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RHIZOSPHERE MICROORGANISMS: INCREASING
PHYTOTECHNOLOGY PRODUCTIVITY AND EFFICIENCY —
A REVIEW

Abstract. The review contains information on rhizobacteria with plant
growth promoting properties (PGPR), on plant mechanisms of bacterial
defense against heavy metal pollution and on stimulation of plant growth
by nitrogen fixation, phosphorus dissolution, siderophores, phytohormones
and ACC deaminase enzyme synthesis. PGPRs are classified according to
their functionality, the degree of proximity to the root and the closeness
of their association with the plant, and the site of bacterial colonization,
and information is provided on the taxonomic affiliation of PGPRs. Issues
of phytoremediation of soils contaminated with heavy metals and methods
to improve process efficiency using rhizospheric microorganism inoculants
are highlighted in the review, as phytoremediation is an economically
viable and environmentally friendly technology. The review considers the
role of association of endophytic and rhizospheric PGPBs with a plant in
enhancing the efficiency of phytoaccumulation and phytostabilisation of
soils contaminated with toxic metals and plant productivity.

Key words: Plant, rhizosphere, PGPB, mechanism, productivity, phytore-
mediation.
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PU3OCD®EPAJIBIK MUKPOOPTAHU3M/IEP:
OUTOTEXHOJIOT'UAAHBIH OHIMAIJIII'TH APTTBIPY )KOHE
OHBIH TUIMALIITT

AHHoTanusi. Makanana ocIMIIKTepAiH ©cyiH BbIHTAJTaHIbIPATHIH
kacuettepiOap (PGPR),aybsip MeTaniapmMeHIacTanFaH OpTaiaH ©CiMAIKTEp Il
OaKTepUsIIBIK KOpFay MeXaHU3Mjepi KoHe a30TThl Oekity, (ochopmabl
epity, cunepodopnap, puroropmonnap xone AlIK-neamunassl pepmMeHTIH
CHHTE3/Iey apKbUIbl ©CIMAIKTEP/IIH 6CYiH BIHTAJIAHABIPYILIBI PH30C(EpaIbIK
OakTepusyap Typasibl —aKmapar —YCbIHBUIAAbl. (DYHKUIMOHAJIBUIBIFH,
TaMBIPFa >KaKbIH/IBIK J19PEkKeC] KOHE OJIapIbIH ©CIMIIKIICH OaiIaHbICBIHBIH
KAKBIHABIFbI, OAKTepUsIIapIbIH KOJIOHU3aLUsIany opHbI OoibiHa PGPR
KIaccupuKanuscel KapacThIpbuiasl, PGPR-1iH TaKCOHOMUSITBIK THICTLIIT
Typasibl JepekTep KenTipuini. Makanaga ayelp MeTanJapMeH JacTaHFaH
TOTBIPAKTHI (pUuTOpEMeranusIay MaceeIepiHe )KoHE OHbIH pU30C(epabIK
MHUKPOOPIaHU3MAECP-UHOKYISSHTTapAbIH KOMETIMEH TUIMIUILH apTThIpY
o/licTepiHE epeKIle Ha3ap ayJapbuUlibl, OWTKeHI Oyl TeXHOJOTHs
HSKOHOMUKANBIK THIMAI KOHE OSKOJOTHSUIBIK Taza TEXHOJIOTUS OOJbII
cananaapl. COHBIMEH KaTap yibl METaJIapMEeH JIaCTaHFaH TOIbIPaKTapabl
(bUTOTYpaKTaHIBIPY JKOHE (UTONKHMHAKTAY THIMIUIIIH JKOHE OCIMIIK
OHIMIUIITH apTThIpydaFrbl 3HA0(GUTTI koHe pusochepanslik PGPR-abg
©CIMIIKIICH OailyTaHBICBIHBIH MaHbI3bl KAPACTHIPbLIA/IbL.

Tyiiin ce3nep: ecimiik, pusocdepa, PGPR-6akrepusinap, MexaHusm,
OHIM/ITIK, (PUTOpPEMEINALIHSL.
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PU30OC®EPHBIE MUKPOOPI'AHU3MbI: TIOBBIIIEHUE
IMPOAYKTUBHOCTHU U DOPPEKTUBHOCTHU
OUTOTEXHOJIOI'MHU

AnHoTanusi. B 0030pe mpencTaBieHbl CBEACHUS O pu3ochepHBIX
OakTepusx, 00J1aJaFOINX CTUMYJIUPYIOIIUMHU poct pacTeHui
coiictBamu (PGPR), mexanum3max OakrepHaabHOM 3alllUThl pacTeHUi
OT 3arpsi3HEHHOM TSDKEIBIMU METAJUIAMU CPEAbl U CTUMYJSILMM pocTa
pacTeHmii mocpencTBoM azordukcanuu, pactBopeHus ¢ocdopa, cuHTE3a
cuaepodopos, hurtoropmonoB u pepmenTa AIIK-neamunasel. PaccMoTpeHst
knaccudukanus PGPR no hyHKIIMOHaTEHOCTH, CTETIEHU OIM30CTH K KOPHIO
U TECHOTE acCOIMAIlMM WX C PACTEHHEM, MECTa KOJIOHHM3AIMH OaKTEpHH,
MIpUBEICHBI JAHHBIE O TAKCOHOMUYeCKo npuHaanexxHoctd PGPR. Ocobblit
aKIIEHT B CTaThe yACTWIN BOpocaM (puTopeMeraiy NOYBbI, 3arPSI3HEHHON
TSOKENBIME  METallZIaMH M METOJlaM TOBBIIICHUS ee 3(pdexkTuBHOCTH C
MTOMOMIBIO pU30C(HEPHBIX MUKPOOPTAaHHU3MOB-UHOKYIISTHTOB, TaK KaK TaHHAs
TEXHOJIOTHS ABJIIETCS SKOHOMUYECKH BHITOAHOM U SKOJIOTHYeCKH 0€30I1aCHOM
TexHonorue. B 0030pe paccMaTpuBaeTcs posib acCOUUAUU SHIO0PHUTHBIX
u pusocthepusix PGPR ¢ pactenwem B mnoBbimeHuu 3(h(HEKTUBHOCTH
buToaKyMYISIIINK U (PUTOCTAOUITH3AINH TT0YB, 3arPSI3HEHHBIX TOKCUYHBIMU
METaJUIAMU U TPOAYKTUBHOCTH PACTEHUN.

KuroueBsle ciioBa: pacrenue, pusochepa, PGPR-6akrepun, mexanusm,
MPOAYKTUBHOCTH, PUTOpPEMETUAITHS.

Introduction. The organs of higher plants represent a special ecological
niche inhabited by microorganisms. In the course of their development, they
act as centers for the formation of microbial communities - epiphytic, which
settle on the surface of various plant organs, or endophytic, which invade,
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colonize and multiply in plant tissues (Bulgarelli et al., 2013; Feoktistova
et al., 2016). Microorganisms living on the surface of above-ground plant
organs are called phyllospheric, while those living in the root zone are called
rhizospheric. The roots of plants are surrounded by soil - a medium densely
populated by various microorganisms. The distance from the root determines
how close the relationship is between the plants and the microorganisms
living in their root zone. The soil microorganisms inhabiting the rhizosphere
(a narrow soil zone about 0 to 8 mm in diameter that directly surrounds
the plant roots) or the rhizoplane (the surface of the plant roots) form more
or less strong associations with the plant’s root system and form specific
rhizosphere communities. Such relationships are characterized by the terms
“associative bacteria”, “associative relationship”, “associative symbiosis”
(Dobereiner, 1983).

Rhizospheric microorganisms colonize the area around and on the
surface of the root unevenly, mainly in its upper part, and attach themselves
to the pores of the cell walls. The existence of microorganisms and strong
associations in these ecological niches, both within the root tissue and in the
rhizoplane and rhizosphere, is primarily due to the active secretion of various
low molecular weight substances such as amino and organic acids, sugars
and various secondary metabolites by the root cells (Fan et al., 2018; Mitter
et al., 2016). The microorganisms were found to be unevenly distributed
within the same root: abundance increases in the area of the young apical
roots, where the maximum release of soluble organic compounds takes place
(Vives-Peris et al., 2020).

