhizobia or

the purified NF to the calcium fux into the cytoplasm.

They  cause  the  phosphorylation  of  proteins  –

transcription factors – with the participation of CCaMK

(Са2+-calmodulin  kinases).  Further,  they  cause  the

expression of symbiotic genes in the nucleus. However,

the  mechanism  for  decoding  symbiotic  calcium

oscillations  is  still  the  recurring  problem.  CCaMK

capable of binding 4 calcium molecules is assumed to

be involved in this process (Singh, Parniske, 2012). The
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Са2+-spiking mutation inhibits nodules organogenesis in

Lotus  japonicus,  but  inhibition  is  removed  by  a  pre-

activated form of CCaMK (Hayashi et al., 2010).

The role of ROS in LRS formation. Molecular oxygen

acts as the precursor in the formation of reactive oxygen

species  (О2
•−,  Н2О2,  •ОН,  ОН1,  О2

1).  The  intensive

ROS  formation  in  plants  occurs  in  the  photosystem,

peroxisomes,  mitochondrial  respiratory  chain  and  in

other  cell  structures  where  one-electron  O2 reduction

occurs.  The  peroximal  and  NADPH  oxidase  of

plasmalemma is one of the most important ROS sources

in  phytopathogenesis  (Tarchevsky,  2002;  Maksimov,

Cherepanova,  2006).  The  close  connection  between

ROS production with the release of calcium ions into the

cytoplasm under the action of stressors is proved and

the importance of Са2+ and ROS as key components of

the  single  signal  system  is  emphasized  (Kolupaev,

2007).  The  membrane  NADPH  oxidase  which  binds

Са2+ and is activated by it plays an important role in this

process (Sagi, Fluhr, 2006).

ROS formation during the development of symbiotic

interaction  is  the  main factor  in  the  similarity  of  early

plant  responses  to  infection  with  pathogens  and

symbiotrophs  (Baron,  Zambryski,  1995;  Deakin,

Broughton,  2009).  However,  the  role  of  ROS,  in

particular,  hydrogen  peroxide  (Н2О2)  and  superoxide

anion  radical  (О2
•−)  in  the  symbiotic  relationship

between the two organisms is not fully understood. In

contrast to pathogenesis, when ROS perform a toxic role

for the pathogen, in LRS rhizobia inhibits the signaling

pathways leading to the development of plant defense

systems  (Bufard  et  al.,  1996).  The  content  of  Н2О2

increases in the first day after the inoculation of the pea

roots with a compatible rhizobia strain (Vasil’eva et al,

2001). It has been shown that the rhizobial antioxidant

enzyme  SOD  (superoxide  dismutase)  catalyzing  the

dismutation reaction of О2
•− in Н2О2 is necessary for the

normal rhizobial infection and nodulation (Santos et al.,

2001). According to Lohar et al. (2007), a change in the

morphology of the root hairs in response to the rhizobial

infection  is  accompanied  by  temporary  fuctuations  in

Н2О2 concentration.  The  authors  attribute  this  to  the

need for ROS for the processes leading to the twisting of

the  root  hairs  and the  subsequent  invasion  of  nodule

bacteria. The transient increase in ROS in root hair cells

when  treating  bean  root  hairs  with  the  purified  NF is

specific  for  the early  stage of  the interaction between

rhizobia and legume since it difers from the dynamics of

ROS in the action of pathogen elicitor characterized by a

constant  increase  in  the  ROS  content  (Cardenas,

Quinto,  2008).  On  the  other  hand,  the  treatment  of

alfalfa seedlings with the purified NF leads to inhibition

of Н2О2 formation which is associated with the defense

response  of  the  plant  (Shaw,  Long,  2003).  Thus,  the

literature  data  indicate  ROS  either  as  a  negative

regulator of LRS formation or as a positive regulator of

this process. Consequently, the rhizobial infection is able

to regulate the content of cytotoxic compounds such as

Н2О2 and NO (Glyan’ko et al., 2014). However, certain

defense macrosymbiont  responses are induced during

the  development  of  the  nodule  (Vasse  et  al.,  1993;

Gamas et al., 1998). 

