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Abstract

Alfalfa and soybeans are widely cultivated economically valuable fodder and leguminous
crops the yield of which directly depends on bacterial microsymbionts. The legume seeds inoculation
by nodule bacteria (rhizobia) is significantly increased the productivity of the plant-microbial system
both in typical and in adverse growing conditions, for example, on degraded soils, including those
subjected to salinization, waterlogging, aridity, etc. That is why obtaining new strains capable of
forming highly productive and stress-tolerant symbiotic systems with leguminous plants is highly
requested in agriculture. Modern technologies for the production of highly productive and environ-
mentally friendly varieties of legumes require the use of a biogeocenotic approach which primary
takes into account the symbiotrophic indicators (Z.S. Shamsutdinov, 2014). The formation of highly
productive plant-microbial systems is based on the principle of complementarity of the interaction of
macro- and microsymbiont genomes (I.A. Tikhonovich et al., 2015), that is ensured their successful
introduction into agrocenoses, which differ in agroclimatic and soil conditions. Virulence, competi-
tiveness, host specificity and effectiveness of nitrogen-fixing activity, which root nodule bacteria ex-
hibit in relation to a certain species and sometimes to the variety of legume host plant, are among
the symbiotically significant and genetically determined properties of rhizobia. All of the above sym-
biotically significant characteristics are determined by numerous groups of rhizobia genes. The review
presents an analysis of data on the genes of soybean and alfalfa microsymbionts, the participation of
which in the control of symbiotic activity and stress tolerance has been experimentally proven. Nod-
ule bacteria of the species Sinorhizobium meliloti, S. fredii and Bradyrhizobium japonicum, contrasting-
ly differing in the genetic and morphophysiological characteristics are the most studied. Analysis of
recently published data on the main groups of symbiotically significant genes (i.e. nod genes in-
volved in the synthesis and decoration of the Nod factor signal molecule initiating the nodulation
process during plant-microbial interaction, the nif, fix, and eff groups of genes responsible for the
nitrogen fixation and symbiotic effectiveness) indicates a continuing high degree of incompleteness and
fragmentation data for both fast- and slow-growing rhizobia species. At the same time, according to
published data, allelic polymorphism for these genes is a factor that plays an important role in varying
signaling, host specificity, and symbiotic effectivity in both fast and slow-growing species of nodule
bacteria. It is concluded that a coupled analysis of sequences of genes from functionally different groups
relating to the formation of highly effective stress-tolerant symbioses, which are represented by sym
genes (symbiosis), srg (stress related genes; genes of resistance to stress factors), QS (quorum sensing
genes), or sym-srg-QS genes, is promising for the search and creation of molecular markers associated
with the symbiotic and adaptive properties of nodule bacteria and it is promising for monitoring them
under laboratory conditions and in microbiome of agrocenosis.
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falfa, soybean, genes of symbiotic activity, effectiveness, resistance to abiotic stresses

Alfalfa and soybeans are the most widely cultivated economically valua-
ble crops worldwide, therefore, their bacterial microsymbionts are in the spot-



light. Modern technologies for breeding highly productive and environmentally
friendly varieties of legumes suggest the use of a biogeocenotic approach based
on the symbiotic selection method [1]. This technology involving genetically se-
lected nodule bacteria (rhizobium) considerably shortens the time to create new
alfalfa varieties.

The method is based on a complementarity interaction of macro- and
microsymbiont genomes [2, 3], which predetermines suitability of a plant-
microbial system for the environmental conditions and agrocenoses. Virulence,
competitiveness, capability to nodulate of a certain legume host and nitrogen-
fixing activity are symbiotically significant and genetically determining properties
of nodule bacteria. Seed treatment with rhizobia strains provides an increase in
symbiotic productivity of legume plants both in typical and in adverse growing
conditions, for example, on degraded soils, including salinization, waterlogging,
aridity, etc. [4-6]. That is why obtaining new strains capable of forming highly
productive and stress-tolerant symbiotic systems with leguminous plants are ex-
tremely relevant [7, 8).