Materials and methods. The rhizospheric effect, which characterizes
the increased number and activity of microorganisms in the root zone,
increases after seed germination and reaches a maximum during flowering
and fruiting depending on the composition of root exudates during plant
development (Ray et al., 2020; Weyens et al., 2009). Thus, the root zone
of young plants is dominated by gram-negative bacteria of the genera
Pseudomonas, Flavobacterium, Azotobacter, etc., which are replaced
by gram-positive bacteria of the genus Bacillus and actinobacteria of the
genera Mycobacterium and Streptomyces as the plants age (Feoktistova et
al., 2016).

The specificity of the microorganisms in the rhizosphere of a given plant
species can be taken into account, i.e., a symbiotic relationship can only be
established between certain species, which determines the specificity of the
symbiosis (Kidd et al., 2017). For example, Fan et al. (2018) investigated
the species diversity of plant root-associated bacteria in 6 cultivated and 20

37



ISSN 2224-5227 3.2022

wild plant species. Using 16S rRNA gene sequence analysis, the authors
showed that 446 bacterial isolates were distributed among four phyla
(Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes), 32 families,
and 90 genera. Proteobacteria formed the largest group of isolates (240): 40%
ectophytic and 60% endophytic bacteria. In the rhizosphere, representatives
of the genera Bacillus and Pseudomonas dominated; the most important
endophytes were Microbacterium and Pseudomonas. Some genera, such as
Stenotrophomonas, Yersinia, Labrys, and Luteibacter, were associated with
specific plant species.

For soil bacteria that have a positive effect on plant growth, live in the
rhizosphere and rhizoplane of plants and have the ability to colonize the root
surface, survive, multiply and compete with other microbiota, Kloepper et al.
(1980) coined the term PGPR, i.e., rhizobacteria that stimulate plant growth.
PGPRs are found not only around but also within plant roots (endophytic
bacteria colonizing apoplastic spaces inside the plant). No soil bacteria
have been found to colonize these spaces (Rosier et al., 2018; Santoyo et
al., 2021). Taxonomically, PGPRs are extremely diverse and are divided
into extracellular and intracellular depending on the degree of proximity to
the root and the closeness of association with plant. Extracellular PGPRs:
representatives of the genera Agrobacterium, Arthrobacter, Azotobacter,
Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium,
Erwinia, Flavobacterium, Micrococcous, Pseudomonas, Serratia, etc.,
while intracellular PGPRs are representatives of the genera Allorhizobium,
Azorhizobium, Bradyrhizobium, Mesorhizobium belonging to Rhizobiaceae
family. The majority of rhizobacteria belonging to the intracellular group are
gram-negative rods; a smaller proportion are gram-positive rods, cocci or
pleomorphic rods (Bhattacharyya et al., 2012).

Mechanisms of plant growth stimulation by PGPRs. The mechanisms
of the positive effect of rhizobacteria on plant vital activity vary (Hayat et
al., 2010). PGPRs influence plant growth and development either directly or
indirectly (Glick, 2012). Different bacteria can influence plant growth and
development under different conditions by using both of these mechanisms
together or separately (Ojuederie et al., 2017). Indirect stimulation of plant
growth occurs by reducing or preventing the harmful effects of phytotoxic
microorganisms. This may involve a reduction in the Fe available to
phytopathogens in the rhizosphere, the synthesis of enzymes that lyse the cell
walls of fungi, and competition with harmful microorganisms for a place on
plant roots. The mechanism of plant growth stimulation is the antagonistic
relationship between PGPRs and phytopathogenic microorganisms
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(Chowdhury et al., 2015). Direct stimulation of plant growth consists
of: 1) supplying the plant with substances synthesized by the bacteria or
facilitating the entry of nutrients from the environment into the plant (e.g.
microbial nitrogen fixation); 2) synthesizing siderophores that can dissolve
and accumulate Fe from the soil and supply it to plant cells; 3) production of
various phytohormones, including auxins (e.g. indolyl-3-acetic acid (IAA),
cytokinins, and gibberellins) which can influence different stages of plant
growth; 4) a mechanism to dissolve minerals such as phosphorus, which
then becomes readily available to the plant; 5) enzymes that can influence
plant growth and development (e.g. 1-aminocyclopropane-1-carboxylic
acid (ACC) (Le et al., 2019; Shaposhnikov et al., 2011) The screening of
rhizospheric and endophytic microorganisms for the presence of the above
properties serves as a basis for obtaining an effective PGPR inoculant to
enhance plant growth for economic purposes, both to increase the yield of
food crops and to promote the development of phytoremediation agents on
contaminated soils (Schmidt et al., 2018; Mamirova et al., 2019).

Nitrogen fixation. Nitrogen is a nutrient for plant growth and productivity.
Although the atmosphere consists of ~78% nitrogen, it is not available
to plants. The ability to biologically fix molecular nitrogen (N,)) is only
possessed by prokaryotes, which convert N, into ammonia with the help
of the enzyme nitrogenase. The highest intensity of N, fixation can be
developed by those microorganisms that interact with plants and use the
products of their photosynthesis to maintain nitrogenase activity. The N,
fixation is carried out by a complex enzyme, nitrogenase (Kim et al., 1994).
Structurally, the N, fixation system differs among bacterial genera. Most
biological N, fixation occurs through the activity of Mo-nitrogenase, which
is present in all diazotrophs (Spaepen et al., 2011). Dinitrogenase reductase
provides electrons with high reducing power, while enzyme dinitrogenase
uses these electrons to reduce N, to ammonia (Kim et al., 1994).

Genetic control of N, fixation occurs at several levels: ammonium, nif-
specific, amino acid, oxygen, nitrate, molybdenum, and temperature levels
(Spaynk et al., 2002).

N -fixing bacteria are divided into symbiotic characterized by nodules
formation as a result of host-symbiont interaction, where rhizobia act as
intracellular symbionts, and non-symbiotic or associative ones, which
provide only a small amount of fixed N, necessary for the bacteria-associated
host plant (Bhattacharyya et al., 2012; Glick, 2012; Spaepen et al., 2011).
Bacteria from the following genera have a high potential for N, fixation:
Azospirillum, Azotobacter, Achromobacter, Agrobacterium, Bacillus,
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Beijerinckia, Clostridium, Enterobacter, Herbaspirillum, Klebsiella, and
Pseudomonas (Morgun et al., 2009).

Phosphate solubilization. Plants can only take up inorganic phosphorus
and its concentration in soil is very low as most of the organic phosphorus
present in soil is insoluble and may constitute 4-90% of the total phosphate
(Yadavetal.,2015). Despite its high content in soil, phosphorus bioavailability
limits the plant growth, development, and productivity. The concentration of
phosphorus available to plants in soil solution is about 1 mM and rarely reaches
10 mM (Lambers et al., 2006). The ability of some microorganisms to convert
insoluble phosphorus (organic and inorganic phosphates) into an available
form such as orthophosphate is an important feature of PGPB for increasing
crop yield (Khan et al., 2007; Rodriguez et al., 2006). Microorganisms can
use two systems to increase the concentration of exogenous phosphate: 1) by
hydrolyzing organic phosphates under the action enzymes (non-specific acid
phosphatases, phytases, phosphonates, and C-P lyases); 2) by dissolving
mineral phosphates through the production of organic and inorganic
acids (Rodriguez et al., 2006). Phosphate-solubilizing bacteria include
members of the genera Azospirillum, Azotobacter, Bacillus, Beijerinckia,
Bradyrhizobium, Burkholderia, Enterobacter, Erwinia, Flavobacterium,
Microbacterium, Pseudomonas, Rhizobium, and Serratia (Bhattacharyya et
al., 2012; Morgun et al., 2009). The strains of Pseudomonas, Bacillus, and
Rhizobium are among the most potent phosphate solubilizes (Rodriguez et
al., 1999).

Inoculation of seeds or soil with phosphate-solubilizing bacteria improves
the solubilization of bound soil phosphorus and applied phosphates, resulting
in higher crop yields. The combination of phosphate application and bacteria
can be a cheap source of phosphate fertilizer for crop production (Yadav et
al., 2015).

Siderophores synthesis. To ensure the availability of Fe, PGPRs synthesize
siderophores. Almost all facultative anaerobic and aerobic microorganisms
(especially bacteria and fungi) produce extracellular siderophores that bind
the iron necessary for their growth. Phytopathogens also produce their own
siderophores, but unlike PGPR siderophores, they bind iron ions much more
slowly. Among the fungi that synthesize siderophores, representatives of
the genera Penicillium and Aspergillus dominate, while among the bacteria,
representatives of the genera Achromobacter, Agrobacterium, Enterobacter,
Pseudomonas, Serratia, Bacillus, and Pseudomonas dominate (Haas, 2014;
Lawongsa et al., 2008). The main function of siderophores is to convert Fe
bound to proteins or water-insoluble compounds into the ionic form Fe**
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accessible to microorganisms (Loper et al., 1999; Rajkumar et al., 2006).
However, in addition to main function, siderophores also have the ability to
chelate other heavy metals such as AI**, Zn**, Cu**, Pb**, and Cd**, which can
influence the homeostasis and resistance of microorganisms to heavy metals
(Ztoch et al., 2016).

