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Abstract. Pre-sowing treatment of cultivated legume seeds with nodule bacteria preparations is a standard
agronomic practice. This is particularly important in soybean cultivation, as effective microsymbionts of soybeans are
often absent from the soil. However, as many studies have shown, the efficacy of biopreparations depends largely on
the survival of rhizobial cells on seeds during drying. In this study, we analyzed the viability of three production strains
of Bradyrhizobium japonicum Kirchner (634b, 640 and RZ300) on soybean (Glycine max L.) seeds of various origins
(varieties: EN Argenta, Bara and Prudence). The experiments evaluated several parameters: inoculant concentrations
(10 and 100 %), drying temperatures (5, 15, and 25 °C), and protective polymer-carbohydrate formulations. The
experiments revealed that the soybean variety had no noticeable effect on the viability of the studied rhizobial
strains, while the strains themselves differed significantly in this regard. The RZ300 strain demonstrated the
highest resistance to drying on soybean seeds. A comparative genomic analysis of this strain and the less resistant
B. japonicum strain 634b revealed the presence of the opgC gene in the RZ300 strain (encodes the OpgC protein
involved in the biosynthesis of osmoregulated periplasmic glucans (OPGs)). This gene is absent in strain 634b and
may potentially determine the increased resistance of nodule bacteria to drying on seeds. An evaluation of various
protective formulations demonstrated that formulations based on 50 % sucrose provide the best protection, with
rhizobia showing the highest resistance to drying at +5 °C. The results obtained in this study can be used both in
the selection of effective inoculant strains and for providing technological support in the development of biological
products. The genomic data support the development of genetic screening systems to identify promising strains and
the potential introduction of the opgC gene into promising rhizobial strains to improve their manufacturability, i.e. to
enable effective early seed inoculation.
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A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface

nccnepoBaHns, 3pdeKT oT NprMeHeHNA bruonpenapaTta BO MHOTOM 3aBUCUT OT BbXKMBAEMOCTY pU300U1anbHbIX KINETOK
Ha ceMeHax npu BbiCbixaHUW. B HacToAweln paboTe NpoBefeH aHann3 »KN3HeCNoCcoOHOCTUN Y TPeX NMPON3BOACTBEHHbIX
wrammos Bradyrhizobium japonicum, 6436, 640 n RZ300, Ha cemeHax cou Glycine max L. pa3HOro NMpouCxoxaeHuns
(copta OH ApreHTa, bapa u lpygeHc) B onbiTax, pPasfMyaloMXcA MO PasHbIM NapameTpam: KOHLEHTpaumam
MHOKynAHTa (10 1 100 %), TemnepaTypam BbicywmsaHua (5, 15, 25 °C) n coctaBam 3aLUTHbIX MONMMEPHO-YTNEBOAHbIX
KOMMO3MUMA. B pe3ynbTaTe 3KCMEPUMEHTOB OGHApy»eHO, UYTO COPT COM He OKasblBasl 3aMeTHOro BAMAHUA Ha
MKM3HECNoCcoBHOCTb M3yyaeMblX LUTAMMOB PU300UiA, B TO BpeMA Kak LUTaMMbl CYLLLEeCTBEHHO pasnnyanncb no sTomy
npu3Haky. Hanbonbluyto yCTONUMBOCTb K BbICbIXaHMIO Ha CeMeHax cou nokasan wramm RZ300. CpaBHUTENbHbI aHanu3
reHoma 3TOoro LTamma C reHOMOM Ci1abo YCTONUMBOTO K BbICbIXaHWIO WTaMma B. japonicum 6346 no3sonun BbiABUTb
Hannuve y wrtamma RZ300 reHa opgC (kopmpyeT 6enok OpgC, yyacTBylowmin B GUOCKHTE3e OCMOPErynnpyembix
nepunnasmaTmyeckmx riokaHos (OPGs)), KOTOpbI OTCYTCTBYeT Yy WTamMMa 6346 1, BO3MOXHO, MOXeT onpefendaTb
MOBbILIEHHYIO YCTOMYMBOCTb KNy6eHbKOBbIX 6aKTepuii K BbICbIXaHUIO Ha cemeHax. [Mpu usyyeHnmn sppekta pasnnyHbIx
3aLlMTHBIX KOMMO3WLMIA ObIIO OTMEYEHO, YTO JYYLIMMM 3alUTHBIMK CBOWCTBaMK 06N1aaloT COCTaBbl Ha OCHOBe
50 % pacTBOpa caxapo3bl, @ HaubonbliaA YCTONYMBOCTb PU306UIA K BbICbIXaHWIO NPOABAAETCA Npu Temnepatype
+5 °C. MNonyyeHHble B 3TON paboTe pe3ynbTaTbl MOMYT ObiTb MCMOMIb30BaHbl Kak B cenekUymn 3GPpeKTUBHbIX LWTaMMOB-
VNHOKY/AHTOB, TaK 1 B TEXHONIOMMYECKOM COMPOBOXAEHMN NPpW co3haHnmn bronpenapaTos. [laHHble, NosyYeHHble nNpu
M3yYeHNN reHOMOB LITaMMOB, NPEACTaBAAT NHTEPeC Kak AN1A pa3paboTKM CUCTEM FreHeTUYeCKoro CKpUHWHMa npu
nouncke nepcrnekTUBHbIX LUTAMMOB, TaK 1 ANA U3yYeHNA BO3MOXHOCTN BBEAEHNA FEHETUYECKNX KOHCTPYKLIMIA C reHOM
opgC B MepcrneKTVBHbIE WTaMMbl PU306UIA ANA YNyYlleHNA UX TeXHONOrMYHOCTH, T.e. 0becneyeHnA BO3MOXHOCTM
3¢bdeKTUBHON 3a6N1aroBpeMeHHON NHOKYNALUN CEMSH.