Traditionally, obtaining effective nodule bacteria necessitates long-term
plots experiments and field trials. In the result strains providing significant posi-
tive biometric (height, development of root system, etc.), biochemical (nitrogen
content) and symbiotrophic (an increase in plant green biomass or dry matter)
changes in plants [1, 4, 5, 9, 10] were selected. These are deemed qualitative and
quantitative indicator parameters of symbiotic activity and effectiveness of root
nodule bacteria strains. However, an improved plant green mass yield or dry
matter production resulting from inoculation by selected strains may eventually
decline [11], wherefore such strains are subjected to a supporting selection with
isolation of new clones and the analysis of their symbiotic properties in multiple
micro-vegetation and then vegetation experiments [12, 13]. Therefore, the de-
velopment of molecular genetic approaches to search, select and monitore
strains with high symbiotic properties seems extremely urgent.

In the modern view, the cause of decrease or loss of symbiotic activity
and effectiveness in rhizobia strains may be the instability of their symbiotic ge-
nome [14]. The latter means the complex of sym genes (structural and regulato-
ry) responsible for various stages of plant-microbial interaction which formed
due to the coevolution of nodule bacteria with legume hosts. As per published
data, the symbiotic genome of slow-growing and fast-growing nodule bacteria
(i.e. Bradyrhizobium and Sinorhizobium genera, respectively) comprises at least
five hundred sym genes [15]. Of the genes related to virulence and, thence, nod-
ule formation, a group of common #nod genes stands out. These genes determine
synthesis of specific signal molecules, the Nod-factors, involved in plant-microbe
interaction and are found in virtually all known rhizobia species [16]. Genes de-
termining symbiotic activity are normally located on one or several plasmids or
in a genomic island located on a chromosome. Such type of location could be a
reason for potential loss of individual sym genes as well as their clusters, espe-
cially under the influence of various abiotic stress factors [17, 18]. Therefore,
genotyping of strains for genes determining formation and functioning symbiosis
and involved in stress tolerance of bacteria appears imperative.

This review focuses on genes which are experimentally proven to be in-
volved in control of symbiotic activity and stress tolerance of root nodule bacte-
ria of Sinorhizobium and Bradyrhizobium genera which are contrastingly different
genetically and phenotypically, but most well studied. Genes related to symbio-
sis, but common for fast- and slow-growing rhizobia species may be promising
in searching for candidate genes and molecular markers to facilitate analysis of
genome stability and inheritance of symbiotic traits in nodule bacteria.



Alfalfa and soybean symbionts. Slow-growing B. japonicum and
B. elkanii rhizobia form highly effictive symbiosis with Glycine max (L.) Merr.
soybean cultivar in neutral or sub acid soils [19-21]. In alkaline soil, some soy-
bean cultivars form symbiosis with fast-growing S. fredii, the typical symbionts of
G. soja a wild soybean relative widely used in genetic improvement of G. max for
many economically valuable traits. There is an opinion that use of fast-growing
S. fredii bacteria in inoculation of soybean cultivars may be of environmental
and practical importance due to an increase in agricultural production [22].
Symbionts of perennial tetraploid alfalfa (Medicago varia) are fast-growing S.
meliloti rhizobia, however, in natural conditions, strains of closely related JS.
medicae species mainly forming effective symbiosis with annual diploid alfalfa
cultivars, can also be a symbionts of M. varia.