Plant siderophores have a much lower affinity for iron. Therefore, plants in
soils contaminated with metals are unable to accumulate significant amounts
of Fe in the absence of bacterial siderophores. In order to alleviate the plants
stress caused by high metal concentrations in the soil, microorganisms
synthesize siderophores (Saha et al., 2016). PGPR siderophores have
different chemical structures and usually have a high affinity for Fe, with
which they form stable complexes that can be taken up by plants (Loper et
al., 1999). In order to obtain the required amount of Fe from the environment,
they have developed mechanisms that increase the solubility and dissolution
rate of the Fe*" oxyhydroxides prevalent in aerobic soils. Chemically,
these mechanisms are based on the weakening of the Fe-O bond through
reduction, chelation, and protonation. Physiologically, two different mutually
exclusive strategies are distinguished: (1) release of siderophores capable of
dissolving external Fe** and subsequent absorption of the Fe**-siderophore
complex; (2) reduction of Fe** to absorb the more soluble Fe* ion. In higher
plants, the increase in their ability to convert extracellular Fe** to Fe** is part
of physiological and morphological events operating to achieve adequate
internal Fe levels. This series of traits determines the efficiency of Fe content
in a species or cultivar, which in turn influences the yield of economically
important plants and the natural distribution of species.

Phytohormones synthesis. The microbial production of individual
phytohormones such as auxins and cytokinins has been well studied
(Selvakumar et al., 2008; Spaepen et al., 2007).

Auxins. Bacterial auxins initiate and elongate roots, develop lateral
roots and root hairs, which is important for the active uptake of nutrients
by the plant, its growth and resistance to stress (Frankenberger et al., 2020;
Spaepen et al., 2007). The most important natural representative of auxins
is indolyl-3-acetic acid (IAA). IAA can act as a mutual signaling molecule
in interactions between microbes and plants. Microorganisms use the
phytohormone in interactions with plants as a strategy to colonize them for
a mutualistic or parasitic relationship (Spaepen et al., 2007). Interest in the
microbial synthesis of [AA is also growing due to another recently discovered
property of auxin in Arabidopsis, the plant protection from phytopathogenic
bacteria (Spaepen et al., 2011). IAA can be synthesized not only by plants
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but also by 80% rhizobacteria (Duca et al., 2020). This ability is possessed
by bacteria belonging to different genera such as Aeromonas, Acetobacter,
Alcaligenes, Agrobacterium Azospirillum, Bradyrhizobium, Enterobacter,
Commamonas, Rhizobium, Pseudomonas, and Xanthomonas (Weyens et al.,
2009). The biochemical pathways and genetic regulation of IAA synthesis
are under active investigation. Currently, 5 tryptophan-dependent pathways
are distinguished (with the formation of the following key metabolites:
indole-3-acetonitrile, indole-3-acetaldehyde, indole-3-acetamide, indole-3-
pyruvate, and tryptamine) and a single tryptophan-independent pathway is
suspected (Spaepen et al., 2007). Rhizobacteria that synthesize IAA from
tryptophan are very diverse, but the most important genera are Azotobacter,
Azospirillum, Enterobacter, and Klebsiella.

Cytokinins and gibberellins. Much less information is available on the
microbial synthesis of cytokinins and gibberellins. Cytokinins stimulate
cell division and increase the growth of plant tissues, stimulate shoot
growth and inhibit root development. The effective stimulation of plant
growth by bacterial cytokinins has been demonstrated by many researchers
(Arkhipova et al., 2007; Gutiérrez-Mafiero et al., 2001). Gibberellins are
involved in changing the plant morphology and tissue growth, especially
shoots. Microorganisms in the rhizosphere can also produce or modulate
phytohormones under in vitro conditions, so that they can alter the content
of phytohormones influencing the plant hormone balance and response to
stress (Morgun et al., 2009). The gibberellins formation is characteristic
of rhizospheric bacteria, mainly of the genera Azotobacter, Azospirillum,
Pseudomonas, Bacillus, Flavobacterium, Clostridium, and Agrobacterium
(Tsavkelova et al., 2006). Cytokinins are synthesized by rhizobacteria
belonging to the genera Azotobacter, Azospirillum, Pseudomonas, and
Bacillus (Morgun et al., 2009).

ACC-deaminase synthesis and its role in the phytohormone ethylene
reduction. The phytohormone ethylene is very important for the normal
development ofaplant, especially in its early stages. The hormone is produced
endogenously by almost all plants and is also produced by various biotic
and abiotic processes in the soil and plays an important role in triggering
various physiological changes in plants. Among the numerous effects of
ethylene on plants (seed germination, morphogenesis, flower induction,
fruit ripening), the most commonly observed are inhibition of elongation
and growth of lateral roots, development of root hairs, usually in response
to abiotic and biotic stresses. Ethylene is not only a plant growth regulator,
but is also considered a stress hormone (Arshad et al., 2007; Lawongsa et
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al., 2008). Under stress conditions such as high salt concentrations, drought,
extreme temperatures, high light intensity, flooding, radiation, insect injury
and feeding, polyaromatic hydrocarbons, heavy metals and pathogenicity,
endogenous ethylene levels are greatly increased, which negatively affects
overall plant growth and response to stress (Deikman, 1997).

Higher plants produce the hormone ethylene from L-methionine
via intermediate compounds (S-adenosyl-L-methionine and
l-aminocyclopropane-1-carboxylic acid, ACC) (Yang et al., 1984). Glick
et al. (1998) suggested that microorganisms containing ACC deaminase,
which degrades the ethylene precursor to ammonium and a-ketobutyrate,
may act as PGPRs by eliminating ACC, thereby lowering ethylene levels
in developing and/or stressed plants. The yield of ethylene produced by
the plant decreases as a consequence of the ACC decline in the plant and
its excretion by bacteria (Glick, 2003). Belimov et al. (2005) showed that
bacteria of different origin having ACC deaminase activity stimulated
plant growth in soils containing phytotoxic Cd concentrations. In addition,
Wang et al. (2000) showed that bacterial strains exerting biocontrol
and carrying ACC deaminase genes were able to protect plants more
effectively against viral phytopathogens. To date, bacterial strains with ACC
deaminase activity have been identified in a variety of genera, including
Acinetobacter, Achromobacter, Agrobacterium, Alcaligenes, Azospirillum,
Bacillus, Burkholderia, Enterobacter, Pseudomonas, Ralstonia, Serratia, and
Rhizobium (Kang et al., 2010; Zahir et al., 2009).

PGPR bacteria are thought to attach to the seeds or roots surface of
developing plants in response to tryptophan or other molecules present
in plant secretions, whereupon the bacteria synthesize and secrete 1AA,
some of which can be taken up by the plant (Patten et al., 2002). This IAA,
together with the plant’s endogenous IAA, can stimulate growth and induce
the synthesis of ACC synthase, which converts S-adenosyl-L-methionine
to ACC. Some of the ACC formed in this way is isolated from the plant
seeds or roots along with other low molecular weight compounds normally
present in root exudates (Patten et al., 2002). ACC, which is present in plant
secretions, is taken up by bacteria and subsequently converted to ammonium
and o-ketobutyrate by ACC deaminase. This reduces the amount of ACC
outside the plant, so that the plant has to release larger amounts of ACC
to maintain the balance between external and internal amounts. Firstly, the
bacteria cause the plant to synthesize more ACC than would be necessary,
and secondly, they stimulate the release of ACC from the plant.

The literature data shows that rhizobacteria stimulating plant growth
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not only have the potential to survive under stressful conditions, but also
stimulate plant growth.

