Punsaldulam & Anumandal / Proc. Inst. Biol. 39 (2023) 30-68

PROCEEDINGS OF

PIB

THE INSTITUTE OF BIOLOGY

Review

https://doi.org/10.5564/pib.v39i1.3144

Microbial exopolymers for soil restoration and remediation: current progress
and future perspectives

Dashnyam PunsaLpuLaM™ (2 and Orgil ANUMANDAL

Laboratory of Microbial Synthesis, Institute of Biology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia
*Corresponding author: punsaldulam_d@mas.ac.mn, https://orcid.org/0000-0003-1086-397X

Abstract. Soil degradation and pollution are pervasive global challenges caused by climate change
and anthropogenic activities. To address these issues, seeking environmentally friendly and sustainable
solutions to restore degraded soils and remediate polluted ones is imperative. One promising avenue lies
in the utilization of microbial exopolymers, which can play a pivotal role in rejuvenating soil health by
enhancing its physical, chemical, and biological properties. Microbial exopolymers, through their various
functional groups, facilitate interactions that bind soil particles together, thereby promoting soil aggregation
and immobilizing soil pollutants. Thus, the application of exopolymers holds the potential to enable soils
to continue providing its essential ecosystem services. Despite significant progress in evaluating the
impact of microbial exopolymers on soil properties, there remains a pressing need to overcome existing
challenges that hinder the large-scale use of microbial exopolymers for soil restoration and remediation. The
significant challenges include (i) inadequate understanding on the effectiveness and safety of exogenous
microorganisms and their interactions with native soil biotic and abiotic factors, (ii) the lack of feasible
methods for characterizing the constituents of exopolymers produced by soil microbial community, (iii)
insufficient efforts in exploring the community diversity of soil microorganisms capable of producing
exopolymers in various soils, and (iv) inadequate effort on aligning the molecular characteristics of
exopolymers with the specific application purposes. To harness the full potential of microbial exopolymers,
interdisciplinary approaches are paramount in achieving improved effectiveness of soil restoration and
bioremediation endeavors, which are of utmost importance in the ever-changing environment.
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processes including anthropogenic climate change,
expressed as long-term reduction or loss of at least one
of the following: biological productivity, ecological

1. Introduction

1.1 Background on soil degradation and pollution

Land, inclusive of its water bodies, serves as the
foundation for human livelihoods and well-being
by supporting primary productivity, the provision of
food, freshwater among other ecosystem services [1].
However, human activities, in conjunction with climate
change-related events, are leading to land deterioration
and biodiversity loss on our planet [2], [3]. According
to the Intergovernmental Panel on Climate Change,
land degradation is defined as “a negative trend in land
condition, caused by direct or indirect human-induced

integrity or value to humans”. Failing to address land
degradation will result in increased emissions and
reduced carbon sinks, which is inconsistent with the
emissions reductions required to bring global warming
to 1.5°C or 2°C [1].

The Food and Agriculture Organization defines
soil degradation as “a change in the soil health status
resulting in a diminished capacity of the ecosystem to
provide goods and services for its beneficiaries”. Soil
health — characterized by its functionality and ecological
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equilibrium —depends on physical attributes like porosity,
moisture, and texture; chemical components including
organic matter and nutrients level; and biological
factors such as microbial diversity, soil respiration,
and microbial biomass [4]. Over the course of several
decades, soil health has experienced a steady decline,
posing significant risks to human well-being and food
security [1].

The physical health of soil can be damaged due to
various factors like soil erosion (induced by both water
and wind), mining, and deforestation. Desertification,
a form of land degradation in drylands, including
arid, semi-arid, and dry sub-humid regions, results
from numerous factors, including human activities
and climatic variations. The extent and severity of
desertification have increased in some dryland areas over
the past few decades, with projected risks of intensifying
due to climate change [1]. Another form of soil health
degradation is soil pollution. Soil pollution refers to a
toxic chemical or substance in the soil at higher-than-
normal concentrations, which have adverse effects on
any non-targeted organism [5]. Soil pollution —typically
the result of the introduction of toxic substances, such as
chemical fertilizers, pesticides, and oil spills —can result
in reduction of both soil chemical and biological health
[4]. Thus, soil pollution can directly impact human
health and severely degrade major ecosystem services
that soil provides [5].

To achieve the Sustainable Development Goals of the
United Nations, the development and implementation of
environmentally friendly technologies are essential to
remediate the polluted soils and restore the degraded soils.
Conventional methods are not always accessible for low-
income countries, or they generate another environmental
problem in the long run [6]. Bioremediation, on the other
hand, involves the degradation of hazardous pollutants
to nonhazardous substances using biological agents.
Various microbial mechanisms enable breakdown,
transformation, and stabilization of various pollutants
[7]. However, when restoring disturbed soils or soils
affected by desertification, it becomes imperative to
employ techniques that can simultaneously restore the
soil’s physical, chemical, and biological properties.
Thus, developing microbial technologies tailored to
meet these multifaceted soil restoration requirements is
of utmost importance.

1.2 Significance of microbial exopolymers in soil
health

Soil microorganisms play a vital role in the cycling
of soil organic carbon and nutrients. They both produce
and consume greenhouse gases, making them central
to climate regulation [2], [8]. These microorganisms

offer a range of ecosystem services, including providing
essential resources, regulating factors such as climate,
water, and decontamination, and the support of critical
processes like organic matter transformation, soil
formation, and plant growth [9]. The structure of soil is a
key determinant of its ability to perform these functions
effectively. Soil structure is formed by arranging soil
particles into aggregates and associated pore networks.
The soil aggregates represent the foundational units
of soil structure. These units define the soil’s critical
physical and mechanical properties, including water
retention, water movement, aeration, and temperature
regulation. These properties, in turn, profoundly
impact the physical, chemical, and biological processes
occurring in the soil [10], [11].

A recent global-scale meta-analysis has highlighted
the significant contributions of soil bacteria and fungi
in soil aggregate formation. Bacteria have a substantial
impact on both macro and micro-aggregates, whereas
fungi predominantly influence macro aggregation.
They contribute to soil aggregation through various
mechanisms [3]. One of the mechanisms is the production
of exopolymers by soil microorganisms. Exopolymers
promote soil aggregation, acting as a binding agent at
the micrometer scale. Therefore, microbial exopolymers
have garnered considerable attention as an eco-friendly
approach to soil remediation and restoration.

1.3 Objectives of the review

Application of microbial exopolymers in various
industries, including food, medicine, textiles, cosmetics,
and environmental fields have been well documented
[12]-[16]. Moreover, several reviews have provided
comprehensive insights into the functional roles and
biosynthetic pathways and genetic regulations of
microbial exopolymers [17]-[20]. However, utilization
of microbial exopolymers in soil bioremediation and
restoration remains relatively underexplored, primarily
due to the challenges associated with investigating
the interactions of microbial exopolymers mixture in
natural environments [21]. Despite these difficulties,
numerous research articles have reported the positive
impact of microbial exopolymers on soil health. In
this review, we focus on elucidating the mechanisms
by which microbial exopolymers enhance soil health,
encompassing physical, chemical, and biological
aspects. First, we provide a brief overview of microbial
exopolymers’ composition, biosynthesis, and functional
roles. Subsequently, we present a summary of the current
state of knowledge regarding the potential applications
of microbial exopolymers and the microorganisms
responsible for their production in two key areas: (i)
the restoration of soils that have been degraded, (ii) the
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remediation of soils contaminated with heavy metals
and xenobiotics. Lastly, we conclude by discussing
the existing challenges and outlining future research
directions in microbial exopolymers for soil restoration
and remediation.