Thus, both soybeans and alfalfa form an effective symbiosis with certain
species of nodule bacteria, but also could form an ineffective one with bacteria
of closely related and quite often with unrelated rhizobia species, which naturally
results in considerable yield loss. Hence, the species attribution of nodule bacte-
ria strains is essential for evaluation of their potential symbiotic effectiveness.
The method of nucleotide sequence analysis of 16S rRNA gene proved to be the
best as it enables characterization of strains not only at the species level but also
identification of rhizobia genospecies [23, 24]. Analysis of ribosomal operon rrm-
rrl intergenic sequence (ITS) or its part, e.g. hin region, is also frequently used
[25-27]. The analysis of these sequences is useful not only for identification of
strains species allocation but also for strain-specific characterization at the level
of chromosomal markers [28], which, however, does not guarantee inheritance
by strain(s) of genetic determinants of stress tolerance and symbiotic activity.

Genes determining symbiotic activity are located differently in genomes
of bacteria of Bradyrhizobium and Sinorhizobium genera. In fast-growing S. meli-
loti and S. fredii species, sym genes are on one to two high-molecular megaplas-
mids exceeding 0.8-1.0 million bps in size but may also be found on chromo-
some (> 3.6 million bps) and on cryptic plasmids (30 to 600 kbps), the number
of which in different strains varies from 0 to 5 [29]. In slow-growing Bradyrhizo-
bium, sym genes are detected in so-called symbiotic island located on a chromo-
some which size varies from 643 to 998 kbps [30, 31]. Symbiotic islands have
mosaic structure in which sequences determining symbiotic activity alternate
with sequences that do not affect symbiotic properties or are senseless [30, 31].
Symbiotic islands are related to the type of genomic islands, which is also found
in fast-growing nodule bacteria. However, in the latter, the genes relating to
symbiotic activity or rhizobia fitness are sporadic and much less frequent [32].
Genomic islands of nodule bacteria are able to substantially affect the functional
activity of genes located on a chromosome and/or on plasmids and may be in-
volved in horizontal gene transfer [32-34]. Thence, detection of genomic islands
in genomes of highly effective nodule bacteria is essential and is directly related
to the selection of genetically stable strains for manufacturing biologicals.

Nod gene group. This group determines/regulates the synthesis of signal
molecules (or Nod-factors) required to initiate nodule formation on the roots of
the host plant, is best studied in rhizobia species considered in the review.

By the example of B. japonicum USDAI110 strain it is shown that slow-
growing bradyrhizobia contain two operons, nodYABCSUlJnolMNOnodZ and
nolYZ, responsible for synthesis of core part of signal molecule, while fast-
growing symbionts of soybean S. fredii (the strains HH103 and USDA257) have
one operon united nodABCIJnolOnoel genes [16, 35]. In case of alfalfa symbionts,
nod genes are arranged into five operons, nodABCIlJ, nod FEGPQ, nodH, nod-
MnolFGnodN and nodLnoeAB (the strain S. melilofi Rm1021) [36]. It should be



noted that the location and functional role of nod genes known now is a result
from studying of a single strains including the above mentioned. Disruption of one
of so-called common #nod genes in the result of mutation or targeted alteration
results in significant changes in nodulation and, normally, in decrease in or loss of
symbiotic activity [37]. Activity of common nod genes of rhizobia is regulated by
the product of nodD1 gene which in S. meliloti plays a more significant role than
its orthologs nodDZ2 and nodD3 [38]. The inducers of nodDI are flavonoids pre-
sent in root exudates of the host plant, but inducers can also be betaines (osmo-
protectors) found in alfalfa root exudates too. The homology of nodDI genes of
S. meliloti Rm2011 strain and reference strains B. japonicum and B. elkanii does
not exceed 75% (at amino-acid level), while homology between the above genes
of B. japonicum and B. elkanii is 92%. In B. japonicum and B. elkanii nodD1I
genes are activated by different flavonoids, drawing to a suggestion that analysis
of allelic polymorphism of nodD1 genes in native bradyrhizobia strains may be
benefit to identify strains differ in host specificity [39]. An important role in reg-
ulation of nod genes of bradyrhizobia is played by nodD2 gene, which, in its
turn, is controlled by nold gene [40].