Nitric oxide (NO) in the symbiosis. NO belongs to the

group of active forms of nitrogen (RNS) in which there

are other low-molecular N-compounds: OONO−,  NO2
−,

NO−,  NO+.  Nitrotyrosine-containing  and other  proteins

modified  with  NO  and  OONO− S-nitrosothiols  are

considered  as  compounds  of  the  RNS  group

participating  in  the  nitrosative  stress  (Klatt,  Lamas,

2000).  The  role  of  RNS  in  the  processes  of  LRS
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formation  and  functioning  is  one  of  the  least  studied

parties. In studying this issue, the focus is on the NO

molecule which has a wide range of  biological  efects

(Meilhoc et al., 2011). Nitric oxide is already detected in

the  first  hours  after  the  interaction  of  rhizobia  and  a

legume  in  IT,  tissues  of  the  nodule  meristem,  in

nitrogen-fixing nodules (Baudouin  et al.,  2006; Meilhoc

et al., 2011; Glyan’ko, 2013). There is evidence that NO

can participate in the regulation of nodule formation on

the roots of legumes (Herouart et al., 2002), but high NO

concentrations  prevent  the  infection  of  plants  with

rhizobia and mycorrhiza (Meyer et al., 2005). According

to Mitanova et al. (2006), the exogenous NO (in the form

of  the  NO  donor  –  sodium  nitroprusside)  adversely

afected the adhesion and penetration of  rhizobia into

the roots of peas. In these experiments, the addition of

hemoglobin  from  the  erythrocytes  of  a  horse  to  the

medium with sodium nitroprusside reduced the inhibitory

efect of NO on these processes by a factor of 1.5. That

is explained by NO binding by hemoglobin. The efect of

the  rhizobial  infection  on  the  NO  content  in  the

susceptible for rhizobia zone of the pea root has been

revealed depending on the strain of nodule bacteria that

difer in the degree of N2-fixing capacity and virulence

(Glyan’ko  et al.,  2012; 2014). These facts indicate the

participation of NO in the processes of LRS formation.

NO  synthesized  in  bean  nodules  is  bound  by

leghemoglobin  with  nitrosylleghemoglobin  formation

(Yamamoto et al., 1990; Yamamoto, Kanayama, 1990).

This  can  lead  to  the  blocking  of  the  nitrogen  fixation

process by inhibiting the transfer of oxygen into nodules

bacteroides. The question of  the role of  non-symbiotic

hemoglobin in LRS is important. It  is believed that the

role of non-symbiotic hemoglobin in uninfected cells can

consist in detoxifying NO which has a negative efect on

the formation of the symbiosis as well in modulating the

NO level (Simoda et al., 2005). It can be concluded that

NO  functions  as  a  multipurpose  regulator  of  various

mechanisms of the symbiotic process: recognition of the

host plant;  modulation of  the defense reactions of  the

macrosymbiont; formation of the primordium and nodule

organogenesis; nitrogen fixation and carbon metabolism

in  nodules;  nodule  aging.  NO  interacts  with  other

biological  molecules,  for  example, phytohormones and

ROS (Hichri et al., 2015).

The  role  of  salicylic  acid  in  LRS. Systemic  plant

resistance  (SAR)  is  formed  with  the  participation  of

salicylic acid (SA) and hydrogen peroxide (Ryals et al,

1996; Molodchenkova, 2001; Mostofa  et al., 2015) and

accompanied  by  the  increase  in  the  SA  content,  its

derivatives as well as by the increased expression of SA

dependent genes (Shah, Zeier, 2013). The interaction of

SA  and  Н2O2 in  the  metabolism  of  plants  has  been

shown. A change in the intracellular concentration of one

of  these  compounds  afects  the  content  of  the  other

(Leon  et al.,  1995; Rao  et al.,  1997). Enzymes of the

redox  cycle  (catalase,  peroxidase,  NADPH  oxidase,

SOD,  etc)  function  in  these  processes.  According  to

Kolupaev  et al. (2016), ROS,  Са2+, NO are involved in

the  signal  transduction  of  the  exogenous  SA into  the

genetic apparatus. There is evidence of the participation

of SA and its derivatives (methyl salicylate) in a signal

transfer chain for long distances during SAR formation

(Park  et  al.,  2007).  However,  earlier  results  do  not

confirm the role of SA as a distant signal (Vernooij et al.,

1994; Pallas et al., 1996).