KnioueBble cnoga: knybeHbKoBble 6akTepunu; con Glycine max L.; Bradyrhizobium japonicum; mukpo6Hble 6uonpenapa-
Tbl; OCMOTUYECKNI CTPECC; MOSIHOTEHOMHOE CeKBEHNPOBAHME; FreHbl YCTOMUYNBOCTU K OCMOTUYECKOMY CTpeccy

Introduction

An important agrobiological feature of soybeans is the
ability to form a nitrogen-fixing legume-rhizobial sym-
biosis with nodule bacteria (Vavilov, Posypanov, 1983;
Regar et al., 2017). At the same time, an effective sym-
biosis only occurs when active virulent soybean symbiont
bacteria are present in the soil in sufficient quantities,
which is rarely the case under field conditions and, thus,
reduces the legume yield (Lamptey et al., 2014). To fully
realize the potential of legume-rhizobial symbiosis,
it is necessary to artificially introduce symbiotically
effective nodule bacteria strains into the rhizosphere,
which in agricultural practice is achieved through the
pre-sowing inoculation of soybean seeds with rhizobial-
based biopreparations. A biopreparation based on the
Bradyrhizobium japonicum 634b strain under the trade
name Rhizotorphin is widely used in domestic agriculture
and provides high yield increases across various soybean
varieties (Vasilchikov, Gurev, 2018; Volobueva et al.,
2023). Strain 634b is frequently used as a reference for
assessing new rhizobial candidates, including strain 640
(Magomedov et al., 2011).

When analyzing the effectiveness of rhizobial strains,
seed inoculation is carried out on the day of sowing, as
it is known that nodule bacteria are sensitive to drying.
However, in agricultural practice, for both technologi-
cal and economic reasons, pre-sowing seed treatment is
carried out well in advance, which can lead to the death
of the applied rhizobia even before the seeds are planted.
A review of this problem was provided by J. Vriezen et
al. (2007). As early as 1932, E.B. Fred et al. reported a
decrease in the number of viable nodule bacteria cells

on seeds and suggested that the nutrient medium com-
position, pH and temperature are factors determining the
resistance of cells to desiccation.

Later, J.M. Vincent et al. (1961) studied the culture of
Rhizobium trifolii during its drying on glass beads and
proposed that the decrease in the number of viable rhizo-
bia was due to both “seed factors” and the drying factor
itself. It was shown that the negative effect of drying
could be partially offset by the addition of saccharides,
particularly maltose, which indicates that the availability
of nutrients, and potentially other dissolved substances,
affects the survival of bacterial cells.

Several studies have shown the difference in the sur-
vival dynamics for nodule bacteria on various matrices
such as glass beads, seeds, soil, nitrocellulose filters,
etc. (Vriezen et al., 2006). One possible reason for the
observed differences is that dry inoculated seeds have
a water activity ranging from 0.45 to 0.6 (Smith, 1992)
and, thus, still contain a relatively large amount of water
compared with completely dry surfaces of glass beads
or nitrocellulose filters.