PGPR application to increase plant productivity. A strong incentive
for the study of PGPR in the 70-80s was its obvious prospects for solving
the problems of agrobiotechnologies related to achieving consistently high
and qualified yields. Soil microbiological studies focused primarily on
achieving practical goals: soil fertility, biological plant protection against
diseases, sources of biologically active substances - plant growth stimulants
(Simpson et al., 2011; Singh et al., 2011). The PGPR beneficial effects on
plant growth and nutrition through a number of mechanisms including N,
fixation, synthesis of siderophores, phytohormones and ACC deaminase have
spurred the PGPR strains commercialization (Glick et al., 1998). PGPRs
were classified according to functionality into the following categories:
biofertilisers (increasing the nutrients availability for plants); phytostimulants
(stimulating plant growth by phytohormones); rhizoremediators
(degradation of organic pollutants); biopesticides (disease control mainly
through the production of antibiotics and antifungal metabolites) (Somers
et al., 2004). Numerous actinomycetes (Micromonospora sp., Streptomyces
spp., Streptosporangium sp., Thermobifida sp., etc.) as major components
of the microbial communities in the rhizosphere, which have inhibitory
effects on various pathogens, are used as biocontrol agents to reduce plant
infections and diseases and contribute to normal growth and development
(Bhattacharyya et al.,, 2012; Glick, 2012). Currently, many bacteria
(Agrobacterium, Alkaligenes, Arthrobacter, Azotobacter, Azospirillum,
Bacillus, Burkholderia, Brevibacterium, Caulobacter, Chromobacterium,
Enterobacter, Flavobacterium, Gluconacetobacte, Klebsiella, Micrococcus,
and Pseudomonas) are commonly used as vaccines and actively included in
commercial organic products and biofertilisers as an alternative to chemical
ones polluting environment (Ortiz-Castro et al., 2009; Simpson et al., 2011;
Singh etal., 2011). The process of Fe binding by PGPR siderophores leads to
phytopathogens growth inhibition and plant growth enhancement, therefore,
they are used as bacterial fertilizer (Bhattacharyya et al., 2012; Jing et al.,
2007).

In recent decades, the scope of PGPR has expanded and they are now
being considered not only for agriculture but also for soil bioremediation, as
many PGPRs are resistant to pollutants (Belimov et al., 2009).

Based on the knowledge of plant-bacteria association interaction and
examples of improvement of plant growth and nutrition by inoculation with
beneficial microorganisms, the role of some biotic and abiotic factors in

44



Reports of the Academy of Sciences of the Republic of Kazakhstan

these interactions is studied and the possibility of using associative bacteria
to increase plant resistance to various stresses is evaluated (Belimov et
al., 2005, 2009). Microorganisms have different mechanisms of biological
plant defense that manifest themselves both at the cellular level and at the
population level. The interaction of plants and PGPRs aims at joint survival in
a plant-microbial association under adverse environmental conditions. They
can minimize the harmful effects of pollutants through reduction, oxidation,
methylation or demethylation, compartmentalization and transformation to a
less toxic state in the composition of engineered plant-microbial complexes
(Hassan et al., 2017). Identifying the effect of enhanced biodegradation
of pollutants in the root zone was the reason for combining the efforts of
plant physiologists and microbiologists in developing phytoremediation
biotechnology - the use of plants and their associated microorganisms to
cleanse the environment matrices - and is considered the most promising
approach due to its low cost and environmental friendliness. Isolation,
screening and bacterization of plants with heavy metal-resistant PGPRs is
considered an important tool to improve growth and increase the efficiency
of phytoremediation of soils (Cho, 2020; Ojuederie et al., 2017).

Applying PGPRs to improve phytoremediation efficiency of heavy
metals-contaminated soils. Phytoremediation strategies using rhizobacteria
adapted to heavy metals are attracting more and more attention, as soil
contamination with toxic elements is a serious environmental problem
that negatively affects human health and agriculture. Phytoremediation
is a promising method for the remediation of environments contaminated
with heavy metals. However, there is a limitation: long remediation time,
low biomass, inhibition of growth and development, and slow and limited
bioavailability of some elements (Karimi et al., 2017; Kong et al., 2017).

Various agricultural practices, growth regulators and microbial organisms
are used to improve biomass production and increase phytoremediation
efficiency (Hu et al., 2018; Nebeska et al., 2019). Of particular interest
is the study of rhizospheric bacteria, which belong to the PGPRs, as they
are resistant to metals in the composition of engineered plant-microbial
complexes while having a growth-promoting effect on phytosanitizing
plants (Oh et al., 2015; Ullah et al., 2015). Endophytic or rhizobacterial
microorganisms are used in the establishment of plant-microbial associations
(Kidd etal., 2017; Ren et al., 2019). The main advantage of using endophytic
microorganisms in conjunction with plants in phytoremediation is that any
toxic xenobiotic ingested by the plant can be degraded within the plant,
reducing phytotoxic effects and eliminating toxic effects on herbivorous
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animals living in or near contaminated areas (Ryan et al., 2008). Siciliano
et al. (2001) studied the endo- and rhizosphere microbiomes of different
grass species growing in oil-contaminated and nitroaromatic soils and found
that contaminant concentration was the most important factor determining
the structure and function of the rhizosphere and root endosphere
microbiome. In addition, the plant-specific and selective effect influenced
the prevalence of specific catabolic genes. Thus, the cane fescue rhizosphere
community was characterized by the enrichment of catabolic genes such
as alkane monooxygenases, naphthalene dioxygenases and nitrotoluene
monooxygenases, while the predominance of catabolic genes in the clover
rhizosphere decreased (Siciliano et al., 2003). This suggests that plants
can control microbial signs of degradation in the rhizosphere and thus
phytoremediation activity.

There is a great deal of information in the literature that under the effect
of PGPR both the removal of heavy metals by plants and their entry into
the plants increases. Given the differences in the attitude of plants and
microorganisms towards elements, two mechanisms are therefore being
considered in phytotechnology: phytoextraction and phytostabilisation (Ma
et al., 2011). Bacteria from the PGPR group can improve the regenerative
capacity of plants or reduce the phytotoxicity of polluted soils. In addition,
plants and bacteria can form specific associations in which the plant provides
the bacteria with a specific carbon source that induces the bacteria to reduce
the phytotoxicity of the contaminated soil. On the other hand, plants and
bacteria can form non-specific associations in which normal plant processes
stimulate a microbial community that degrades contaminants in the soil
through normal metabolic activities (Jing et al., 2007).

Phytoaccumulation or phytoextraction is the ability of a plant organism
to extract pollutants from contaminated soils and accumulate them in
aboveground organs. Phytoextraction involves the use of plants capable
of accumulating metals in aboveground organs (Cunningham et al., 1996).
Contaminated plant biomass must be disposed of and transported to special
landfills to reduce the transfer of contaminants through the food chain.
Disposal of contaminated biomass is believed to be more cost effective than
disposal of contaminated soils (Arthur et al., 2005). PGPR-associated strains
contribute to the uptake of metals by the plant from the soil through an increase
in root surface area, the formation of root hairs, an increase in the solubility
of elements, and their transfer in the soil-root-aboveground biomass system.
These properties of microorganisms are used in phytoextraction technology
(Glick, 2014; Visioli et al., 2015).
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Heavy metals can be toxic to metal-accumulating and metal-tolerant
plants if the metal concentration in the environment is high enough. This is
partly attributed to iron deficiency in a number of different plant species in
soils contaminated with heavy metals. Furthermore, low Fe content in plants
grown in the presence of high heavy metal concentrations usually causes
these plants to become chlorotic, as iron deficiency inhibits both chloroplast
development and chlorophyll biosynthesis (Imsande, 1998). Therefore,
microbial siderophores are used as iron chelators that can regulate iron
availability in the rhizosphere of plants (Loper et al., 1999). In addition, low
iron contentin plants grown in the presence of high heavy metal concentrations
usually causes these plants to become chlorotic, as iron deficiency inhibits
both chloroplast development and chlorophyll biosynthesis (Imsande,
1998). However, microbial iron siderophore complexes can be taken up by
plants and thus serve as a source of iron for plants. Therefore, it has been
suggested that the best way to prevent plants from becoming chlorotic in
the presence of high heavy metal concentrations is to provide them with
a siderophore-producing bacterium. This suggests that some plant growth-
promoting bacteria can significantly increase plant growth in the presence of
heavy metals, including nickel, lead and zinc (Burd et al., 2000), allowing
plants to develop longer roots and better rooting in the early stages of growth
(Glick et al., 1998). The results of the study suggest that inoculation of plants
PGPB with siderophore-producing bacteria can improve the bioavailability
of elements, thereby accelerating the process of remediation of metal-
contaminated soils by phytoextraction. Siderophore-producing PGPB strains
help reduce plant stress by forming stable complexes with environmentally
hazardous toxic metals such as Cd, Cu, Cr, Pb and Zn (Rajkumar et al.,
2006). For example, in the article by Ztoch et al. (2016), the selection of the
most effective strains of siderophore-producing bacteria isolated from the
roots (endophytes) and rhizosphere of Betula pendula L. and Alnus glutinosa
L. growing at two sites contaminated with heavy metals in southern Poland,
the siderophore-producing bacterial strains were found to be more numerous
in the rhizosphere (47%) than in the root (18%). The strains from the genus
Streptomyces synthesized of siderophores most efficiently. Under the stress
of Cd* in the soil, Streptomyces sp. secreted three types of siderophores
- hydroxamates, catecholates, and phenolates. Addition of an element to
the soil increased the synthesis of siderophores, especially the synthesis of
ferrioxamine. Siderophore-producing Pseudomonas aeruginosa increased
the uptake of Cr and Pb by shoots when Zea mays was inoculated. The
translocation coefficient was 4.3 and 3.4, respectively (Braud et al., 2009).
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Phytohormones such as IAA released by PGPR also induce plant growth,
are responsible for metal uptake and activate the plant defense response
against heavy metal stress (Spaepen et al., 2011). It is believed that in
addition to the production of siderophores, auxin, glutathione, low and
high molecular weight proteins, intracellular polyphosphate granules and
polyhydroxy butyric acid (Kulaeva et al., 2004). For example, when Populus
euphraticaa was inoculated with a PGPB strain of Phyllobacterium sp. C65
that produced auxin, production decreased when the zinc concentration in
the medium increased. The C65 strain helped Populus euphraticaa extract
zinc more efficiently from the polluted environment, facilitating growth
inhibition caused by heavy metals (Zhu et al., 2015). Bacteria are known
to alter the ability of plants to bioaccumulate metals by releasing metal-
immobilizing extracellular polymeric substances as well as metal-mobilizing
organic acids and biosurfactants (Ma et al., 2016). PGPRs produce ACC
deaminase, which reduces the production of the stress hormone ethylene.
Extracellular polymeric substances secreted by bacteria, mainly consisting
of polysaccharides, proteins, nucleic acids and lipids, play an important role
in complexing with metals, reducing their bioavailability (Pinto et al., 2018).