2. Soil microbial exopolymers: An overview

2.1 Definition and functions of soil microbial

exopolymers

Early research mainly focused on polysaccharides, but
it has become clear that proteins, nucleic acids, and other
compounds also significantly contribute to composition
of microbial exopolymers or extracellular polymeric
substances (EPS) [22]-[26]. This section is dedicated
to introducing the major components of microbial EPS
found in soil, namely polysaccharide and protein. This
is because the following sections will be focusing on
discussing the potential application of EPS as a whole
or its polysaccharides and proteins. The term ‘EPS’
can sometimes be confused with exopolysaccharides.
Throughout this review, we will use the term ‘EPS’ to
refer to a mixture of polymeric substances secreted by
microorganisms into their surrounding environment.
When available, we will define the specific constituents
of EPS as EPS-polysaccharides or EPS-protein.

2.1.1 EPS-polysaccharides

Polysaccharides constitute a substantial part of
biofilm matrices, serving crucial functions in microbial
communities. Microbial polysaccharides fall into two
main categories: homopolysaccharides, composed of a
single monosaccharide unit, and heteropolysaccharides,
consisting of multiple monosaccharides, with
heteropolysaccharides being the dominant type [27]—
[30]. Different microorganisms produce various
polysaccharides with distinct structure and composition.
Some microorganisms produce a single type of
polysaccharide, whereas others produce more than one
polysaccharide with different structure and function.
Pseudomonas aeruginosa, for example, secretes
various polysaccharide types, including alginate, Pel
and Psl, each contributing to different stages of biofilm
formation, where alginate enhances mechanical stability,
while Pel and Ps/ contribute in biofilm establishment
and surface adherence [31]. Analytical methods for
structural elucidation of exopolysaccharides extracted
from individual microbial isolates are well established
[32]. However, direct analysis of soil-extracted EPS-
polysaccharides remains challenging due to their
low abundance in soil and difficulties related to their
purification and characterization.

2.1.2 EPS-protein

Identifying and characterizing soil proteins are
challenging due to their interaction with humic acid and
soil matrix [33]. The major extracellular protein in soil
is a glomalin-related soil protein (GRSP). Although their
origin remains dubious, GRSP represents an important
group of EPS. Most research seem to agree that arbuscular
mycorrhizal fungi secrete GRSP [34]-[38]. However,
it was suggested that these proteins could be secreted
by free living bacteria [39]. A proteomic technique
revealed that glomalin might be thioredoxin-containing
chaperon, and not be mycorrhizal origin. The authors
detected large amount of soil-related heat stable proteins
and protein of non-mycorrhizal origin in GRSP [40]. It
was suggested that GRSP fraction could represent soil
microbial EPS more than glomalin. Redmile-Gordon e?
al. [39] proposed the cation exchange resin as the most
suitable method to extract soil microbial EPS, with less
humic acid contamination and intracellular components.
Soil microbial EPS extracted with this method contains
both EPS-polysaccharide and EPS-protein. The ratio of
the two components vary depending on environmental
variables [39], [41]-[44].

2.2 Functions of soil microbial exopolymers

EPS production by microbes is a resource-intensive
and energy-demanding process. Thus, EPS confers
competitive advantages for soil microorganisms by
enhancing quorum sensing and adhesion [45]. EPS also
can preserve carbon and trap nutrients for microbial
uptake. Additionally, EPS serves various functions,
mostly centered around protecting the producing
microorganisms from a range of abiotic stresses such
as drought, temperature and pH extremes, salinity, and
oxidation, and exposure to soil pollutants such as heavy
metals and xenobiotics [10]. For example, samples
collected from Arctic Sea ice have revealed notably
high concentrations of EPS, which act as a shield for
microorganisms, protecting the harsh environmental
conditions experienced during the winter season.
Exopolymers produced by Bacillus sp. strain B3-72
and Geobacillus tepidamans V264 exhibit resistance to
dissolution at elevated temperatures [46]-[48].

Additionally, EPS enhances the transfer of genetic
material and improves microbe-host (plant) interactions
[10]. For instance, EPS play a crucial role in symbiosis
between nitrogen-fixing rhizobia and plants [49]. It
has been demonstrated that plants can recognize the
structure of EPS produced by rhizobia. The interaction
between the EPS of Mesorhizobium loti strain R7A and
Lotus japonicus was recently shown to be mediated by
a receptor expressed by the plant. L. japonicus produces a
receptor that binds to and permits infection by only bacteria
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Fig. 1. A schematic illustration of how the application of EPS can improve soil restoration efforts.

that produce EPS with a specific structure [50], [51].

3. Applications of microbial EPS in soil restoration

While synthetic polymers are proven effective in
enhancing soil properties, they suffer from low or no
degradation in nature and can release potentially toxic
compounds into the environment. In contrast, microbial
EPS represents an environmentally friendly alternative
to traditional chemical polymers due to its exceptional
biodegradability, cost-effectiveness, and non-toxic
nature for both humans and the environment [10], [15],
[52]-[55]. Various biopolymers have been utilized in
soil restoration to improve its physical, chemical, and
biological properties and enhance the bioremediation
efficiency of both organic and inorganic pollutants [56].
In the following section, we aim to categorize current
findings regarding how microbial EPS influences soil
health by impacting its physical, chemical, and biological
properties (Fig. 1).

3.1 Role of microbial EPS in enhancing soil physical
properties

3.1.1 Soil aggregating agent

Although microbial EPS has been known for their
ability to associate with soil minerals and promote
soil aggregation since 1990s [57], [58], researchers’
interest in the role of EPS for soil health has only
recently increased. This can likely be attributed to their
recognized importance in protecting soil organic matter.
A recent study, using high-resolution X-ray computed
tomography, confirmed that EPS and mucilage connect
soil particles that did not break apart upon drying due to
their properties such as high viscosity and low surface
tension [59]. Currently, researchers seem to support the

idea that EPS-producing microbes or extracted EPS can
be used to enhance soil aggregation in degraded soils.

Several researchers have reported a positive
correlation between soil EPS content and soil aggregate
stability [42], [60]-[62]. Microcosm and pot experiments
have demonstrated that EPS-producing microorganisms
promoted soil aggregation and increased aggregate
stability. For instance, Pseudomonas chlororaphis A20
and Bacillus proteolyticus A27 were found to increase
water-stable macroaggregates in silt clay loam soil [63].
In another study, acid-tolerant B. amiloliquefaciens
pl6 provided acid tolerance to the bacteria while
promoting soil aggregation [64], although the soil type
used in this research was not specified. EPS produced
by Microbacterium arborescens, a bacterium associated
with a sand dune plant, demonstrated the ability to
enhance aggregation in sandy soil [65]. Inoculating two
indigenous cyanobacteria, Nostoc ellipsosporum HH-
205 and Nostoc punctiforme HH-206 improved soil
aggregate stability in salt affected area [66]. It seems that
EPS-producing microbes can propagate in various soils
and improve soil aggregation.