From a practical point of view, given the high sen-
sitivity of nodule bacteria to drying, it is important
either to sow the treated seeds on the day of treatment
(Vasilchikov, Gurev, 2018), or to use special polymer
and carbohydrate protectors that increase the resis-
tance of bacteria to osmotic stress (Skorupska et al.,
2006; Deaker et al., 2007; Reina-Bueno et al., 2012).
In particular, we have previously shown that the water-
soluble polymer polyvinylpyrrolidone combined with
activated carbon significantly improves rhizobial survi-
val on inoculated seeds. This combination is more ef-
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fective that polyvinylpyrrolidone alone and it reduces
bacterial mortality on inoculated seeds by 20-30 %
after the first 5-7 days of seed storage (Laktionov et
al., 2019).

Finally, it should be noted that studies on the survival
of rhizobia during pre-sowing inoculation should become
an important part in the selection of effective inoculant
strains. A key element of such research should be the
investigation of the mechanisms of rhizobia resistance
to desiccation. While a number of studies have explored
the molecular and genetic aspects of osmotic resistance
in nodule bacteria (Vriezen et al., 2007), especially in the
context of climate change (Zhang et al., 2024), relatively
few studies have evaluated the viability of rhizobial col-
lection strains on legume seeds or explored methods to
enhance the resistance of cells to osmotic stress (Lak-
tionov et al., 2019).

The aim of this study was to evaluate the resistance
of three production strains of soybean nodule bacteria:
strain 634b (used to produce inoculants for Risotorphin),
strain 640 (identified in several studies as more effective
than strain 634b) and a new promising strain RZ300. The
evaluation was conducted on various soybean varieties
under different storage temperatures and using protective
polymer-carbon formulations of varying compositions.
Furthermore, the study aimed to elucidate the mecha-
nisms underlying the desiccation resistance of these
rhizobial strains using comparative genomics.

Materials and methods
The study used B. japonicum strains 634b, 640 and
RZ300 from the network bioresource collection in the
field of genetic technologies for agriculture (Russian
Collection of Agricultural Microorganisms RCAM).
Strain 634b was isolated from four soybean (cv. Kol-
khida 4) nodules at the Natshakai Station in Georgia.
This strain is used to produce inoculants for soy under
the trademark Risotorphin (Vasilchikov, Gurev, 2018;
Volobueva et al., 2023). Strain 640 was isolated in 1976
from soybean (cv. Smena) nodules in the meadow-
chernozem soil of the Amur region at the All-Russian
Soybean Research Institute. A number of studies
have identified the strain as more effective than 634b
(Magomedov et al., 2011). The RZ300 strain was iso-
lated in 2022 in the Krasnodar Territory from soybean
(cv. Bara) nodules and has hardly been studied to date.
Strain RZ300 exhibits stable nodulation in both chamber
and field experiments under normal and extreme condi-
tions (including presence of chemical pesticides, and lack
of moisture). Patent No. 2806593 “Method of cultivation
of nodule bacteria of soy Bradyrhizobium japonicum
RZ300” was obtained for strain RZ300.

Mpoun3BoACTBEHHDIN WTaMM Ky6eHbKOBbIX 6akTepuii con RZ300 2026
B. japonicum, yCTOMYMBbBIV K BbICbIXaHWIO Ha MOBEPXHOCTU CEMAH 3.3

B. japonicum strains 634b, 640 and RZ300 were
grown for inoculation in a liquid semi-synthetic medium
(Yadav et al., 2011): Mannit — 10.0 g/L; yeast extract —
1 g/L; K,HPO,— 0.5 g/L; MgSO,-7H,0 — 0.2 g/L;
NaCl-0.1 g/L; CaCO; — traces. Cultures were grown for
7 days at 28 °C in 250 mL glass flasks with cotton stop-
pers on an orbital shaker at 180 rpm. After cultivation,
the flasks were stored at +5 °C. To obtain experimental
liquid cultures, a 2 % (v/v) inoculum from the flasks
was aseptically transferred to a BIORUS laboratory
fermenter using the same medium composition (Yadav et
al., 2011).