On the example of B. japonicum USDAI110 strain it was shown the in-
volvement of nolA gene in control of host specificity, since a corresponding mu-
tants formed nodules on soybean plant roots much later than the parent strain,
and were not capable to form nodules on the roots of Vigna unguiculata [41]. A
two-component system of regulatory genes nodVW activated by flavonoid
genistein are also related to host specificity of B. japonicum [39]. Activity of
these genes is required for nodulation of siratro (Macroptilium atropurpureum)
and vigna roots by bradyrhizobia, but not soybeans [39]. In addition to regula-
tors reviewed above, the secretory protection system TTSS (Type III Secretion
System) that is under control of nodDI in B. japonicum and S. fredii is also in-
volved in interaction of rhizobia with certain plant hosts [42-44]. High activity of
1ts genes was noted at early stages of nodule formation, while the #ts gene mu-
tants were unable to form nodules on the roots of a number of plant hosts [42-
44].

Particular role play nod genes involved in structural modification (or so-
called decoration) of the core of Nod-factor, which makes the signal factor mol-
ecule species-specific. For example, the presence of sulfate group on reducible
end of S. meliloti Nod-factor molecule is required to form symbiosis with alfalfa,
which had been proven in studying respective mutants [45]. The Nod-factor sul-
fating is carried out by nodH gene product in connection with products of two
other genes, nodP and nod(Q. However, native strains capable to form symbiosis
with alfalfa in acidic soils possess signal molecules which lack sulfate group [45].
In S. fredii, signal molecules are sulfate-terminated too, while decoration of
Nod-factor includes fucosylation and methylation of fucosylated residue on re-
ducible end of signal molecule for which the activity of noeJ gene and nolK-
noel-nodZ-noeK gene cluster are required [46]. Similar cluster is also present in B.
Jjaponicum but it includes also another two genes, no/L and noeFE, involved in
methylation of signal molecule.

Signal molecules of fast- and slow-growing rhizobia symbionts of soy-
beans have some structural differences. In bradyrhizobia they are acetylated
while in sinorhizobia non-carbamylated at non-reducible end of the molecule
[47]. Carbamylation is controlled by nol/O and nodU genes. It was found that all
of the studied so far S. fredii strains (HH103, 042B, USDA192, USDA193 and
USDA257) had an insertion and a stop codon in no/O gene, and only in the first
two mentioned strains structural modifications in nodU gene were found as well
[47]. Obviously, the genes involved in signal molecule decoration, such as nolO



and nodH, may be of interest as candidate genes for searching marker sequences
required to facilitate express search for fast-growing symbionts of soybeans and
alfalfa, respectively.

It should be noted that the relationship of structural polymorphism of
nod genes with the structure of signal molecules and their indirect impact on
symbiotic potential of root nodule bacteria remains very poorly understood. In-
vestigations carried out in our laboratory revealed high level of the structural
polymorphism of common nod genes and species-specific nodH gene in geo-
graphically isolated native populations of S. meliloti as compared to reference
strain Rm1021 [48]. It was shown that native S. meliloti strains harbouring diver-
gent alleles (in comparison with the reference strain) formed symbiosis mainly
with annual alfalfa species under typical growth conditions, while under model
salinity conditions tested strains were differed in ability to form effective symbio-
sis with different alfalfa species [49]. For different species of rhizobia, a positive
correlation between nodA gene structure and the type of synthesized Nod factors
was shown according in silico analysis (50). Based on the data obtained, the au-
thors proposed to use the analysis of the nodA gene to search symbiotically active
rhizobia strains with a certain host specificity in various ecological niches (50).
Thus, the analysis of the literature data on the structural organization of nod
genes involved in synthesis and decoration of Nod-factor allows us to consider
allele polymorphism of nod genes as an important factor of signaling and host
specificity variations in both fast- and slow-growing nodule bacteria species.