Researchers have also explored the relative
contribution of EPS constituents in enhancing soil
aggregation. Rather than total SOC, EPS-polysaccharide
and EPS-protein were correlated with soil structural
stability, but EPS-protein was more closely related
to aggregate stability than EPS-polysaccharide [42].
Another research reported that EPS-polysaccharide did
not correlate with aggregate stability in soil with and
without labile substrate addition, whereas EPS-protein
showed a positive correlation [67]. It was suggested that
the hydrophobicity of EPS, which can be responsible for
gel formation, particle aggregation, and bio-flocculation,
was mainly regulated by their relative protein to
polysaccharide contents [68].
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The application of calcium alginate has been shown
to promote soil aggregation [69]. However, it is important
to note that the binding ability of EPS-polysaccharide
depends on its linear structure, length, and flexibility,
which enable the formation of hydrogen bonds, Van der
Waals interaction, and ionic interactions. Soil physical
and chemical properties, such as pH, can influence the
charges of molecules [10]. Thus, the effectiveness of
pure polysaccharides in enhancing soil aggregation
could vary depending on soil type.

3.1.2 Soil erosion control

Degraded dryland soils are typically characterized by
poor aggregation and high susceptibility to erosion due to
their fine-grained particles, low organic matter content,
and sporadic vegetation cover [70]. Desertification
exacerbates the issue by reducing the plant cover and
biocrust, resulting in the expansion of barren soils. Dust
emissions from these barren soils pose threats to human
livelihood and the environment. Desert dust can transport
highly resilient alien particle-bound microorganisms to
intra and intercontinental distances, potentially becoming
invaders in sensitive or pristine sink environments and
posing risks as potential pathogens for food crops or
humans [71].

EPS-producing bacterial strains or purified EPS
in these eroded lands can be utilized to stabilize the
surface, which can aid in maintaining soil architecture
[72]. Positive outcomes have been observed when using
EPS-synthesizing microbes like Rhizobium tropici and
Leuconostoc mesenteroides to combat soil erosion.
The authors concluded that the EPS produced by these
strains improved the cohesion between the soil particles,
enhancing soil resistance against surface erosion [73].
Microbial EPS increases the critical shear stress and
surface erosion resistance, attributed to the enhanced
cohesion facilitated by grain-coating biopolymer slimes
[74].

A commonly employed approach for restoring
eroded dryland areas involves the use of EPS-producing
cyanobacteria to stimulate biocrust formation.
Cyanobacterial EPS is believed to play a crucial role
in stabilizing dryland soil surfaces, thereby preventing
nutrient loss and dust generation [70]. In a study
conducted in Hobq Desert in China, a mixed culture of
EPS-producing microbes, namely Microcoleus vaginatus
and Scytonema javanicum, was inoculated into sandy
soils in to initiate biocrust development. Examination
of the developed biocrust, conducted after three to eight
years, revealed that the EPSs within the biocrust played
a significant role in capturing and retaining moisture in
sandy soils while protecting the soil from erosion [75].
Furthermore, the EPS-producing strain identified as

Paenibacillus mucilaginosus VKPM B-7519 was shown
to speed up biocrust recovery in the field [76].

In addition to directly applying EPS-producing
strains, researchers are exploring various avenues to
harness the benefits of exopolymers and their chemically
modified forms as sustainable dust suppressants and
erosion control [77]-[79]. For example, xanthan gum,
starch, and carboxymethylcellulose were shown to be
effective dust suppressants at low concentrations [80].
Sodium alginate and its chemically modified derivative
significantly increased soil resistance against strength
reduction and prevented dust emission [79], [81]. Large-
scale field trials have demonstrated that these polymers
can effectively reduce dust emissions up to 8 days post-
application. However, their effectiveness is reduced
after rainfall due to rapid degradation [82], indicating
the need to carefully modify polymers to enhance
efficiency. Moreover, the wind tunnel test indicated
that biopolymers, including sodium alginate and pectin
at 1% reduced wind erosion [83]. The agglomeration
properties and surface adhesion of EPS contribute to
forming effective surface shield in soil [63]. Thus, EPS
can serve as an environmentally friendly alternative to
develop as an eco-cover, either replacing or working
in conjunction with conventional materials approaches
such as vegetative cover and geo-membrane, to mitigate
soil erosion [73] and dust emission [84].

3.1.3 Soil cementing agent

The EPS were also tested for their effectiveness in
soil stabilization against mechanical disruption. Sand
cementation was implicated to be partially biogenic
because microbes isolated from cemented sand tailings
produced EPS that increased strength of the sand [85].
Furthermore, inoculation of EPS-producing bacteria
and cyanobacteria was shown to reduce rill erodibility,
suggesting that endemic microbial inoculation is an
effective bioengineering technique for managing rill
erosion-prone regions [86]. As reviewed by Costa et
al. [10] polymer produced by Aureobasidium pullulans
could enhance the compressive strength of soil by more
than 200%. Notably, xanthan and gellan, when used at a
concentration of 0.5%, outperformed traditional cement
in increasing the compressive strength of soil [10]. In
another research, xanthan improved soil mechanical
properties for geotechnical engineering purposes [56].

In addition to directly increasing soil strength, EPS
has been found to play a significant role in enhancing the
carbonate precipitation process by effectively trapping
metal ions such as Ca2*, and Mg2*. The process, known
as microbially induced carbonate precipitation (MICP),
occurs when microbes facilitate carbonate formation due
to supersaturation associated with certain biochemical

34 Soil Bioremediation



Punsaldulam & Anumandal / Proc. Inst. Biol. 39 (2023) 30-68

activities. MICP is applicable in various fields, serving as
a sealant in underground geology, and countermeasures
for preventing soil erosion. Additionally, this
biocalcification is a type of carbon sequestration [87],
highlighting the potential of microbial polymers as an
economically competitive and environmentally friendly
alternative material for use as a soil binder or cementing
agent.

3.1.4 Biohydrogel to improve soil water holding
capacity

It is widely accepted that microorganisms produce
EPS as a defense mechanism against environmental
stress. For instance, under desiccation conditions,
Pseudomonas sp. increased its production of EPS-
polysaccharide [88]. Similarly, Pseudomonas putida
responds to water-limiting conditions by boosting
alginate production, protecting the resident cells from
desiccation stress and enhancing their chances of survival
[89]. EPS are hygroscopic in nature, allowing it to retain
substantial amounts of water in the microenvironment,
even when surrounding bulk soil lacks moisture [72].

It has been suggested that the production of EPS can
create hydraulic decoupling within the microenvironment
by reducing hydraulic conductivity and increased water
retention. This can maintain the microenvironment
hydrated, protecting cells during drainage, or potentially
reducing osmotic stress for soil microbes when rapid soil
rewetting occurs during rainfall [90]. A recent microcosm
study provided evidence for the effects of EPS-producing
strain B. subtilis NCIB 3610 on cumulative and local
water loss and hydraulic decoupling in soil. The authors
concluded that this EPS-producing strain drastically
alters the architecture of the soil pore space, which in
turn affects the rates and spatial distribution of soil water
losses [91]. EPS also play a role in reducing evaporation
from soil. In soil treated with EPS, water loss occurs
slower than control soil without EPS [92]. Moreover,
EPS produced by Sinorhizobium meliloti were found to
have concentration-dependent effects on the rate, extent,
and variability of pore water evaporation in micropore-
sized chambers [93].