The microorganisms were cultured to the stationary
phase, in which the cells are most resistant to osmotic
stress (Soria et al., 2006), in a periodic regime for 7 days
at 28 °C with mechanical mixing (150 rpm) and aeration
(1 Lair/1 L medium per min). The resulting experimental
preparations were aseptically poured into sterilized glass
flasks with cotton stoppers and stored in a refrigerator. To
determine the titer of the resulting bacterial suspensions,
a series of consecutive 10-fold dilutions were prepared,
followed by inoculation on Petri dishes with an agar
medium (Yadav et al., 2011); the number of colonies was
counted after 10 days of incubation at 28 °C.

To study the resistance of strains to drying, glass beads
and Glycine max L. soybean seeds from three varieties
of different origin — EN Argenta (Deriglazova, Morozov,
2022), Bara (Parakhin et al., 2017), Prudence (Bobkova,
2020) — were used.

The dynamics of nodule bacteria viability during
drying were monitored for 24 hours following inocu-
lation with rhizobium preparations. To determine the
effect of the “seed factor”, glass beads of a similar size
to the seeds were used. The preparations were applied
in concentrations of 10 % (aqueous solution) and 100 %
(undiluted inoculant) at the rate of 10 L per 1 ton of seeds,
following standard agricultural practice (Kincharova,
Matvienko, 2021). An undiluted preparation was applied
to assess the effect of exopolysaccharides and residual
media, as well as a high cell density. The treatment of
seeds and beads with tank solutions followed by an as-
sessment of the dynamics of bacterial viability over time
was carried out according to the author’s methodology
(Laktionov et al., 2019). Experiments were conducted
in triplicate.

To evaluate the effectiveness of polymer-carbohydrate
compositions as bacterial protectors on seeds drying
at various temperatures, the following formulations
were prepared: 1 % solution of carbokimethylcellulose
(CMC); 50 % solution of sucrose; a mixture of 1 % so-
lution of carbokimethylcellulose (CMC), 50 % solution
of sucrose; a mixture of 1 % solution of carbokimethyl-
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cellulose (CMC), 50 % solution of sucrose and 1 %
activated carbon.

The purity of microbial cultures was determined by
both morphological characteristics (morphology of
colonies on plates and rhizobium cells in a fixed smear)
and molecular genetic identification (16S rRNA gene
sequence analysis).

Rhizobium DNA was isolated by the CTAB method
(Doyle J.J., Doyle J.L., 1987, 1990). Whole-genome se-
quencing for strains RZ300 (BioProject PRINA1266151)
and 634b (BioProject PRINA1334995) was performed
using 3rd generation sequencing (Oxford Nanopore
Technologies, UK). Genome assembly and annotation
were conducted using bioinformatic tools including:
flye, SPAdes, mauveAligner, GeneMark, Prokka, and
EggNOG-mapper. Annotated whole-genomic sequences
were deposited GenBank.

Statistical analysis was performed using the SciPy
library, and data visualization was performed using the
matplotlib library in Python.

Results

At the first stage of the research, the cell titers of the
bacterial suspensions were determined at the time
of the working solution preparation. The titers were:
1.8+0.24-10° CFU/mL for strain 634b; 1.77 +0.29-10°
CFU/mL for strain 640; 2.0 + 0.19-10° CFU/mL for
strain RZ300.

To evaluate the specific effects of drying on the sur-
vival of the studied strains, rhizobial viability on soybean
seeds (cv. EN Argenta) and glass beads was compared
(the results are shown in Figure 1). It has been shown
that viable cells on glass beads remained at levels of
several thousand CFU per bead only for three hours after
inoculation and almost completely died within a day after
treatment. In contrast, tens of thousands of viable cells
remained on the seeds a day after treatment. At the same
time, the differences in cell viability between different
strains were not statistically significant, the calculated
F-statistic (2.67) was less than the critical F-value (3.89)
at a 5 % significance level.

In the second stage of the research, the potential in-
fluence of three soybean varieties on the dynamics of
nodule bacteria viability was studied without the addition
of protective formulations (Fig. 2). When seeds were
treated with a 10 % inoculant solution at a rate of 10 L/t,
168 hours post-inoculation, the cells of the RZ300 strain
remained on soybean seeds of the EN Argenta, Bara and
Prudence varieties in the amount of 16, 14 and 21 thou-
sand CFU per seed, respectively. At the same time, for
strains 634b and 640, these values did not exceed 3, 6
and 2 thousand CFU per 1 seed, respectively.