Nif, fix and eff gene groups. These nodule bacteria genes are responsi-
ble, respectively, for nitrogen fixing and symbiotic activity. The nif genes deter-
mine the synthesis of nitrogenase responsible for conversion of nitrogen into
compounds available for plant metabolism. Of 20 #nif genes described for
Klebsiella pneumonia, two genes, nifDK and nifH encoding an enzyme complex,
are mainly studied [39, 51]. The structure of nif genes is almost identical in tax-
onomically different microorganisms, while their arrangement and regulation
differ. Analysis of these genes is often used to assess the potential nitrogen fixing
ability in newly discovered microorganisms [52].

Fix and eff gene groups are characterized as genes determining so-called
central intermediate metabolism [39, 41]. B. japonicum or S. meliloti genes highly
expressed in bacteroids comprise about 15-16% of their number in saprophytic
bacteria. The genes of B. japonicum or S. meliloti with high expression in bacter-
oids make up about 15-16% in relation to their number in saprophytic forms of
bacteria. Total number of genes involved in regulation of symbiotic activity dif-
fers significantly in rhizobia species, also varies between the strains of the same
species and depends on the experimental conditions [53]. Thus, the number of
genes the activity of which changes (increases or decreases) as a result of symbi-
otic interaction is 982 or 1288 for S. meliloti, and 1234 or 2778 for B. japonicum
[53]. If we compare sinorizobia and bradyrhizobia, then the portion of genes for
which the expression is increased is 37% and 54%, correspondingly, while the
functions of the vast majority of these genes remain unknown (53, 54). PubMed
NCBI database (https://www.ncbi.nlm.nih.gov/pubmed/) contains over sixty papers
that include the information about the genes of Bradyrhizobium and Sinorhizobium
genera involved in symbiotic effectiveness which can be classified as fix and eff
genes, however, the number of genes of each genus directly studied in this re-
spect does not go above twenty. Up to this time, there is no systematization of
data for these genes, apparently due to the fact that their activity is mediated
and/or that their products are involved in different cellular processes. For in-
stance, fixNOQP genes determine the synthesis of cbb3-cytochrome oxidase
playing a key role in generation of reducing-oxidation potential (redox potential)



in bacteroids [55]. We have correlated the fixB, fixC, fixU, fixX, fixO and fixQ
genes products of B. japonicum with the corresponding COG groups (cluster of
orthologous groups) of widely-used protein product classification system [56]. It
turned out that the products of these genes are predominantly belong to C group
(metabolism associated with energy processes), while fixK2 and fixN gene prod-
ucts belong to group T (signal transduction mechanisms) and P (transport of
inorganic ions and metabolism), respectively. Moreover, among the genes affect-
ing symbiotic activity of B. japonicum there are genes determining the synthesis
of ferrodoxins (fdxN; COG group C), ACC-deaminase (acdS, group E), hydro-
lase (blr6420; group C) homologous to the pobA gene product (involved in hy-
droxybenzoate conversion), and transcription factor (blr6378; group K). There-
fore, B. japonicum genes involved in control of symbiotic effectiveness mainly be-
long to COG groups associated with amino acid and energy metabolism.

Similar groups of fix and eff genes in S. meliloti are located on mega-
plasmids and on a chromosome. Genetic analysis of Tn5 mutants of streptomy-
cin resistant CXM1-105 strain which, in turn, is a derivate of 425a strain widely
used in manufacturing biologicals in 1980-1990s, revealed 12 new genes involved
in control of symbiotic effectiveness [57-59]. Increase in dry mass yield of alfalfa
plants inoculated with such transposants was ranged from 15 to 34%. Analysis of
products of these genes showed that 42% are responsible for transport and me-
tabolism of inorganic ions (COG group P), while the rest are involved in
transport and metabolism of amino acids (COG group E) and carbohydrates
(COG group G). Also the products of some genes are related to cellular process-
es and signaling (COG group M), and to storing and processing of information
(COG group K). Therefore, . meliloti genes involved in control of symbiotic ef-
fectiveness are numerous, and their products belong to a larger number of different
COG groups than in B. japonicum species considered above.