The use of PGPRs does not always lead to increased uptake of metals by
plants and soil remediation. PGPRs can reduce the mobility of metals through
the mechanisms of biosorption and bioaccumulation (Pratush et al., 2018).
In biosorption, metals are immobilized through various microbial processes
such as precipitation, accumulation, sequestration and transformation (Ma et
al., 2016). In addition, the ionic state of heavy metals (Cr, Fe, Mn, Hg, and
Se) is influenced by reduction and/or oxidation, which transform the toxic
mobile form into a less toxic immobile form (Ma et al., 2011).

Results and discussion. Phytostabilisation is based on the ability of
plants or plant compounds to stabilize soil pollutant levels at low levels
by depositing heavy metals or reducing the valence of metals in the
rhizosphere, absorption and sequestration in root tissues, or adsorption on
root cell walls (Gerhardt et al., 2017; Kumpiene et al., 2012). An advantage
of phytostabilisation is that it does not require the removal of hazardous
biomass compared to phytoextraction. In phytostabilisation, plants that are
highly resistant to metals can be used to immobilize heavy metals in the
subsurface and reduce their bioavailability. This prevents their migration
into the ecosystem and reduces the likelihood of metals entering the food
chain. The use of plant-associated bacteria capable of synthesizing IAA
and other indole derivatives in the medium is thought to increase the flow
of exudates into the rhizosphere. This leads to intensive proliferation of
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the bacteria and binding of elements in chelate complexes. As a result,
plants can accumulate more pollutants due to the increased solubility and
bioavailability of toxic heavy metals. The ability to synthesize auxins, found
in many bacterial strains, e.g., from the genera Azospirillium, Pseudomonas
and Bacillus, activates the growth of plant roots and provides a strategy
for their colonization (Dodd et al., 2010). It is believed that the increased
synthesis of bacterial IAA under the influence of Pb?* and Cd** ions lead to
increased exudation of carbon compounds and lectins by plant roots, which
in turn leads to increased colonization of plant roots by microorganisms
(Pishchik et al., 2016). Over time, the number of populations on the roots
reaches a state of equilibrium as some of the populations migrate from the
rhizoplane to the rhizosphere. As the number of bacteria in the rhizosphere
increases, so does the number of free Pb>* and Cd** ions bound in chelate
complexes that are inaccessible to the plants. As a result, the uptake of
metals by plants decreases significantly (up to 6-fold). The use of plant-
associated bacteria capable of synthesizing IAA and other indole derivatives
in the medium increases the flow of exudates into the rhizosphere. This leads
to an intensive proliferation of the bacteria and the binding of elements in
chelate complexes. As a result, the plants can accumulate more pollutants
due to the increased solubility and bioavailability of toxic heavy metals.
Yongpisanphop etal. (2021), an S3 strain was isolated from the rhizosphere of
Pityrogramma calomelanos, which grows on heavily Pb-contaminated soils,
produces siderophores and is unable to dissolve phosphate. Partial analysis
of the 16S rRNA gene identified this isolate as a strain phylogenetically
closely related to Arthrobacter humicola. When inoculated with the isolated
Pityrogramma calomelanos strain, the authors showed Pb immobilization,
leading to the conclusion that this strain can be recommended for lead
phytostabilisation. Enhancement of phytoremediation of lead in soil using
the wild species Onopordum acanthium by inoculation with some arbuscular
mycorrhizal fungi and PGPR was found to increase Pb bioavailability, dry
matter yield of shoots and roots, and absorption of the element by the plant
(Karimi et al., 2017), mainly through the root system. When inoculated with
arbuscular mycorrhizal fungi and PGPR, the Pb concentration in the O.
acanthium root was 1.75-2.71 and 1.25-1.53 times higher than in the control
(non-inoculated plants). Furthermore, the article by Shabaan et al. (2021)
confirmed that PGPRs are an effective means of reducing Pb mobility and
can be used effectively for phytostabilisation. The authors showed that the
length of shoots and roots of Pisum sativum L. inoculated with PGPR when
grown on soils contaminated with Pb at concentrations of 0, 250, 500 and 750
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mg kg increased by 21, 15, 18% and 72, 80, 84%, respectively, compared to
non-inoculated control. Fresh biomass of shoots and roots also increased at
Pb concentrations of 250, 500 and 750 mg kg' by 51, 45, 35% and 57, 101,
139%, respectively. Moreover, PGPR inoculation reduced Pb concentration
in roots and shoots by 57, 55, 49%, and 70, 56, 58%, respectively, compared
to the control (non-inoculated plants). The authors suggest using PGPR to
improve the efficiency of phytostabilisation of soils contaminated with the
toxic element lead. Lead is a very harmful and second most toxic element in
nature, characterized by high persistence. It is ranked number one on the list
of priority hazardous substances and causes adverse effects when released
into a living system (Shabaan et al., 2021). Furthermore, Hassan et al. (2017)
showed the effect of PGPR Bacillus cereus and Pseudomonas moraviensis
on wheat yield on saline soil contaminated with trace elements. The authors
found the maximum decrease in the coefficient of biological concentration
for Cd, Co, Cr and Mn. Inoculation of wheat with the P. moraviensis strain
reduced the biological accumulation factor, the translocation factor for Cd,
Cr, Cu, Mn and Ni.

Thus, regulating the accumulation of heavy metals through PGPR is at the
heart of a strategy to address the consequences of environmental pollution.
Phytostabilization technology (conversion of chemical compounds into a
less mobile and active form) is promising for obtaining environmentally
friendly products, as the problem of disposing of the polluted biomass is
eliminated, unlike phytoextraction technology. The site for phytoremediation
is specific, i.e., the use of plants in certain soils and under certain climatic
conditions does not guarantee their successful use in others. The specificity
of the interaction of PGPR with heavy metal resistance depends on the soil
environment, plant type, bioavailability of metal contaminants, composition
of root exudates and nutrient content. The daily increasing contamination of
soils and water bodies with plant metals can best be managed by interaction
with metal-resistant PGPR. This has been the impetus for new research
and the identification of potential PGPRs that play an effective role in
phytoremediation (Shinwari et al., 2015).