Thus,  SA  is  a  component  of  protection  from  the

pathogenic  invasion  and  a  component  of  increase  of

resistance to anthropogenic factors of plant cells. Such

SA functions can impede the formation and functioning

of LRS. Indeed, the exogenous SA had a negative efect

on LRS (Shumnyj  et al., 1991; Martinez-Abarka, 1998;

Glyan’ko et al, 2005). Some literature data confirm that
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SA synthesis by the host plant is regulated at the gene

level  with  the  participation  of  the  rhizobial  Nod factor

(Glyan’ko,  2014).  This  is  confirmed  by  the  results  of

significant  accumulation  of  SA  in  the  roots  of  the

rhizobial NF mutant and during the inoculation of alfalfa

with an incompatible rhizobial strain (Blilou et al., 1999).

Nod  factor  is  suggested  to  block  the  SA-signaling

mechanism associated  with  the  defense responses  of

the host plant by reducing the synthesis of SA (Bueno et

al.,  2001).  On  the  other  hand,  it  was  found  that  a

decrease  in  the  endogenous  level  of  SA  by  the

expression  of  the  transgenic  enzyme  salicylate

hydrolase  positively  infuenced  the  processes  of

infection and nodulation in a number of legumes (Stacey

et al., 2006). These results indicate the important role of

SA in the defense reactions of the macrosymbiont in the

formation of LRS.

Signaling  functions  of  ROS  and  RNS  and  their

interaction in the formation of LRS

The important role of ROS and RNS in the response

of  plants  to  biotic  and  abiotic  stresses  is  undoubted

(Corpas et al., 2013; Yu et al., 2014; Baxter et al., 2014;

Karpets, Kolupaev 2017). Synthesis of these molecules

is associated with programmed cell death (PCD) which

is an important mechanism for regulating the growth and

development  of  plants  and  eliminating  damaged  or

infected cells under stress (Wang  et al.,  2013). In the

study of LRS, the mechanisms of the interaction of the

bacterial  NF  and  signal  plant  molecules  (Са2+,  ROS,

RNS,  SA)  attract  attention  first  of  all  (Scheler  et  al.,

2013). It has been proved that NO and ROS (H2O2) can

regulate  each  other's  synthesis  (Figure  3).  During  a

hypersensitive reaction NO can have an efect on the

synthesis  of  H2O2 through  the  S-nitrosylation  of

plasmalemma NADPH oxidase (AtRbohD) (Yun  et  al.,

2011).  On  the  other  hand,  the  accumulation  of  H2O2

induces NO synthesis by enhancing the expression of

nitrate  reductase.  In  summary  action  it  subsequently

leads to cell death (Wang and al., 2013). However, NO

accumulation in cells is preceded by the release of Са2+

ions into the cytosol, the activation of NADPH oxidase

and  the  enhancement  of  the  synthesis  of  hydrogen

peroxide. Thus, the cross-interaction of NO and Н2О2 is

an important feature of the activity of these molecules.

It is known that NO in the nitrosylation reaction can

react  with  the  reduced  glutathione  (GSH)  with  the

formation  of  S-nitrosoglutathione  (GSNO)  which  is  a

mobile  reservoir  of  the  bioactive  NO  (Barraso  et  al.,

2013; Kubienova  et al., 2014; Yu  et al., 2014). On the

other  hand,  peroxynitrite  (ONOO−)  –  a  powerful

oxidation-nitrating molecule – forms in the result of the

reaction between О•− and NO (Corpas, Barroso, 2014). 