Thus, genes involved in control of symbiotic effectiveness of plant-
microbial systems of soybeans or alfalfa are numerous in both cases. At the same
time, genes mentioned above are primarily involved in metabolic processes in B.
Jjaponicum, while in S. meliloti they are involved in various cellular processes. In
addition, homologous genes in the reviewed rhizobia species may or may not be
related to the regulation of symbiotic effectiveness. As was recently demonstrat-
ed, rird gene in S. fredii HH103 is involved in iron metabolism but directly af-
fects symbiotic effectiveness as well, while nothing like that was found in
S. meliloti [60]. The described differences between the considered species in
genes involved in symbiotic effectiveness control rather indicate utmost lack of
our knowledge about this process. It should be noted that native strains may not
harboured some of genes or carry different alleles of genes of interest in which
functionally significant structural changes have occurred, as it was reported [47,
61]. Apparently, analysis of native polymorphism of alleles of the discovered
above candidate genes is one of the approaches to studying the regulation of
symbiotic effectiveness in rhizobia.

Group of genes involved in bacteria fitness control. Fitness
means the ability of microorganisms to occupy various environmental niches,
and the formation of mutualistic symbiosis is also viewed as a part of the latter.
Sustainability under different biotic and abiotic factors of soil environment (tem-
perature, humidity, medium pH, pollutants, osmotic stress, particularly, saliniza-
tion) promotes an increase of the population density. At the same time, bacterial
tolerance to drying (temperature, humidity, osmotic stress) is an important tech-
nical parameter for routine seed treatment [62-64]. Therefore, enhancement of
strain tolerance to various abiotic factors is of practical significance. Aridity and
salinity can be attributed to the most common model abiotic factors [64, 65].



Accumulation of various ions or compounds, including K*, amino acids
(e.g. glutamate), carbohydrates (including trehalose) or osmoprotectors (ectoin,
glycine, betaine and choline) by bacteria increases their tolerance to high osmo-
larity. S. meliloti rhizobia may be attributed to moderate halotolerants as over
71% of native strains grow well at 0.6 M NaCl [65]. For now, bacteria of this
species have revealed at least six groups of genes involved in responses to differ-
ent types of stresses, which are further designated as srg (stress related genes)
genes.

Resistance to salinization is predetermined by the activity of bet, pro, tre
groups of genes, and to low pH by act, ots and Apr groups of genes. Interesting-
ly, the products of these genes relating to various metabolic processes also affect
symbiotic activity. For instance, S. meliloti betaine synthesis genes (bet genes) are
involved in carbon and nitrogen pathways [65]. Microvegetation tests at normal
conditions and under salinization revealed that native strains of S. meliloti, in
which certain alleles of the ber gene were detected, have a salt tolerant pheno-
type (tolerant to high salt concentrations) and significantly more often form
symbiosis with increased effectivity [47, 65].

B. japonicum, on the contrary, grow poorly even at 0.05 M NaCl, thus,
bradyrhizobia have a salt-sensitive phenotype. As it was recently demonstrated, B.
Jjaponicum with higher catalase activity was able to grow in 0.15 M NaCl media
[66]. According to trascriptomic analysis, 441 genes of B. japonicum changed
activity at 0.05 M NaCl [53]. For 13 genes, the highest increase in activity was
detected, and these genes (except rpoH2) were characterized as genus-specific
since in S. meliloti they were not associated with salt tolerance [53]. Apparently,
bradyrhizobia sensitivity to osmotic stress probably was caused by lack of transport
systems like BCCT (betaine, carnitine, choline) which are typical, for S. meliloti
[67]. Experimentally was shown that B. japonicum strains capable to utilize tre-
halose formed highly effective symbiosis [67].