Conclusion. Analysis of scientific literature data indicates that PGPRs
in the composition of engineered plant-microbial complexes help the
plant tolerate high metal toxicity due to their resistance to metals and their
simultaneous ability to positively affect phytoremediation productivity. By
altering the solubility and thus the bioavailability of metals, PGPRs have
the potential to improve phytoremediation processes and contribute to an
increase in the accumulation of heavy metals in plants, their migration in
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the “soil - root - soil part of the plants” system (this property is used in
phytoextraction technology) or their localization mainly in the root system,
i.e., transfer to a less mobile and active form through phytostabilisation.

Undoubtedly, the question of the relationship between bacteria and plants
in plant-microbial associations requires fundamental investigation. How
do plants form a microbial community in their root zone that is closely
associated with plants in the presence of environmental pollutants, and how
does inoculation of plants with microorganisms that stimulate their growth
promote soil purification? One of the complex issues in the relationship
between bacteria and plants in plant-microbial associations is the problem
of the genetic mechanism of plants that determines the ability of a plant to
interact with beneficial microorganisms. In this context, ohmic technologies
such as metagenomics, metaproteomics, metatranscriptomics, etc. have
been actively developed in recent years to better understand the function
and interaction of plants and associated microorganisms. It is believed that
the combination of phytotechnology and ohmic technologies can open up
new opportunities for phytoremediation in persistent pollution. known or
emerging pollutants (Vocciante et al., 2022).
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YM. AxmeacapuH —  KpyHNHEHIIMHA  yUYCHBIH-IHIMKIIONEIUCT,
ruaporeosor, reorpad, skouor, I'epoit Conmanuctuyeckoro Tpyna, nuoHep
ruznporeonoru B KazaxcraHe, oquH M3 caMblX SIPKMX IpEICTaBUTENIEH
OrecTsIIel KOropThl YYEHBIX, C €r0 IMEHEM CBS3aH PACLBET Ka3aXCTAHCKOM
Haykd. OH SBJISETCS aBTOPOM YHUKAJIBHOM METOIMKH IOMCKA MOA3EMHBIX
BOJI B 30HE 3aCYLIUINBBIX ITyCTHIHb.

Ero Tpynel, HayuHble OTKpBITMSI HAaMHOIO MEPEXWIN YYEHOro, U
aKTyaJIbHOCTb WX B YCJIOBUSX Je(UIMTAa MPECHOM BOABI HA IUIAHETE
Yype3BbIYaifHO Bo3pacTaeT. PaboTas B CIIOKHBIX KIMMAaTUYECKUX YCIIOBUSIX,
OH 00cJieIoBaJl OTPOMHBIE MPOCTPAHCTBA 3HOMHBIX IE€CUYAHBIX ITYCTHIHb
Kazaxcrana u Cpenneil A3uM, CUMTaBIIMECS COBEPLICHHO O€3BOIHBIMHU,
UCXOJS M3 HayYHBIX IIPEINOCBIIOK, OTKPbUI MHOTOYUCIIEHHBIE 110136 MHbIE
MOpsi, 03epa, pPeKH, pacmudpoBad U OOBIACHWI HUX MPOUCXOKICHHUE,
OIIPENEIWII PECYPCHl U HAMETHII IIIMPOKUE NEPCIIEKTUBBI UX UCIIOIb30BaHU
Ha OJ1aro yesoBe4YecTBa.

Ilocne ycnemHon 3auThl KaHIUAATCKON auccepranud B MOCKOBCKOM
reosioropasseiouHoM uHctuTyTe MM. C. Opmxonukunaze B 1940 ronmy,
no comnacosanuto ¢ Buue-npesugeHTom AH CCCP, axkanemuxom O.1O.
[IImuaroM, ObLT HampaBiieH B Ka3aXCTaHCKUH ¢winan AKaJeMHHd Hayk
CCCP B 1. Anima-Arte, /1€ UM BIiepBble OblI co3aaH CeKTop rUApOreosoruu
U MH)KEHEPHOU T'€0JIOTHH.

BropaBenukoiiOteuectBeHHOMBOIHBI(1941-19451T) V.M. Axmencadun
OpraHHU30BaJl ¥ BO3IVIaBUJI KOMIUIEKCHYO DKCIIEIULIMIO B IIy CTBIHHBIE pAallOHBI
pecryOiauKH Ui BBIABICHHUS BO3MOKHOCTEH HAXOXKICHUS M COJCpIKAHUSA
9BAaKyMpPOBaHHBIX Ha BOCTOK 3aBOZOB, NPEANPHUATUI U CKOTA: IPEICTOSIIO
BBISICHUTb, UMEETCS JIM B IYCTBIHAX JOCTAaTOYHOE KOJUYECTBO MOA3EMHBIX
BoJ. Okazanoch, 4To B oOcienoBaHHBIX pailonax FOxnoro Kaszaxcrana
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MecYaHble IMyCTHIHU He OE3BOJAHBI MU B HHUX HIMPOKO PACHpPOCTPaHEHBI
T00pOKaUYeCTBEHHBIC ITOA3EMHBIE BOJIBI, IIPUTOHBIC IS UCIIOJIb30BAHMS.

B 1947 . YM. Axmencadun 3amuTuil AOKTOPCKYIO JUCCEPTALUIO B
Mockse. B 1951 roay Beimyctun Oombiryto mMoHorpaduto «Ilomzemubie
BOJIBI TECUAHBIX MACCUBOB IKHOW yactu Kaszaxcrana». B atoit pabore u
B pslie CTaTeil BIEpBbIE B OTEUECTBEHHON U 3apyOexHOU TUApOTeooTur
BCECTOPOHHE OCBEIIAETCS MH(UIBTPAIMOHHOE MIPOUCXOXKICHHE,
HAKOILJICHHE, PAcHpOCTPAaHEHHE PETHOHANBHBIX PECYpCOB TMOA3EMHBIX
BOJI, METOJOB HUX ONpeJesieHus. BbIgBIEHHbIE TpPU D3TOM PECYpChI
N0OPOKaYeCTBEHHBIX MMOI3EMHBIX BOJ AAJIM MOIIHBIN UMITYJIBC K Pa3BUTHIO
apUIHON THIPOTCOIOTHH.

B roael ocBoeHus IIeHHBIX 3eMmenb Y. AxmencaduH BO3IIABHII
ruaporeonorndeckue uccienaopanus B CeepHom Kazaxcrane. 3mech
OBLITH ONpeIeTIeHbI TIEPCTICKTUBHBIE BOJOHOCHBIE TOPHU30HTHI, COJIEPIKAIIINE
3HAYUTEIIBHBIC 3aI1achl MOA3EMHBIX BOJI, 3 CUET KOTOPBIX PeIlIeHa mpodiiemMa
BooobecneueHust 400 IEIMHHBIX COBX030B, KOJIX030B, MHOTHX PallOHHBIX
LIEHTPOB, JKEJIE3HOJOPOKHBIX CTAHIUH | T.I.

BboneeuerBeptu Beka Y. Axmencadun u3yda riyOMHHYO THIPOTEOI0T IO
apuIHBIX pailoHoB. [Ipu 3TOM UM ObUIH YCTaHOBIICHBI HAYYHbBIE TTOJIOKEHUS,
HMEIOIIME TEPBOCTEIICHHOE 3HAu€HHWE HE ToJIbKo i Kazaxcrana, HO
U N1 MHOTHUX 3acCylUIMBBIX pa3BUBAIOMIMXCS cTpaH. OHM MO3BOIHIN
€My BIEpPBbIE B HUCTOPUU THIPOTEOIOTMUYECKUX HMCCIENIOBAaHUI y HAaC U 3a
pyOexoM co3naTh U OmyOnuKoBaTh (yHIAMEHTAIbHbBIE IPOTHO3HBIE KAPThI
apTre3uaHcKkux OacceitHoB (¢ MoHorpadwusimu), BbIIBUTh 70 apTe3MaHCKHUX
0acceiHOB, OIIEHUTH COJEP)KAIIMECS B HUX OTPOMHBIC BEKOBBIC 3aItachl
NO0OpOKAUYeCTBEHHBIX  TOJ3EMHBIX BOJ, paBHbIE 7,5 TPUUIMOHAM
KybomeTpoB (comsmepumbie ¢ oobemMom 70-u o3ep banxarr), exeromHo
BO300HOBIISIFOIIMECS B pazMepe 48 MIpI.Ky0. METPOB.

B 1951 rony VY. Axmencadun u3dbupaercsi 4iIeHOM-KOPPECIOHIEHTOM, a
B 1954 — akanemukom Akanemuu Hayk Kazaxckoit CCP. B 1965 1. Bnepsbie
OpraHu3oBajl eIMHCTBEHHBIN B cucteme Akaaemuil Hayk CCCP Uucturyr
THAPOTCOIOTHU U THIPOPUZUKH.