Biohydrogels absorb water owing to their hydrophilic
functional groups, while their resistance to dissolution
is attributed to the cross-links between network chains
[94]. It is important to note that specific components
of EPS can have different effects on their water
retention capabilities. For instance, polysaccharides
can significantly increase the water-holding capacity of
pure sand, whereas protein has minimal impact on the
hydrodynamic properties of fine sandy soil [95]. Purified
polysaccharides can retain 50-70 g of water per gram.
Nevertheless, it is crucial to understand that the water-

holding capacity of polysaccharides depends on their
structural characteristics [92]. Among the polysaccharides
studied for their bio-hydrogel properties, xanthan stands
out as one of the most extensively researched. Even at
concentrations of less than 1%, xanthan can enhance
both water-holding capacity and porosity of sandy
soils [96]. These microbial polymers, such as xanthan,
offer a promising alternative to synthetic hydrogels for
improving soil water-holding capacity [56]. However, it
is important to conduct careful concentration testing to
avoid potential issues like soil cementation. Also, EPS
can exert an influence on soil water repellency, which,
in turn, affects both infiltration and soil water retention
[97].

3.2 Role of microbial EPS in enhancing soil biological
properties

3.2.1 Soil microbial diversity and enzyme activity

Soil exhibits inherent heterogeneity and diversity.
Its spatial arrangement generates a multitude of
micro-habitats, concurrently accommodating
microorganisms that occupy distinct niches. Thus, soil
microbial communities exist in the form of individual
microaggregates, resembling biogeographical islets,
i.e., microorganisms in one microaggregates remain
isolated from those in other microaggregates [98]. Thus,
it is intuitive to assume that soil EPS content could
influence soil microbial community diversity. Indeed,
the composition of microbial communities is closely
associated with soil EPS content in semiarid grassland
[99]. Furthermore, introducing glucose into the soil
to stimulate biofilm development has been shown to
enhance Shannon diversity [62].

While it is acknowledged that improved soil
aggregation is correlated with greater diversity in soil
microbial communities, only a few studies reported
changes in microbial diversity during the application
microbial EPS for bioremediation or soil restoration
purposes. Some studies have shown that the inoculation
of EPS-producing strains can positively affect soil
microbial diversity. For example, EPS-producing strain
identified as Paenibacillus mucilaginosus VKPM
B-7519 was found to speed up biocrust recovery in the
field. This strain stimulated the assembly of heterotrophic
communities in the topsoil before the commencement of
autotrophic cyanobacteria, and it significantly increased
the abundance of bacteria and actinomycetes [76].
Pseudoalteromonas agarivorans Hao 2018 increased
the abundance of beneficial microorganisms [100]. In
addition, the inoculation of two indigenous heterocystous
cyanobacteria, Nostoc ellipsosporum HH-205 and Nostoc
punctiforme HH-206, increased microbial activity in salt-
affected areas [66]. These findings collectively suggest
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that the application of microbial EPS can enhance soil
microbial diversity by improving soil aggregation.

During the application EPS or EPS-producing
strains to soil, auxiliary tests were conducted to assess
soil enzyme activities. The EPS-producing strains
Pseudoalteromonas agarivoransHao2018, Pseudomonas
chlororaphis A20 and Bacillus proteolyticus A27 were
found to enhance enzyme activities in soil [100], [63].
Similarly, EPS of cyanobacteria Tolypothrix tenuis and
Microchaete tenera increased B-glucosidase, urease,
protease, phosphomonoesterase, arylsulphatase, and
dehydrogenase activity in silty clay loam soil [101].
Furthermore, when inoculating the EPS-producing
cyanobacterium  Microcoleus vaginatus ~ATHK43
to promote biocrust development, invertase and
dehydrogenase activities were observed to significantly
increase after 90 days of inoculation [102].

3.2.2 Plant growth promotion and stress alleviation

Microbial EPS can alleviate abiotic stresses in plants,
such as salinity, drought, and temperature fluctuations.
These protective mechanisms stem from the ability of
EPS to bind to metals and ions, enhance soil aggregate
stability, and improve water retention. EPS effectively
mitigates plant stress through several mechanisms
[72]. One of these mechanisms involves EPS indirectly
reducing the uptake Na+ by plants by absorbing excess
Na+ ions in the soil. Another mechanism is forming a
protective barrier around plant tissue by EPS, providing
insulation against temperature fluctuations [103].
This barrier also enhances plant-microbe interaction
and surface attachment [104]. Lastly, EPS’s ability to
promote plant growth is associated with improved soil
structure and biological activities [72].

Several bacterial strains, including Pantoea,
Bacillus, Actinomycetes, Rhizobium, Arthrobacter,
Bradyrhizobium, and Pseudomonas, have been found
to produce EPS under stress conditions, which serves as
protective effect for plants facing drought and salt stress.
For instance, Pseudomonas putida GAP-P45 alleviated
PEG induced drought stress in sunflower seedlings,
likely by forming biofilm on the root and improving soil
structure [105]. EPS-producing strains of Pseudomonas
and Bacillus have demonstrated their ability to protect
Arabidopsis thaliana from osmotic stress induced by
25% PEG [106]. Treatment of wheat and chickpea with
EPS-producing strain Agrobacterium pusense has shown
positive effects on the physiological parameters of these
plants when subjected to intermittent soil drying [107].
EPS producing strain Pseudomonas entomophila PE3
enhanced growth, yield, and tolerance of sunflower
under salt stress [108].

Another benefit of microbial EPS is related to the

fact that EPS can stabilize heavy metals in soil, thus
limiting their plant uptake. For instance, the EPS-
producing strain Pseudoalteromonas agarivorans Hao
2018 alleviated lead (Pb) stress in packchoi plants
grown in soil that has been experimentally polluted.
This was evidenced by an increase in plant biomass
and a reduction in the Pb content in edible tissue [100].
Similarly, EPS extracted from Bacillus sp. S3 proved
effective in mitigating cadmium (Cd) stress in Oryza
sativa L. It not only increased the plant biomass but also
lowered Cd accumulation and transport and minimized
oxidative stress. EPS application enhanced Cd retention
in the shoot cell walls and root vacuoles and altered the
expression of genes involved in cell wall formation and
antioxidant defense systems [109]. Thus, the utilization
of EPS-producing strains emerges as a promising
solution to address biotic and abiotic stresses in plants,
thus preventing crop loss in the face of climate change
and global water shortage.

3.3 Role of microbial EPS in enhancing soil chemical
properties

Microbial EPS can influence soil chemical properties
in several ways. EPS influences the stability of soil
organic matter, primarily through its effect on soil
aggregation [110]. Enhancing soil aggregation and its
stability could minimize SOM decomposition. A recent
study utilizing scanning transmission X-ray microscopy
coupled with near edge x-ray absorption fine structure
spectroscopy has revealed that intact microaggregates
are capable preserving simple organic carbon [110].
Furthermore, 13C-labeling experiments coupled with
LC/MS analysis have revealed that biocrust retain higher
abundance of various metabolites, especially amino acids
and organic acids, compared to subcrust [111]. These
findings suggest that microbial EPS might influence the
composition of SOM.

Soil microbial EPS influences nutrient accumulation
in soil by affecting soil aggregation [63]. EPS may
prevent nutrient losses during periods of heavy rainfall
by retaining the metabolites and nutrients [70]. Some
bacterial species, such as B. subtilis increase their
EPS production in nutrient-deficient conditions [72].
Paenibacillus  mucilaginosus VKPM B-7519 has
been found to increase nutrient contents in soil [76].
Furthermore, EPS is utilized as carbon source by soil
microbial communities. Costa et al. demonstrated that
EPS of Acidobacteria is metabolized by several bacterial
and fungal taxa [112].