A production strain of soybean nodule bacteria RZ300
B. japonicum, resistant to drying on the seed surface
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Fig. 1. Cell viability of B. japonicum strains on EN Argenta soybean
seeds and glass beads 24 hours after inoculation.

Viability analysis of the three B. japonicum strains
across different soybean varieties 168 hours after treat-
ment showed that for the EN Argenta variety, the number
of viable cells of the RZ300 strain (X = 15.67 thou-
sand CFU/seed) was significantly higher (LSD = 5.19,
p < 0.05) than that of strains 634b (X = 2.00 thousand
CFU/seed) and 640 (X = 2.67 thousand CFU/seed).
Similar patterns were observed for the Bara and Prudence
varieties. The RZ300 strain demonstrated statistically
higher cell viability in the Bara (X = 14.00 thousand
CFU/seed; LSD = 4.85) and Prudence (X = 21.33 thou-
sand CFU/seed; LSD = 3.20) varieties compared to strains
634b and 640, between which no significant differences
were found. After 336 hours, the number of bacteria of
the RZ300 strain on seeds of all varieties was estimated
at thousands of CFU/seed, while viable cells of strains
634b and 640 could not be isolated from seeds. A similar
pattern was observed for the 100 % inoculant solutions,
accounting for the higher initial cell densities.

In the third stage of the study, the effect of various
protective formulations and temperature conditions on
cell viability of the RZ300 strain, which demonstrated
the best survival rates in inoculated seeds, was studied.
Figure 3 shows that the rate of cell mortality increased
with increasing temperature. At the same time, car-
boxymethylcellulose was a relatively ineffective cell
protector, while sucrose and sucrose-based composi-
tions significantly increased the resistance of bacteria to
drying on seeds. At +5 °C, the temperature exhibiting
the least contrast between treatment means, it was shown
that the sucrose variants provided significantly higher
cell viability (at 5 % significance level) compared with
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Fig. 2. Survival dynamics of B. japonicum strains on soybean seeds (cv. EN Argenta, Bara, Prudence), inoculated with 10 and 100 %
solutions of preparations without the addition of protective formulations.
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Fig. 3. Dynamics of the viability of RZ300 cells on soybean seeds of the EN Argenta variety during two weeks of storage at different
temperatures (+5, +15, +25 °C) and with various protective formulations (1 - 1 % CMC; 2 — 50 % sucrose, 3 - 1 % CMC + 50 % sucrose;

4 -1 % CMC + 50 % sucrose + 0.5 % activated carbon).

1 % carboxymethylcellulose, while the differences
among various sucrose-based formulations were not
significant. Thus, it can be assumed that sucrose has the
greatest protective effect for bacteria undergoing drying
on seeds. Consequently, sucrose-based compositions
can further enhance the resistance of the RZ300 strain
to drying on seeds.

Finally, to identify the genomic features that may be re-
sponsible for resistance of strain RZ300 to desiccation, a
comparative analysis of its whole genome was performed
against the genome of the less resistant strain 634b.

The results of whole-genome sequencing for the
RZ300 strain have been deposited in NCBI (BioProject

PRINA1266151). The size of the circular chromosome
is 9,199,961 bp. The total number of genes is 9,643,
of which there are 5,736 coding ones, and a significant
part is identified as pseudogenes — 3,842. The results
of whole-genome sequencing for strain 634b have also
been deposited in NCBI (BioProject PRINA1334995).
The genomes of the RZ300 and 634b strains were
compared using the RAST (Rapid Annotation using
Subsystem Technology) server. The Table shows the
differentially represented genes specific to each studied
strain. The genes putatively associated with the increased
stress resistance of the RZ300 strain are highlighted
in bold.
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Comparative analysis of functional genes groups in drying-resistant RZ300 and drying-sensitive 634b

of B. japonicum strains

Functional group of genes Represented in the
RZ300 strain
Stress response opgC, opgG2, bphP, hflX

Carbohydrates

Subsystem-based clustering tseT, rny, fixO, trmE, dgkA

DNA metabolism vsr
RNA metabolism rpoE, mucD
Nitrogen metabolism narB, narK, ntrC, norB
Protein metabolism Igt, trnV

Membrane transport

nhaA
Amino acids and derivatives potA, potl, urtA, urel, tdh
Breath cydA, resA
Fatty acids, lipids, isoprenoids hbd
Metabolism of aromatic compounds mucl, estA, hbaP, maoA