Ero kpynHble Hay4HbIE JOCTHKEHHS MO3BOJIUIN 00€CTIEYUTh MOI36MHON
Boziol okosio 69 roponoB Ka3zaxcraHna, 4 ThICSYM HACENEHHBIX IYHKTOB,
00BoAHUTH 115 MiTH.Ta macTOuI, opocuTh 10 60 THICAY Ta 3eMEb.

OO6nanas napoM Hay4yHOTO MPEABHACHUS W OOJNBIIUM IMPAKTHUYECKUM
ombIToM, Y. AxmencaduH BbICTyHal MPOTHUB CO3JIAHUS HEKOTOPBIX
THIPOTEXHUYECKUX COOPYKEHMM, MOTYIIMX BbI3BATh OSKOJIOTUYECKUE
karacTpodsl. Bo MHOrOM ero mporHo3sl MOATBEPAUINCE. OH €TMHCTBCHHBIN
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HE TIOJINTKCAJT 3aKJIFOUCHHUE MTPABUTEILCTBEHHONW KOMUCCHH O CTPOUTEILCTBE
KbI3bUIKYMCKOTO KaHama, T.K. 3TO MPUBENO Obl K YMEHBIICHUIO IPUTOKA PEKU
Cripnapbu B ApalibCKoe MOpE U TEM CaMbIM CITIOCOOCTBOBAIIO OBl YChIXaHHUIO
ApaiabCKoro Mopsi.

BasxubIM BopocoM npo0ieMbl 0XpaHbl OKPY>KaroIiel cpeibl Oblia 0OXpaHa
o3epa banxanr B ¢Bsi3u co cTpouTenbcTBOM Karmuaraickoro BOJoXpaHIIHINA
Ha peke Mmu. CTpoHuTenbCcTBO M 3a00p 3HAYUTEIBLHOTO KOJIMYECTBA BOIBI
n3 pekun My Ha ero 3amojiHEHHE MOINIM IPUBECTH 03epo banxam k
ydacTu ApalbCKOro MOpsi, T.e. K YCBIXaHHIO €ro KPYIHOH aensThl. Emy
noTpeboBaIuCh OONBIINE YCUIIHS, HAyYHbIE J0Ka3aTeIbCTBA, B TOM YHCIIE
U Ha MPaBUTEIHCTBEHHOM YpPOBHE, YTOOBI MMOKA3aTh HELEIeCO00pa3HOCTh
CTPOUTENILCTBA BOJIOXPAHUIIUINA U, YK BO BCSIKOM ClIydae HEe J0 MPOEKTHOM
oTMeTKU. B pesynbrare ynmajioch OTCTOATh MHUHHUMAJbHYIO OTMETKY
3aMOTHEHUST BOJOXPAHWIMINA W HEPaCIIMPEHHUS PHUCOBBIX IUIAHTAIMA B
HU30BbAX peku Mnu. Takum 06pa3zom yaanock crnacta o3epo bamxam xors
OBl Ha TIEPHO/T 3aITOJIHCHHSI BOJOXPAHMIIHIIA.

OH TaKxxe 000CHOBAJ ITOJIOKEHHE, UTO CTPOUTEIILCTBO THAPOTEXHHUECKUX
COOPY)KEHHUH Ha peKax, MPOTEKAIOIIMX B IYCTBIHHBIX palOHAX, MOXET
MoBJIeYb 32 cO00H yChIXaHHE BOJIHBIX OaccelHOB (03ep), B KOTOPbIE OHU
BIaJAI0T. B 30HaX C MOBBIIIEHHO celicCMUYECKOM aKTUBHOCTHIO — YCHIIUBATh
O0aJTLHOCTB 3eMJIeTpsiICeHUH. B TO ke BpeMsl MpaBHIIBHOE HMCIIOIb30BaHUE
MOJI3€MHBIX BOJ B 3TUX PaOHAX CHUXKAET OAJITIbHOCThH 3€MJICTPSICCHHIA.

YM. AxmencaduH SBISUICS PBAHBIM TMPOTUBHUKOM IEPEOPOCKH
Cubupckux pek B Kazaxcran u Cpennioro A3uto. COBMECTHBIMU YCUITHSIMU
¢ yuenbiMu apyrux Pecnyomuk CCCP npunsiTHE 3TOro pelieHus Obuio
MIPUOCTAHOBJICHO.

YM. AxwmencaduH SBISICTCS OCHOBATEIEM THIPOTCOJIOTHUECKON
HayKHd M cO3JaresieM IIKOJIbI apuaHoi reojoruu B Kazaxcrane. MM Obuio
MOATrOTOBJIEHO Oonee 60 KaHIUAATOB M JOKTOPOB Hayk. Kpome HaydHOM
paboThl, 3aHUMAJICS IMPEINOJAaBATEIbCKON JEATEIBLHOCTBIO, 3aBEIOBaJ
Kadenapoil TUAPOreoIOrud U WHKEHEPHOU reosioruu B KazaxckoMm ropHo-
MeTauryprudaeckom uHeturyte. B 1949 rony emy ObU10 IpHCBOEHO 3BaHUE
npodeccopa.

YM. Axwmencadun OblT rocymapcTBeHHbIM festeneM. B 1955-59
roznax u3dupascs aemnyraroMm u wieHoMm [Ipesunuyma BepxoBHoro Cosera
Kazaxckoit CCP IV co3biBa.

B 1955-60 rr. YM. Axmencadun Obutl wieHoMm [maporeosoruyeckoi
cekuuu HanmmonansHoro komuteta reojoroB KOHECKO. On HeogHOKpaTHO
oka3zpiBaj momoIb uepe3 KOHECKO B ruporeonornyeckux uccie10BaHusIxX
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BO MHOTHUX CTpaHax Mupa, B aBrycre 1960 r. oH cuenan JIokjaj Ha
TUAPOT€0I0OrHYeCKOM CeKIMU MexTyHapOAHOTO T€0JIOrMYEeCKOro KOHrpecca
B Konenrarene. B 1979 1. nmpoBoausi MeXayHapoAHbIE KypChbl MO JIMHUU
FOHEII B Mockse, Anma-Ate u YnMKEHTE 110 SKOJIOTHH IMacTOUII MUpa, Ha
KOTOPBIX MPUCYTCTBOBAIU MpPEACTaBUTENN adpUKAHCKUX, apaOCKUX CTpaH
U ApreHTUHBI, HEOJHOKPATHO KOHCYJIBTHPOBAJ IO BOIIPOCAaM OpPOILIEHUS
3aCyLUIMBBIX 3€Mellb IpeacraBuTeneil ApcTpanuu, W3pawns, Benrpuw,
®panuun u Kyseiita.

YM. AxwmencapuH HarpaxJIeH MHOTHMH IIPaBUTEIbCTBEHHBIMHU
narpagamu CCCP. B 1969 rogy oH Obul HarpakJeH BbICIIEH Harpaaon
CCCP, emy 6110 npucBoeHo 3Banue ['epos Counanuctuueckoro Tpyna.

Y.M. Axmencadun onyonukosain okoso 500 neyaTHbix padboT: u3 Hux 18
MoHoTpaduii 1 18 ruAPOreoIOrnIeCcKuX Kapr.

Y4uuThIBas 3aCIYTH YUYEHOTO, TOCJIE €0 CMEPTHU €ro UMs ObLJIO IPUCBOCHO
co31aHHOMY UM HCTUTYTY THAPOTEOI0OTHH U TUAPO(DU3UKH, OTHON U3 YIUIL
Anma-ATsl, yaeOHOMY 3aBeicHHIO Ha ero poauHe B CeBepo-KazaxcTanckoit
00J1acTH.

100-ntetue yuenoro nmpooguioch nog srugoit KOHECKO.
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CeeTJioN nmamMsaTu

CAJIBIKOBOW AJLJIBI
BANCBIMAKOBHBI

1 mrons 2022 roga Ha 76-M TOY KU3HU MOCIE HEMPOJODKUTEIBHON 00Ie3HI
ckonuanacs CagpikoBa AJiiia balicbiMakoBHA — TOKTOP PU3NKO-MaTEeMaTHIECKUX
HayK, akajeMuk MexayHapoanoit Epasuiickoit akamemun Hayk (IEAS),
3aBeaylomas jaboparopueid pernoHaibHoi ceiicMmunoctn TOO MHWucTtHTyTa
ceiicmonornn MYC Pecnybnuku Kazaxcran.