Microbial EPS can significantly impact the
composition and stability of biomolecular carbon,
nitrogen (N), and phosphorus (P) in soils by influencing
the mineral-organic associations. EPS was shown to be
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absorbed and co-precipitated with dissolved and colloidal
aluminum species in soil [113]. Moreover, associations
of EPS with soil organic and inorganic components not
only affect the composition of both immobile and mobile
organic matter but also the reactivity of minerals [10].
Biocrust development by inoculating EPS-producing
cyanobacterium Microcoleus vaginatus ATHK43 has
been found to increase soil electrical conductivity, total
N, potassium, calcium, magnesium, cation exchange
capacity, and chlorophyll content in surface soil [102].
EPS also helps regulate the diffusion of organic
carbon and other nutrients, thereby regulating elemental
bioavailability in the soil. For example, Paenibacillus
mucilaginosus VKPM B-7519 was shown to increase
content of total P, available N, and available P in
developing biocrust [76]. Another EPS-producing strain,
Pseudoalteromonas agarivorans Hao 2018, reduced
the available Pb content in soil by up to 38.1%, and
increased soil pH, and soil nutrient content [100]. Zhang
et al. reported that the interaction of EPS with ubiquitous
soil ferrihydrite may affect the mobility and fate of
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Fig. 2. A simplified illustration on the application of microbial
EPS for soil remediation.

microbially-derived carbon, nitrogen, and phosphorus in
soil [114]. Moreover, the EPS produced by a strain of
Enterobacter was observed to increase P-solubilization
when added to the culture medium. This effect in likely
due to the EPS absorbing solubilized P and allowing the
additional release of soluble P from insoluble P [115].
Last but not least, EPS components can function
as electron shuttles in the corrosion process. EPS can
interact with iron ions to cause anodic dissolution and
promote corrosion. EPS also can play a role in increasing
electronic potential and reducing electronic resistance,
thereby enhance the corrosion current by facilitating

electron transfer and metal dissolution [116]. The rock-
inhabiting fungus Knufia petricola produces a corrosive
EPS-polysaccharide [117].

4. Stabilization and degradation of soil pollutants
facilitated by microbial exopolymers

Soil in many industrialized countries is becoming
increasingly contaminated with xenobiotics, which pose
significant risks to public health and the environment.
These pollutants originated from various sources,
including, but not limited to industrial and municipal
wastewaters, leachates from landfills, leaking
underground storage tanks, and urban runoff. Microbial
EPS facilitates the stabilization and biodegradation
of pollutants in soil by several different mechanisms,
depending on the nature of the pollutant. Fig. 2 shows
how microbial EPS offer several advantages due to their
biodegradability, lower toxicity, and adaptability to
different environmental conditions [118].

4.1 Stabilization of heavy metals by microbial
exopolymers

Numerous in vitro studies have explored the ability
of microbial EPS to absorb or immobilize various heavy
metals [118]. Several EPS-producing bacteria, including
Azotobacter, Paenibacillus, Klebsiella, Bacillus, and
Pseudomonas, have been found to adsorb heavy metals
[72]. For instance, EPS produced by Azotobacter was
effective in immobilizing heavy metals, Cd and Cr,
and reducing their uptake by wheat [119]. In another
case, the EPS-producing strain Pseudoalteromonas
agarivorans Hao 2018, stabilized Pb in contaminated
soil [100]. The bioremediation of Pb by Pseudomonas
sp. W6 was attributed to the biosorption capacity of
the exopolysaccharide produced by the strain [120].
Furthermore, research has shown that EPS from a
fungus Aspergillus tubingensis F12 could leach various
heavy metals from soil in a column leaching experiment,
with minimal effect on soil microbial community
[121]. In addition to heavy metal stabilization, some
microorganisms produce EPS that can be used to stabilize
radionuclide. For instance, a thoriotolerant bacteria,
Providencia thoriotolerans AM3, produces EPS that
effectively binds radionuclide thorium (Th) [122].

Due to its diverse composition, EPS contains
ionizable groups such as amino, carboxyl, hydroxyl,
phosphate, and sulfate. As a result, microbial EPS can
bind to positively charged heavy metals via electrostatic
interactions [72] [84]. The absorption behavior of
a particular microbial EPS can be influenced by its
surrounding environment, particularly soil conditions.
Factors like soil pH, which impact the charges of
molecules, play a pivotal role in this regard [123]. For
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instance, under acidic to slightly alkaline pH conditions,
galacturonic, glucuronic, and alginic acids are responsible
for soil Cr(VI) stabilization [124]. Additionally, sorption
behavior of different bacterial EPS can be influenced by
types of mineral surfaces [125], probably due to their
structural difference. The ability of EPS-polysaccharide
to bind heavy metals depends on its linear structure,
length, and flexibility, which collectively enable the
formation of different interactions [123]. Apart from soil
factors influencing the EPS function, some microbial
strain changes the properties of their EPS in different
environments. For instance, heavy metal tolerant strain
Bacillus sp. S3 can produce EPS with altered properties
in response to exposure to various heavy metals [126].

In addition to binding heavy metals, EPS also adsorbs
organic pollutants such as phenanthrene, benzene,
and dye molecules, which might be related to their
hydrophobic regions [84]. These findings illustrate the
significant potential of microbial EPS in mitigating soil
contamination by a wide range of pollutants, including
heavy metals, radionuclides, and various xenobiotics.
As a result, the application of EPS can help reduce the
transport of solids in runoff water and avert contamination
of both surface and groundwater [84], [73].

4.2 Enhanced degradation of hydrocarbons by
microbial EPS

Petroleum products are one of the major pollutants
found in soil. One of the compound groups that ranks
among the highest priorities on the list of harmful and/
or toxic contaminants by US Environmental Protection
Agency is polycyclic aromatic hydrocarbons (PAHs).
These xenobiotics exhibit both acute and chronic toxicity,
and they can have the potential to be carcinogenic,
mutagenic, or teratogenic. Due to their distinctive
chemical structures, hydrocarbons are known to be
resistant to biodegradation in the natural environment,
leading to their accumulation in the food chain. While
various microorganisms have demonstrated the capability
to metabolize hydrocarbons, their effectiveness is limited
due to their low abundance in nature. Also, the survival
of these microorganisms in the natural environment is
uncertain due to various environmental factors [6]. The
addition of emulsifiers can be employed to enhance the
bioremediation of pollutants with poor water solubility
[84].

Several microbial strains, such as Streptomyces
griseorubens GD5 [127] and Nostoc flagelliforme
[128], can produce EPS with emulsifying activity. In
another example, a moderate halophilic bacterium
Halomonas eurihalina has been found to produce an
exopolysaccharide with the capability to emulsify a
wide range of hydrocarbons including n-tetradecane,

n-hexadecane, n-octane, mineral oils, petrol, and crude
oil [129]. EPS from Zoogloea sp. and Aspergillus
niger were able to accelerate pyrene degradation in
contaminated soil. Notably, when these two EPS types
were combined, the degradation was further enhanced
[130]. Furthermore, research has shown that EPS from
Ochrabacterium anthropic strain AD2, possessing
bioemulsifying activity, can significantly improve
the degradation of diesel and fuel oil mixtures in both
microcosm and biopile experiments [131].