Virulence, disease and defense

Sulfur metabolism gshT, trkA
Iron metabolism tonB, fhuA
Cofactors, vitamins, prosthetic groups, pdhA, btuB
pigments

Phages, prophages terL
Mobility and chemotaxis cheA
Various cdhA, gpmA

nagk, nagB, nagA, hatA, livK, malF, thiH,
hbd, bdh, ribB, gadh, gcdC, gcd, deoC

oppF, oppD, oppA, dppC, livH, livM, livG, livF,

634b strain
LTC4S, katA, tehA

bkdA, bkdB, bkdC, bkdD, actP, hpr, ppsA, malkK,
fixX, xyIR

aepA, rtxC, minE, rad50, mre11

yieH, yrrC, rep, pcrA, hup

rpoH3, rnpA, mbl

nosD, nosF, nosR, nosL, nosY, nosZ, cynD, cynB, cynA
hypC, ere

mgtA, trbB, trbC, trbD, trbE, trb), lapB, lapC, lapE,
flpA, hrcU

prpA, atzA, arcA, arcD, odc, antA, hmg

hupV, hupU, hoxX, hoxT, hoxA, hoxJ

bkdA

lodB, lodA, czcD, cusA, czcA, nccB, merR, cueO -

bcd

flis

Note. Genes presumably related to the increased stress resistance of strain RZ300 are highlighted in bold.

Discussion

In agricultural practice, the productivity potential of
legume-rhizobial symbiosis can be realized only if high
bacterial survival is maintained on the seeds prior to sow-
ing. At the same time, despite the high practical impor-
tance of the issue of nodule bacteria resistance to drying
on seeds, this area of research remains poorly studied in
both Russian and international scientific literature.

The use of glass beads has shown that the surface of
seeds is a more favorable environment for nodule bac-
teria than the inert surface of glass. This indicates that
the evolutionary history of symbiosis, in addition to the

well-known functions related to virulence and nitrogen
fixation, may have included the development of specific
functions related to maintaining the viability of rhizobia
on the seed surface, which is obviously of great impor-
tance for ensuring the stability of symbiosis.

Notably, our findings indicate that the seed variety does
not significantly affect the dynamics of the decrease in the
number of cells, whereas bacterial strains differ signifi-
cantly in their resistance to desiccation. This highlights
two points: first, the conservative nature of the plant-side
mechanisms that ensure the preservation of rhizobia
on the surface of seeds, and second, the potential for
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selecting inoculant strains based on resistance to desic-
cation as a way to increase their manufacturability, that
is, integration with existing agrotechnological schemes,
which has received very little attention so far.

In this study, we have shown that the selection of
effective protective formulations and seed treatment
methods significantly contributes to ensuring the survival
of rhizobia on inoculated seeds. Thus, for instance, a
10-fold increase in the consumption rate of the inoculant
led to a proportional increase in the number of viable cells
on the seeds throughout the study period. However, the
overall dynamics of cell death remained similar to that
when using 10 % solutions. This suggests that there is
no pronounced protective effect of exopolysaccharides
applied with an increased volume of the inoculant on the
osmotic resistance of the strains.

It has been shown that the dynamics of reducing the
number of viable bacteria on seeds slows down signifi-
cantly with decreasing temperature, as well as with the
addition of protective polymer-carbohydrate composi-
tions, in particular, based on 50 % sucrose. Thus, the
combination of lowering the temperature and adding
sucrose during the processing of soybean seeds can
ensure a significantly higher number of viable cells per
seed at the time of planting.

Comparative analysis of the genomes of strain RZ300
and strain 634b revealed the following differences. Ac-
cording to the group of “stress response” genes, the
drying-resistant strain RZ300 has the opgC and opgG2
genes responsible for the synthesis of osmoregulated
periplasmic glucans, which directly explains its osmotic
stress tolerance, while the osmosensitive 634b lacks these
genes. OpgC is a protein involved in the biosynthesis of
osmoregulated periplasmic glucans (OPGs), occurring
in a number of bacteria. These glucans play an im-
portant role in adaptation to osmotic stress, cell enve-
lope integrity, biofilm formation, and pathogenicity. It
is likely that the role of this gene in the formation of
biofilms determines the resistance of bacteria to desic-
cation on seeds. Mutations in the opgC gene can lead
to changes in OpgC synthesis, which, in turn, affects
bacterial survival under osmotic stress (Bontemps-Gall,
Lacroix, 2015).