As  a  result  of  the  presence  of  NO,  GSNO  and

ONOO− in plant tissues, a post-translational modification

of proteins occurs, similar to S-nitrosylation and nitration

(Romero-Puertas  et al.,  2013).  Catalase and glycolate

oxidase are inhibited by the S-nitrosylation reaction in

peroxisomes; that can regulate the cellular level of Н2О2

(Ortega-Galisteo  et  al.,  2012).  On  the  other  hand,

ONOO− generation can induce nitration of plant proteins

and  nitrosative  damage  to  plant  cells,  although

endogenous nitration can perform a regulatory function

(Barraso et al., 2013).

The mechanisms of  interaction  between ROS and

RNS  are  well  studied  in  phytopathogenesis,  when  in

systemic  acquired  resistance  the  main  roleplay  ShF

(Super-high Frequency) and the process of programmed

cell  death (PCD) as a result  of  the rapid synthesis of

these molecules (Bolwell, 1999). At present, it has been

proved that the ratio of NO, O2
•−, H2O2 and ONOO− in

the cell determines ShF under the infuence of biotic and
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abiotic factors (Zaninotto et al., 2006; Zhao et al., 2007).

It  should be noted that  the information on the role  of

these molecules in the formation and functioning of LRS

is  insufcient.  It  especially  concerns  the  local  and

systemic resistance of  a legume plant to the rhizobial

invasion (Glyan’ko, 2016). Thus, from the above, it can

be concluded that ROS and RNS in LRS can play a dual

role:  as signaling molecules and as toxic  compounds.

However, in both cases their role is associated with the

rhizobial infection, the formation of symbiotic structures

and their functioning.

Figure  3. Diagram of interaction between ROS and NO in the legume-rhizobial  symbiosis (Modification:

Puppo et al., 2013). 1. Synthesis of Н2О2 with the participation of NADPH oxidase localized on the

membrane is shown; activation of MAP kinase (MAPK) and, respectively, nitrate reductase (NR) by
hydrogen  peroxide  (Wang  et  al.,  2010).  2.  Inhibition  of  NADPH  oxidase  (RBOH)  by  NO
(nitrosylation) (Yun et al., 2011). 3. Possible repression of the MtRbohB gene of the RBOH enzyme
by NO expression in the symbiotic interaction of alfalfa and Sinorhizobium meliloti (Boscari  et al.,
2013). 

Translation of Russian terms to Fig.3 in English: НАДФН-оксидаза – NADPH oxidase; Аквопорины - Aquaporins
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Figure 4.  Scheme of the summing role of Н2О2 and NO in the processes of nodulation (Modification: Puppo

et al., 2013). The efect of the rhizobial nod factor (NF) in its interaction with the plant receptor

(LysM RLK) on systems generating Н2О2 and NO, as well as on the formation of O2
•− and ONOO−

was  shown.  The  efect  of  these  molecules  on  signaling  based  on  the  redox  reactions
(sulfonylation, nitrosylation and nitration of proteins) and leading to gene expression and protein
activation is  shown below.  As a  result,  these processes are associated with  the formation of
infection threads (ITs) (1), with the nodule organogenesis, diferentiation of bacteroides, nodules

functioning, nitrate respiration and nodules aging (2). The participation of Н2О2 in the formation of

ITs and the role of NO in mature nodules are shown separately. The participation of rhizobial
lipopolysaccharides (LPS) in the formation of NO (3) is presented (Hichri et al., 2015). 

Translation  of  Russian  names  to  Fig.4  in  English:  Генерирующие  системы  (НАДФН  –оксидаза,  NO  –синтаза,
нитратредуктаза и др.) – Generating systems (NADPH oxidase, NO-synthase, nitrate reductase, ets ) ;
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Редокс связанная сигнализация –  Redox associated signalling ;  Активность белков –  Protein activity ;
Экспрессия генов –  Gene Expression ;  Развитие инфекционной нити –  Infection thread development ;
Развитие  клубенька  –  Nodule  development  ;  Дифференциация  бактероидов  –  Diferentiation  of
bacteroides ;  Функционирование клубенька,  нитратное дыхание,  старение –  Nodule functioning, nitrate
respiration, aging.