EPS promotes degradation of hydrocarbons by
solubilizing these substrates due to their amphiphilic
property [132]. This enables the hydrocarbons to diffuse
through the aqueous phase to the cell surface. In support
of this, confocal laser scanning microscopy revealed that
a GFP-labeled strain of Pseudomonas putida was found
to grow directly on phenanthrene, forming a biofilm on
accessible crystalline surfaces. The biofilm formation
appears to be vital in overcoming mass transfer
limitations and achieving improved PAH degradation
[6]. In another study, phenanthrene-degrading bacteria
capable of producing EPS, Sphingobium sp. PHE3 and
Micrococcus sp. PHE9, were shown to enhance mass
transfer of phenanthrene from silicone oil to water, and
that biodegradation mainly occurred at the interfaces.
This is likely attributed to the increased solubility of
phenanthrene in the presence of EPS polysaccharides
and proteins [133]. Additionally, it is noteworthy that
in the presence of hydrocarbons, the produced bio
emulsifier exhibited a higher content of uronic acid,
acetyl, and sulfate groups compared to the control
containing glucose [129]. GRSP was shown to interact
with phenanthrene in a size-dependent manner, where a
fraction containing proteins larger than 10 kD molecular
weight exhibited stronger interactions. GRSP interacted
with phenanthrene mostly through hydrophobic, NH-x,
and hydrogen bonds [38].

4.3 Environmental and microbial factors affecting
exopolymer-based bioremediation

Environmental factors profoundly influence the
effectiveness and outcomes of bioremediation processes
because both production and molecular characteristics
of microbial EPS can be influenced. Variables like, pH,
temperature, moisture levels, salinity, and the chemical
makeup of heavy metals wield considerable influence
EPS production by microorganisms [56], [57]. Soil
type influences the macromolecular distribution and
monosaccharide composition of the EPS-polysaccharide
in induced biocrusts [134]. Soil characteristics and
the specific region within the soil, such as the topsoil,
play a critical role in EPS biosynthesis and molecular
characteristics through its influence bacterial populations
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and the composition of functional genes [26], [50], [53],
[64], [65].

Soil microbial EPS production and structural
characteristics can also be modulated by stress conditions
as well as the addition of various supplements. For
example, a soil microcosm experiment showed that the
production and composition of EPS Pseudomonas putida
GAP-P45 were modulated under stress conditions.
Rhamnose was reported to be the major sugar under
drought, osmotic, and thermal stress. Inoculation
with this strain resulted in more soil aggregation and
aggregate stability under different stress conditions
[105]. Properties of EPS by soil microbial community
were influenced by substrate type added to experimental
soil. Chitin supplementation produced EPS with better
water retention in soil than a soluble carbon substrate,
N-acetylglucosamine [135]. Inorganic substances were
also shown to modulate microbial EPS production. ZnO
nanoparticles enhanced EPS production by 596.1% in
liquid culture of B. subtilis strain JCT1. The produced
EPS was shown to increase soil aggregation, moisture
retention, and soil organic carbon [136]. In another
research, addition of clay increased EPS production in soil
more than labile substrates did (starch and cellulose) [67].

In addition to environmental factors, microbial
factors also play important roles in the successful
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application of EPS. These factors encompass microbial
community composition, bacterial metabolic capability,
biofilm formation, competition, and cooperation
between indigenous and exogenous bacteria [57].
Microbial competition and cooperation within microbial
communities are forces that can significantly impact
bioremediation. The balance between these interactions
can either enhance or hinder the effectiveness of pollutant
degradation [69]. Competition can occur between
different species of bacteria or between bacteria and
fungi, often involving the utilization of limited nutrients
available. In some cases, microbial species release
metabolites that inhibit the growth of others, affecting
the overall bioremediation process [70]. The role of
indigenous is also crucial in bioremediation. Indigenous
bacteria are well adapted to the local environment
[57], [69], [71], thus understanding the stability and
physiological adaptations of these microorganisms is
essential for successful bioremediation.

5. Current challenges and future perspectives

As detailed in previous sections, currently available
studies demonstrate the positive impact of EPS-producing
strains on soil physical, biological, and chemical
properties, and on the immobilization and degradation
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Fig. 3. A simplified illustration of different strategies for EPS-based soil restoration and remediation, with respect to their
effectiveness, cost, and safety (please note that this figure is not based on actual calculation)
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of soil pollutants. However, several challenges must be
confronted to enhance their effectiveness and facilitate
the large-scale use of microbial EPS for soil restoration
and remediation. These challenges can be categorized
into three primary areas: the effectiveness and safety
of directly inoculating EPS-producing microbes into
the soil, insufficient effort on aligning the molecular
characteristics of EPS with the specific application
purposes, and limited information regarding the
characterization of soil-extracted EPS. In the following
discussion, we attempt to address the challenges and
propose potential directions for future research.

5.1 Effectiveness and safety of direct inoculation of
EPS-producing microorganisms

The effectiveness of direct inoculation of EPS-
producing microorganisms into natural soils remains
uncertain with respect to their survival and EPS
production in the natural environment [10]. Recent
trends in this field have concentrated on strategies to
address issues related to the survival of inoculated
microorganisms to improve the effectiveness of soil
restoration and remediation. One such approach
involves harnessing desert microorganisms for dryland
soil restoration, given their inherent advantages adapted
for xeric conditions. An alternative method involves
applying native microorganisms isolated from the
vicinity of the affected site. This approach circumvents
challenges associated with competing against the native
microbiota, which has undergone extensive selection by
environmental conditions [71]. Another approach is the
application of mixed microorganisms or heterogeneous
microbial consortia [118], which could result in better
effectiveness and survival compared to the inoculation
of single microorganisms or homogenous microbial
cultures. Additionally, immobilized microorganisms
could offer better effectiveness as they have superior
biological reaction kinetics and improved biosorption
[118].

Another concern when introducing EPS-producing
microorganisms into natural soil is the lack of a
comprehensive understanding of how indigenous
microbial communities respond to external perturbations,
such as additive manipulations. Introducing
microorganisms into natural environments poses the
potential risks of altering the community structure of
indigenous microorganisms [71]. To mitigate the safety
concern associated with using living cells, the application
of dead cell biomass, including its EPS can be considered
[118]. Moreover, extraction and application of crude
EPS, as well as EPS-polysaccharides and EPS-proteins,
can also help mitigate the risks, although downstream
processing may entail additional costs related to

equipment and labor. However, these costs remain more
economical compared to the production costs associated
with synthetic polymers [137]. These expenses can be
reduced by enhancing EPS production efficiency through
various means. One approach to reducing the production
cost of microbial EPS involves optimizing cultivation
time and conditions as well as utilizing organic waste for
cultivation to improve EPS yield [138]-[140]. Metabolic
engineering is another potential strategy to enhance
EPS-polysaccharide production by overexpressing one
or more genes involved in biosynthesis [20]. Fig. 3
illustrates how different EPS-based techniques can vary
depending on their potential effectiveness, cost, and
safety.

5.2 Structure and activity relationship of microbial
EPS

It is widely accepted that the composition and
molecular structure of exopolymers greatly influence
their functionality. However, limited efforts are made
to establish connections between the molecular features
of EPS for the application in soil. Concentration is also
an important factor to consider before applying EPS in
the field. For example, xanthan can be used to enhance
soil water holding capacity and suppress dust formation.
However, it may also lead to soil compaction, which
can have adverse effects on plant growth and seed
germination. The use of high concentrations of xanthan
gum can result in clogging of soil pores [56]. Hence,
it is crucial to carefully investigate EPS’s appropriate
molecular features and concentration before applying
them in soil restoration and remediation efforts.