It has been suggested that the selection of bradyrizobia strains by ecfG,
nepR and phyR genes which products are involved in the cascade regulation of
bacterial tolerance to general stresses, as well as by genes of bll/r1465-69 locus
involved in the response to temperature shock and UV-light tolerance, can be
promising for identification of stress-tolerant strains (68, 69), and these candi-
date genes can be used to create appropriate marker sequences.

It should be concluded that srg genes involved in development of stress-
tolerance are present in the genomes of not only fast-growing and salt tolerant
sinorhizobia, but in slow-growing salt sensitive bradyrhizobia. Activity of these
genes in bacteria of both genera is associated with the central metabolism and
directly affects the symbiotic effectiveness and nitrogen fixation. All of the above
proves that evaluation of genes involved in resistance to various stress factors is
promising in practical aspect.

Tolerance of soil bacteria to adverse environmental factors also depends
on the ability to synthesize polysaccharides. These are various macromolecules
whether bound or not bound to cellular wall having a wide range of biological
functions, from signaling to protection. Polysaccharides provide bacteria protec-
tion from drying, temperature changes and from bacteriophages, as well as from
specific and non-specific host plant immunity responce, etc. These compounds
may have adhesive properties that enable bacteria to colonize various surfaces by
forming microcolonies and/or biofilms. Thus, polysaccharides ensure rhizobia
fitness enabling them ability to occupy almost any ecological niche, including
colonizing legume roots, and are crucial for overcoming of abiotic stresses by
bacteria [70-72].

S. meliloti synthesize various polysaccharides, i.e. capsular polysaccha-



rides, exopolysaccharides such as EPSI (succinoglucan) and EPSII (galactoglu-
can), lipopolysaccharides and cyclic glucans [36, 73-75]. Genes determining
polysaccharide synthesis (exo-exp-Ips) are located primarily on the second mega-
plasmid which does not contain nod-nif-fix genes. It has been shown that muta-
tions in some polysaccharide synthesis genes result in disruption of plant-
microbe interaction event at early stages, wherefore nodules do not form [58, 67,
74, 76]. With that, mutations in some genes (e.g. exoB, exoY or IpsL) can, on
the contrary, enhance nodule formation [77]. In fast-growing soybean rhizobia
S. fredii, a cluster of genes similar to that of S. meliloti which determines the
polysaccharide synthesis and is also located on megaplasmid was found [16].
However, S. fredii strains do not synthesize EPSII and do not bind soybean lec-
tin. Moreover, bacteria of this species are more sensitive to salinization, less mo-
tile and adhere better to non-biotic surfaces than S. meliloti bacteria.

Bradyrhizobia polysaccharides bind soy lectin and accumulate polysac-
charides in peribacteroid space. These polysaccharides may play an important
role in survival of bacteria which were not transformed into bacteroids and, after
destroying nodules, release into environment. In B. japonicum the Ips locus in-
cluding rfaD, rfaF, IpcC and galFE genes (their products are heptose epimerase,
heptosyltransferase, mannosyltransferase and glucose epimerase, respectively) is
directly involved in reception and nodulation [78]. Of vast interest is rfal (or
waal) gene the product of which is a key enzyme in biosynthesis of cell wall in
bradyrhizobia. The product of this gene participates in providing bacterial toler-
ance to various stresses and escaping from plant defense mechanisms under in-
oculation was shown [78].

Important that rhizobia could utilize inositol and its derivatives which
are widespread in environmental systems as a source of carbon. Inositol is a
part of plant cell wall, it is a main form of storage of phosphorus in seeds, and
also can be a signal molecule [79]. Inositol derivatives attract attention due to
their therapeutic effect in diabetes and Alzheimer’s disease. Extended clusters
of iol genes are discovered in sino- and bradyrhizobia, but the best studied
gene is idhA in S. fredii. The activity of this gene is interconnected with for-
mation of nitrogen fixing nodules, while similar gene of S. meliloti is related to
competitiveness [79].