Fig. 4 shows the summing role of  Н2О2 and NO in

the processes of nodulation. Rhisobial NFs interact with

plant receptors (LysM RLK) and infuence the generation

of  О2
•−,  Н2О2,  NO, ONOO− with  the  participation  of

NADPH oxidase, NO synthase, nitrate reductase, nitrite

reductase and others. The formed signal molecules form

redox-based signaling which afects  the activity  of  the

modified proteins and the genes expression. All  these

processes  are  associated  with  the  formation  and

functioning  of  LRS:  formation  of  infection  threads,

nodules development, and diferentiation of bacteroides

in nodules, N2 fixation, nitrate respiration in nodules, and

the aging and decay of nodules.

It should be noted that small signal molecules – ROS

and  RNS  –  are  not  the  only  compounds  actively

participating in the process of LRS. An important role, for

example,  belongs  to  phytohormones  that  initiate  the

morphogenesis of the nodule (auxin and cytokinin) and

regulate  the  rhizobial  infection  (abscisic  and jasmonic

acids) (Glyan’ko, 2015). . 

CONCLUSIONS

Microorganisms are an integral part of the life on The

Earth.  Growth,  development  of  living beings,  including

plants, is impossible without them in most cases. Often,

interaction between organisms occurs on the basis  of

parasitic or mutalistic symbiosis. In the first case only a

microorganism – a parasite that harms the host plant –

benefits.  The  second  case  is  beneficial  to  both

symbionts.  Undoubtedly,  nodule  bacteria  and  legume

plants underwent a long evolution before their interaction

became  useful  to  the  host  plant  in  the  form  of

atmospheric  nitrogen reduced in  rhizobia  in  planta.  In

this case, the rhizobia's vital activity in the root nodules

is carried out due to the energy materials supplied by the

plant.  The  question  that  has  to  be  answered  is  why

rhizobia  chose  legumes  for  their  activities  (with  rare

exceptions).  The  knowledge  of  this  unique  biological

feature in  the long term will  lead to  the creation of  a

nitrogen fixing apparatus in non-legume plants and will

solve the problem of plant nutrition with environmentally

friendly  nitrogen  (Beatly,  Good,  2011,  Provorov,

Vorob’ev, 2012). The fundamental knowledge obtained

at the present time provides the basis for solving this

problem.  However,  there  are  still  many  unanswered

questions requiring their resolution. These include: the

resistance of the legume plant to the rhizobia invasion

and the involvement of  the innate immune systems of

the  plant  in  the  processes  of  infection  and  the

functioning  of  the  N2-fixing  apparatus  in  nodules;  the

role  of  rhizobial  Nod  factors  in  the  suppression  of

defense systems of the host plant.  It  should be noted

that the formation of  systemic (acquired) resistance in

plants  occurs with  the participation of  phytohormones,

the  physiological  efect  of  which  is  realized  with  the

participation of signal mediators (Kolupaev et al., 2016).

Signal mediators and phytohormones undoubtedly play

an important  role  in  LRS infuencing the processes of

infection,  morphogenesis  of  the  nodule  and  its

functioning. However, the currently established facts are

often phenomenological  in nature and do not disclose

the  mechanisms  and  sequence  of  signaling  into  the

genome. This is far from fully explored area of research

of LRS.
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The  innate  immune  systems  of  a  legume  plant

whose participation in the legume-rhizobial symbiosis is

stated  (Gourion  et  al.,  2015)  have  also  not  been

adequately  studied.  The  question  of  the  efect  of  a

legume plant infected with rhizobia on the invasion of

other  microorganisms  including  parasitic  plants  is  not

clear.  In  other  words,  does  the  rhizobial  infection

facilitate  plant  infection  with  other  microorganisms?

(Gourion et al., 2015). Due to this, the data on the root

nodule as a microbiome where other  bacteria  (except

rhizobia)  function  and  where  the  physiological  role  in

cohabitation of  these bacteria  with  rhizobia is  still  not

clear is of interest (Kuznetsova  et al. , 2015; Martinez-

Hidalgo,  Hirsch,  2017).  The  study  of  these  issues  is

extremely important for understanding the resistance of

a legume plant to the rhizobial infection as well as for the

role of signal system components in LRS onset. 
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