Tailoring the molecular structure of microbial EPS
to align with its function can significantly enhance the
effectiveness of soil restoration or remediation efforts.
In addition to exploring the microbial EPS that meets
the purpose of a specific application, it is possible to
modify the structure of EPS constituents, particularly
polysaccharides, to improve their function and reduce
the required amount of EPS for a given application [137].
Modifications such as acetylation, methylation, and
phosphorylation of functional groups within EPS, can
modify their interaction with various molecules [118],
thereby influencing their suitability for soil restoration
and bioremediation purposes. Chemical methods can be
used to modify structures of polysaccharides. Moreover,
genetic engineering has been shown to be a valuable
approach in this regard, with successful instances where
researchers used genetic engineering approaches to
modify or enhance the properties of exopolysaccharides.
For instance, xanthan was modified to exhibit different
acetylation, pyruvylation, and side chain differences.
In another case, acetan from Acetobacter xylimum was
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modified through mutagenesis for higher viscosity [141].

5.3 Limitation on the characterizing EPS of soil
microbial community

While analytical methods for determining the
structure and composition of polysaccharides extracted
from microbial strains are well established, the
compositional and structural analysis of EPS within
soil microbial communities remains largely unexplored
due to its complexity. It is essential to develop feasible
approaches for characterizing EPS of soil microbial
communities (i.e. soil extracted EPS) better understand its
distinguishing characteristics in healthy versus degraded
soils. Furthermore, this will allow for evaluating how
exogenous EPS interacts with soil components during
EPS-based soil restoration and remediation efforts.

Currently available studies predominantly focus on
quantifying major EPS components, particularly EPS-
polysaccharides and EPS-protein. Conventional methods
such as NMR and mass spectrometry for polysaccharide
or protein analysis will require extensive cleaning and
separation steps to draw meaningful conclusions. Thus,
researchers seek more feasible approaches to assess the
overall compositional diversity of EPS extracted from
various soils. Recent studies have employed three-
dimensional fluorescence spectra to compare the overall
composition of EPS extracted from suspended sludge
and biofilm [142], as well as water-extractable organic
matter in soil [143] and GRSP [35]. This approach can be
used to compare compositional features of EPS extracted
from different soils and to observe changes during soil
restoration and remediation.

Culture-independent approaches can be valuable for
exploring the diversity of EPS-producing communities
in different soil. In a recent metagenomics study, it was
found that Betaproteobacteria were the major group
containing the genes involved in the biosynthesis of
exopolysaccharides and lipopolysaccharides in the bulk
soil, whereas in biocrust, the major potential producers
of adhesive polysaccharides were Alphaproteobacteria,
which could be either Cyanobacteria or Chloroflexi, along
with Acidobacteria [144]. Moreover, metagenomics can
assist in identifying the responsible genes and pathways
for novel or significant exopolymers.

6. Conclusion

In conclusion, land degradation is not only affected
by climate change but also contributes to it by releasing
increased greenhouse gases. Given that soil contains the
largest terrestrial carbon stock [145], it is imperative
that we work towards maintaining soil carbon stability.
We believe that microbial EPS can play a crucial role in
protecting soil organic carbon in managed and restored

lands and help bolster soil carbon sequestration efforts.
Concurrently, microbial EPS can serve as a valuable tool
in stabilizing pollutants in soil, thereby minimizing their
leakage into groundwater and uptake by crops. Thus,
microbial EPS-based technologies hold great potential
as an eco-friendly, highly sustainable, and cost-effective
method for soil restoration and bioremediation.
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9K30MOJIMMEPUIT alIMITIaH XOPCHUN (DU3UK, XMMH, OMOJIOTHIH IIMHX YaHApPBIr Hb CAbKpyy/iax 3amaap
XOPCHHUH 3PYYJI TOIOB OalUIBIr HAIMAIAYY/I3X TEXHOJIOTUHT OONOBCPYYyIax OOJOMKTOM. Buunn OueTHui
9K30MOJIUMED Hb TOPOJ OYpUHH (QYHKIMOHAIL OYJITMHHXID TYCIaMXKTal XOPCHHH JKUXKHT X3CTYYIUNT
X0J100k OapblANIyyJaH XOPCHHUI arperaiir HAMITAYYIDK, Xepc OOXHUpAyynard HIAIYYIUAT UIPBXTYi
(TorTBOpTOii) Gosrofor. MHracH?3p Xepceep XaHrarjjiar 3KOCHCTEMHMH YYPIYYI XOBHHH YpPIraJDKIdX
OosioMk Oypadx oM. buumil OuMeTHHWIT HK30MOJIMMEp XOPCHUI LIMHXK YaHAphIr caibKpyysaar OOJoXbIr
OarasicaH OJIOH Cylajiraa XUHIJACOH OOJOBY TONIIAPHUUT XOPCHHH HOXOH COPIIITII OPreH XypIdriasp
alIMITIaXbIH TYJI aHXaapax Iaapyiaratai X3/ X331 acyyanyyn 0aiua. Yysma: 1. 'agHaac Havk Oyii Oudau
OueTsH OaiiranuiiH XOpPCOHI Yp AYHTIH aXWiiIax 3CdX OOJOH TyXailH XOpCHHIH X3BHHH MHUKPOOHOTA
sla)K HOJIeeJeX TajlaapX OWITOJT XaHTalNTryH, 2. XepcHUH OM4YMI OWMETHWH OYNISMIIMHAH sUIrapyysnK
Oyl I3KOMOJIMMEPHIAH OYPAIAIXYYH X3CTYYIUHT TaHBXK TOMOPXOWIOX0A XYHAP3ATAH, 3. Ilumk yanap,
3pYYJ1 TeNeB Oaif/UIbIH XyBbJ sUIraaTai XepCoH 1 I3KOIOIIMMED HUMIIDMKYYJIArY OHYII OUETHUI OJIOH SIH3
OalAuIbIT XapbllyyJICcaH cyjanraa Maui 6ara, 4. JK30M0oIMMEpUITH XUMUIH OYTA1I, IIMHX YaHAPBIT XOPITIINK
Oy#i 30pUIITOTONT00 ysUIAyYyaxas Oara anxaapu OaiiHa. buunin OMEeTHUH SK30MOIMMEPUIT OYPIH alTUIIax
XOPCHUIN HOXOH COPIIIITHIH Yp AYHT HIMATAYYIIX canbap IyHIBIH cyaairaa yyxan OaiHa.

TYJXYYp Yrc: XopcHHi arperany, XopCHHUH ON4nII OUeTHUH SK30IOIUMeEp, XOPCHUI OnopeMeanany, XopcHuil Apyy.I
TeJeB OGaiian

XymasH aBcan 2023.10.23; xsHan Toxuonayyicad 2023.10.24; zemeepcen 2023.11.27
© 2023 3oxuorung. CC BY-NC 4.0 license.