Among the genes associated with bradyrhizobia fitness, a special focus
belongs to nosZ. The nosZ gene mutants of B. japonicum have higher N,O-
reductase activity (N,O reduction to N;) and remain capable to form highly ef-
fective nitrogen fixing symbiosis with soybeans [80, 81]. Use of biofertilizers for
soybean crops based on native strains harbouring modified nosZ gene, in the au-
thors’ opinion, may contribute to reduction in nitrogen oxide (greenhouse gas)
emissions [82]. There is also an opinion that allelic polymorphism of Aup genes
(responsible for hydrogen accumulation), nap genes (encoding periplasmic ni-
trate reductase), and nos genes (encoding nitrite reductase) can be used to search
native effective soybean symbionts [7, 81, 82].

Of direct relation to bacteria fitness are also so-called quorum-sensing
(QS) systems. They are function as a global regulation factors detected in almost
all known bacteria species and can be involved in the coordinating interaction
between prokaryotes and eukaryotes. During growing bacterial cell population
upon to certain density the synchronous synthesis, accumulation and secretion
of chemical signals, the acylated homoserine lactones (AHLSs), occurs [83]. Sev-
eral QS systems are found in S. meliloti, one of which is sinR/sinl responsible for
synthesis of homoserinelactones which regulate EPSII synthesis. Strains with
mutated sin gene form nitrogen fixing nodules on M. sativa roots in considerably
less amount and much later. QS system in S. fredii plays important role in devel-



oping biofilm on Glycine max roots. Apparently, similar system is also present in
B. japonicum but it differs substantially from those described above and those
found in other rhizobia species. It has been demonstrated that with high density
of bradyrhizobia cells the virulence, on the contrary, goes down due to produc-
tion of bradyoxetin, a compound structurally similar to some antibiotics and sider-
ophores [70]. For bradyrhizobia, the inhibition of nod genes activity at high cell
density and presence of flavonoids were established; the process also involves
nodD2 and nolA genes [84] discussed above. Data currently accumulated evidence
that QS systems are extremely diverse and have different regulatory mechanisms,
but the investigation of their role in plant-microbe interactions is actually in its
early stage.

Summarizing the above, it should primarily be noted that information on
main groups of symbiotically significant genes of nodule bacteria are still limited,
fragmented and hardly comparable not only for different genera and species, but
even for the strains of the same species. The available data confirm the fact that
for each type of nodule bacteria that differ in genetic and phenotypic characteris-
tics, it is necessary to analyze species-specific and strain-specific genes, for exam-
ple, the 16S rRNA gene and genes which activity is associated with the formation
of symbiosis and the ability to withstand to abiotic stresses (sym, srg and QS
genes). Confirmation of the stable inheritance of sym-srg-QS genes alleles related
to the formation of highly effective and stress tolerant plant-microbe symbiotic
systems will increase the likelihood of the strain retaining symbiotically significant
properties during its lab storage, and such approach can also be used for monitor-
ing of the strain in microbiome of agrocenosis. Conversely, the identification of
structural modifications in sequences of one or several candidate genes, for ex-
ample, according to PCR data (in particular RFLP), will indicate at a possible
change or loss of the corresponding phenotypic properties by the strain. A joint
analysis of sequences of genes of interest belonged to functionally different
groups of genes involved in the formation of highly effective stress-tolerant sym-
bioses can be used to develop genetic markers using the SNP technology adapted
for haploid genomes (85). The introduction of such markers in modern molecu-
lar genetic studies on symbiogenomics will promote targeted design of highly
productive nitrogen-fixing plant-microbial systems with extensive adaptive po-
tential for the development of organic agriculture in geographically different
Russian regions.

Thus, evaluation of joint inheritance of alleles of genes of root nodule
bacteria responsible for the formation of highly effective and stress tolerant sym-
biotic systems with host legumes will enable express testing of symbiotically sig-
nificant and adaptive properties of rhizobia even during lab storage. This also
makes it possible to develop protocols providing strain viability and genetic sta-
bility in biologicals and in microbiomes of agrocenoses.
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