Anna baiicbiIMakoBHAa — W3BECTHBIM YYEHBI, HAy4HbBI pPyKOBOJUTEID
[IporpamMmer  «OneHKa CEHCMHUYECKOH OIACHOCTH TEPPUTOPHMA obmacTedl u
roponoB Ka3zaxcraHa Ha COBpEMEHHON Hay4YHO-METOJUYECKOM OCHOBE», OIMH
U3 aBTOPOB KapT celicMHYecKoro paiioHupoBaHust Teppuropun Kaszaxcrana
pa3HOM NeTalbHOCTH U CEHCMHUYECKOTO MUKpPOPAHOHMPOBAHUS TEPPUTOPUHU T.
ATnMarsl, BXOAALINX B IEPEUEHb HOPMATUBHBIX JOKYMEHTOB, PENIAMEHTHPYIOIINX
MIPOEKTUPOBAHUE U CTPOUTEILCTBO B CEIICMOAKTUBHBIX pernoHax KazaxcraHa.

Anna balicbiIMakoBHa pojuiIack B ceMbe ciyskamiero B ropozae llIbivkeHTe
HOxno-Kazaxcranckoit obnmactu 14 mas 1946 ropma, cpa3dy mociie OKOHYaHHS
JlennHrpaackoro By3a Hayasa paboTaTh B ceKTOpe ceiicMoioruu npu MHcTuTyTe
reonorun Axanemun Hayk KazCCP, na 6a3ze kotoporo B 1976 r. 6611 chopmupoBan
WncTtutyT ceiicMonornu. 37ech OHAa 3alUTHIIA KaHAWJATCKYIO JUCCEPTAIMIO B
1992 1., a 3atem B 2010 I. — TOKTOPCKYIO Ha TeMy «CelcMOIOTHYECKUE U T€0JIOr0-
reoU3MYECKUe OCHOBBI BEPOSTHOCTHOW OIIGHKH CEHCMHYECKOM OMacHOCTH
Kazaxcrana».

Anna baliceimakoBHa — aBTop Oosiee 160 Hay4HBIX M HAyYHO-METOIUYECKUX
pabor, B T.4. 7 MoHOTpaduii (B cOaBTOpPCTBE) B 00JIACTH M3yUEHHsI 0COOCHHOCTEH
MPOSIBIICHUST 3EMJICTPACEHHH, pa3pabOTKU METOOUKH JIOIr0- M CPEJHECPOUHOTO
MIPOTHO3a 3eMJIETPSICEHUH 1 OLEHKH ceiicMuyeckoi omacHocTH. Ee Monorpadus
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«Celicmuueckasi onacHOCTh Tepputopun Kazaxcrana» (Anmarel, 2012, 267 c.)
SIBISIETCS. (PyHIaMEHTAIBHBIM TPYIOM, TJ€ W3JI0KEHBI Pe3yJIbTaThl MHOTOJIETHUX
WCCIIEZIOBAaHUN OCOOCHHOCTEH CEHCMHYHOCTH ¥ CEHCMHYECKOTO peXuMa
tepputopun Kazaxcrana. Kuwura «3emnerpsicenus Kazaxcrana: mNpUYMHBI,
MOCIICAICTBHS U celicMuvecKasi Oe3ormacHOCTh» (B coaBTopcTBe, Acrana, 2019,
290 c.) siBisieTCS HAYYHO-TIOMYJISPHBIM H3JaHHEM O COBPEMEHHOM COCTOSTHUU
po0OIeMBbl U3ydeHHs 3eMieTpsiceHuil B Kasaxcrane, riie OTMEYeHBI BCe TPYIHOCTH
MIPOTHO3a 3EMJICTPSICEHUI W OTBEICHO MECTO HAyYHBIM W OOIIECTBEHHBIM MepaM
MIPOTHUBOCTOSIHUS CTHXUH — CEHCMO3aIIuTe.

Ha mpotskennn MHorux net Ama balickiMakoBHa ObLTa YYEHBIM CEKpeTapeM
MEXBEIOMCTBEHHOW KOMUCCHH IO ITPOTHO3Y 3eMJICTPSCEHUH U ITPE/ICTaBIISIIA HAIITY
CTpaHy B MEXAYHApPOIHBIX opraHuzanusx. OHa aKTUBHO COTPYAHHYAJA CO BCEMHU
CEHCMOIOTHYECKUMU YIPEKICHUSIMU, ObLITa YISHOM Pa3IIUIHBIX PECITyOIIMKaHCKAX
KOMUCCHH, YhTana Kypc JIEKIHA M0 CHEeIHaTbHOCTH «CeHCMOTIOoT s Ha Kadeape
reopusuku KasHTY um. CarnaeBa. Ee HeoqHOKpaTHBIE BBICTYIIIICHHUS 110 PAANO U
TEJICBHUJICHUIO, MHOTOYHCIICHHBIE NHTEPBBIO B CPEACTBAX MACCOBOH MH(DOpMAaIiH
ObUTH HaIlpaBlIeHbl HAa HM3JIOKEHHE 3HAHWM O 3eMIICTPSCEHHSX — MPUYMHAX WX
BO3HUKHOBEHHSI, CBSI3aHHBIX C HUMH OITACHOCTSAMH, METOJaX WX HW3yYeHUs W
BO3MOXXHOCTSIMH TIPOTHO3A.

JIto60Bb K ceficmonorun Aina balickiMakoBHa COXpaHWIIa 10 KOHIA xu3HH. J[o
MTOCJICZIHETO JTHS OHA OCTaBajach Ha paboTe, BKIAJbIBas B Hee BCe (hHU3MUECKUE
W JyUIeBHBIE CHIIBI, SBISIE COOOM MpUMep MPEJaHHOTO M CaMOOTBEPIKEHHOTO
CIIy’)KEHUS HayKe, BbICOYAMIIell pabOTOCIOCOOHOCTH ¥ OTBETCTBEHHOCTH,
1[eJIeyCTPEMIIEHHOCTH, YYTKOCTH U OECKOPBICTHSI, HEPABHO/YIITHOTO OTHOIIEHUS K
MO00H XU3HEHHOH cutyaruu. 3acmyru CaapikoBoit A.b. oTMedeHBl Memanbio 3a
BKJIaJ B HayKy B yecTh 30-nerusa HezaBucumoctu PK, rpamoramu, numnmomamu.

bnaromapss BBICOKMM TpO(ECCHOHANBHBIM M JIMYHBIM KauecTBaM Aumia
BaiickiMakoBHa T0Ih30Banach OE3yCIOBHBIM aBTOPUTETOM CPEIU Ka3aXCTaHCKHX
1 3apyOeXHBIX crenuaincToB. OHa MPOXHUIA TOCTOMHYIO JKH3HBb YBa)KaeMOTO
YeloBeKa, TITyOOKOT0 MBICTUTENS U MPEIaHHOTO CBOEMY JIely y4eHoro. bomee 45
neT oHa Obua BMecTe ¢ MmyxeM E.T. CafbIkoBbIM, WMes ChIHA M YETBEPHIX BHYKOB.

1 uronst 2022 mepecTano OUTHCS ceplille dTOW YIWBUTEIBHOMN KEHITUHBI, HO B
HaIIUX Cep/Iax Bcerna Oy/IeT )KUTh CBeTIIast TaMsITh 0 Hell. MbI OyieM TOMHHTB ATLTY
BaiichiMakoBHY Kak TITyOOKO MHTEITUTEHTHOTO, OT3BIBUMBOTO, KH3HEPATOCTHOTO,
HEOOBIYAIHO JIEATEIILHOTO YeJI0BEKa M TAIAHTIUBOTO YYeHOTO. Ee yxom — Oosbinas
notepst st Haykn Kazaxcrana. Ammbl baiiceimakoBHBI CaIbIKOBO# OOJBIIE HET C
Hamu. Ho ocranock ee Oorareiimee HaydHOE HACTeNUe, YYSHUKHU, KOTOPbIE OyIyT
MIPOJIOIDKATH JIEJI0 CBOETO HacTaBHUKA. OcTanachk 100pasi maMsITh 00 TOM CBETIIOM,

AYHICBHO ICAPOM YCIIOBCKE.

OT UMeHH COPATHUKOB U KOJLJIeT Mo padore
npodeccop A. HypmaramoeToB
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