Among other genes that could potentially be involved
in the control of stress resistance, the RZ300 strain con-
tains a gene encoding a GTP-binding protein related to
Hf1X. The results of recent studies indicate the role of
HfIX in determining bacterial resistance to macrolides
and lincosamides (Rudra et al., 2020). Another important
candidate gene for stress control represented in strain
RZ300 is dgkA. It is known that the expression of the
dgkA gene is associated with accelerated bacterial growth
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and survival in response to adverse environmental fac-
tors (Baker et al., 2021). In the context of membrane
transport, the drying-resistant strain RZ300 demonstrates
more advanced import systems, including transporters
for oligopeptides (oppA, oppD, oppF genes), dipeptides
(DDPPC genes) and amino acids (/ivH, /ivM, livG, livF),
and also has the nhaA gene for regulating Na+/H+-
antiport. It is noteworthy that the regulation of the HAA
gene of Escherichia coli is used to produce transgenic
rice plants (Oryza sativa L. ssp. japonica) with increased
resistance to salinity, but reduced one to drought (Wu et
al., 2005).

A notable feature of the RZ300 is the presence of the
Igt gene encoding an enzyme involved in lipoprotein
biosynthesis, which is critically important for main-
taining the integrity of the cell wall and, consequently,
for resistance to stress factors. It has been shown that a
decrease in Lgt levels in a clinical strain of uropathogenic
E. colileads to increased permeability of the outer mem-
brane and increased sensitivity to serum and antibiotics
(Diao et al., 2021). Finally, the cdhA gene encoding
choline dehydrogenase and the gpmA gene responsible
for phosphoglycerate mutase were found in the RZ300
strain, which indicate its ability to maintain the integrity
of cell membranes.

A number of studies have shown that pathogenic
bacteria mutated by the cdhA gene have reduced viru-
lence and resistance to antibiotics acting on the cell wall
(Pancholi et al., 2010). It is known that a deletion in the
gpmA gene in E. coli leads to a specific hypersensitiv-
ity to H,0,, comparable to the deletion of the main
H,0, scavenger gene katG. Exposure to H,O,enhances
the transcription of gpmA, which highlights its role
in protecting against oxidative stress. Thus, the gpmA
gene can be defined as an element of the bacterial
defense mechanism against oxidative stress (Roth et
al., 2022).

Thus, the analysis of the genetic differences between
the osmosis-resistant strain RZ300 and the osmosen-
sitive 634b identified a large group of differentially
represented genes, putatively associated with resistance
to drying control. Among these, opgC and opgG2 are
of the greatest interest, responsible for the synthesis of
osmoregulated periplasmic glucans, which can play an
important role in determining the resistance of nodule
bacteria to desiccation on inoculated seeds. These data
not only clarify the mechanisms of rhizobia resistance to
desiccation, but also provide future research directions
such as transferring of genetic constructs containing
these genes into symbiotically effective rhizobia strains
to meet the requirements of modern agricultural tech-
nologies.
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Conclusion

In this study, the problem of ensuring the resistance of
rhizobial inoculant strains to drying on the surface of
inoculated soybean seeds is investigated in detail. We
demonstrated that the survival rate of rhizobia strains
on soybean seeds, firstly, is significantly higher than
on a neutral carrier (glass beads), and secondly, does
not depend on the soybean variety. It has been shown
that the main differences in survival are related to the
strains themselves, which indicates the importance
of selecting promising inoculant strains based on this
feature. Optimal technologies have been developed
for the use of protective compositions that increase the
resistance of strains to drying on seeds. To clarify the
underlying mechanisms of strain resistance to desicca-
tion, a comparative whole-genome analysis was per-
formed on resistant and less resistant strains. Candidate
genes potentially involved in the control of this trait
were identified.

Of particular interest is the presence of the opgC gene
in the resistant RZ300 strain, which is absent in the less
resistant 634b strain and likely plays a role in bacterial
resistance to desiccation on seeds. We assumed that this
gene may serve as a molecular marker of resistance to
desiccation of bacteria on seeds and can be used in the
future for targeted breeding or genetic modification of
rhizobial strains for microbial biopreparations.
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