1. Opuna
1.1. XepcHuii 10poiTOJ 60J10H GOXUPAJIBIH OAJITOIT

l'azap HbP OPMXKHX, XaHrax Iax MAT SKOCUCTEMHUIH
YYPTYYAMHT TYHITIBAST ydpaac XYH TOPOIXTHUH ax
aMpJpaJIbIH Cyyph Tyaryyp Oommor [1]. I'aBu, xyHmit
yia axwiaraa OOJIOH Yyp aMbCrajiblH €ep4JIeNnTTdId
X0JI0OOOTOW Ta3ap JIOPOWTOX, OHOJIOTHHH OJIOH SIH3
Oaiiman ammarmax spcnuin xypy Oaitra [2], [3]. Yyp
AwmbcranbiH Oepunentuitn Acyyanaapx 3acruiin ['azap
XoopoHAbIH AXIIBIH X3CTHIH TOAOPXOMICHOOD, Fa3phIH
JOPOMTON Hb XYHHH YWN aXWjularaanel 0ryyn OOJIOH

myyn Oyc Hemneereep raspbelH TeneB Oaiimann rapd
Oyii ceper yp maraBap Oereenl OWOJOTHHH OYTIIMK,
SKOJIOTUHH OypaH OYTOH Oafimanm 3cBAI XYHI erd Oyi
YHS IPHAHN J0p XasK alb HAT Hb YPT XyTralaaHsl sBHAJ
Oyypax 3cBan anmarmgax Oaifuraap widpHd. [a3pbiH
JOPOWTIIBIH 3CPAT apra X3MK33 aBaxryid 001 XxepcHeec
suIrapax XyJSM)KUMH XU UXC3K, TYYHUH HYypcTeperd
IIMHTI3X YajBap Oyypax Oereej MNIXUHH ynaapibIr
1.5°C-aac 2°C xypTan XdTPYYIIXTYH Oaifx mraapiaran
HUHIPXTYH OomHO [1].

XyHe, Xemee Ax AxyiH baiiryynmara xepcHuit
JOPOUTIIBIT TOZOPXOMIOXI00 “OKOCUCTEMUIH MaTepuai
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OOJIOH YHIUMIITIAr3Ip XaHrax 4YaaaM)Kuir Oyypyynaax
XOPCHHH 3pYYJI TOJIOB Oalan] rapax eepuient’ IHKIo.
XepcHuii apyyI TeneB Oaiiaan Hb TYYHHUH YYypar O0JIOH
9KOJIOTHHH TAHIBIPT Oaiitaap ToIOpXoioriox 6ereen
HYX CYBIpXdr Oaiinan, 4uir, MexaHuk OYpaJIdXYYH
X MOIT (U3MK MIMHX YaHap, OPraHWK HATAZN, LIHM
TKIITUHH OOTUCHIH aryyaaMX r’x MAT XUMHUIH HIMHX
yaHap, Ouumia OWeTHWI ONIOH siH3 Oaiiman, Ouomacc,
XOPCHUN aMbCrall I3X MAT OHOJOTHIAH XYYUH 3YHICIIC
xamaapHa [4]. CyynuiiH >XUJIYYA3[ XOPCHHM 3pyYd
TeneB Oaitman Tortmon Oyypu Oaiiraa Hb XYHHH ax
aMbJIpall, XYHCHUH aroyIryi Oaigayi WX33X3H 3PCIdI
Jaryymk Oaitna [1].

XepcHuil (U3MK IIMHX YaHap Hb XOPCHUH I/
(yc OonoH canXuHBI HONeereep), yyi YypXaiH yin
aXWlIaraa, ol MoJj OI'TII0X 33Pra3¢ MIANTIAAJDK aJlIar JaK
Oaiina. Xyypail Oyc HyTryyaan sBarjjiar ra3pblH
JIOPOUTIIBIH HAT X3JI03D Hb IEJDKWIT 06eree XyHH
Yill axxuiaraa, yyp aMbCrajblH TOTTBOPry#l Oaiiman
X MAT OJIOH XYYHMH 3YHIPAC Iantraanaar. OHrepcoH
X3JIPH apBaH JKWIMHH Xyralaasja, 3apuM Xyypail Oyc
HYTI'YYAa HeJDKWITHITH 33par, Lap XYp33 Hb HOIMAIJICOH
Oeree] Iaamua yjiaM 3pYMMIKHX XaHJJjaraTtai OaifHa
[1]. XepcHuil TOPOUTIBIH ©6p HAT XJ03p Hb XOPCHUH
0OXHp/IOT 1OM. XOPCHUI OOXMPION Hb ajuBaa XOPTOH
HOTJPI XOBUHH XOMIKIOHIIC OHJOP KOHICHTpAIUTAM,
30pWIITOT OyC OpraHU3MJI XOPTOH HONee Y3YYJdXyHIl
XOMIKIITIH OaiixbIr XammHA [5]. XepcHuit 60Xupaon Hb
XUMHUHH 00p100, MECTUIMIOMHH Xdp3nd, HedTuitH
OYTIITIPXYYH acrapax TOXHMOJIONI YYCaXx Oereen
XOPCHUH XUMHUHH OOJIOH OHOJIOTHMHH HIMHX YaHapbIT
OoyypyynHa [4]. TuiiM33c XepcHHIA OOXUPAON XYHHU
9PYYJT MIHIPA MYyl HOJeeK, XOpCeH] sBarijar
9KOCHCTEMUNH YW aXWJUlaraaji cepreep HeJIeenex
6ooMKTOM [S].

Horacon  Ywupocuuit  Baitryymnarstn TortBopToit
XorknmuiH  30pWATYYABIT  OMENYYIDXUHH  TyJn
OOXHPICOH OOJIOH JOPONTCOH XOPCHUIT CIPrIdx Oairain
OPYHUH]] TN TEXHOJOTHHT XOIKYYJDK, XIPITIdX Hb
3yiTIU. XepcHUH OOXUPIUIBIT LPBIPIIX YIAMMKIIAIT
apryya Hb 3apUM TOXMOJIONJ XYPOJIdH Oy OpuHBI
©ep HAT acyyJall Aaryynijar, 6ara opJoroToi opHyyaan
XIPITJdX3J TOXUPOMXKIYH 33par nyraraairail Oaiimar
[6]. XapuH, OnopeMerany OMOJIOTHUITH areHT allUIIIaX
AIoYJITal HATIJIMUT al0yiIryi OOJNTOH XyBHprax YHII siBI|
oM. buumn OuerHyyn Tepen OypuitH Ooxupayyiard
HAUTYYIMAT 3a]U1aX, XyBHPrax, TOITBOPXKYYJaX TOPe
OypuitH MexaHn3mTai Oaitnar [7]. I'aBy, aBapaIIA OpCOH
OO0JIOH IODKUIITTIN XOpCHUMA (PHU3KK, XUMH, OUOJIOTHITH
IIMH)X YaHApBIT HAT9H 39P3T CaiKpyyinax TEXHOJOTH
WIYY Yp AYHTIH y4up SHOXYY LIaapuiarbll XaHrax
Ouuni OWEeTHWH TEXHOJIOTH uyxajn OaiiHa. JHIXYY
TOWM OTYYJUTUIH JapaartifH X3CTYYAd OnopemMenuary
(bioremediation) X HIp TOMBEOT  XOPCHUIT

Ooxupayynard HOITIUTYYAUHH OHWOJIOTHIH 3aapaiiblH
Tajaap OryyJdXdJ, XOpCHHT CIPradx 3CBIT XOPCHHUH
capraanr (soil restoration) TIX HIP TOMBEOT JOPONTCOH
XOPCHUH XOPCHUH (HM3HMK, XUMH, OMOJIOTMHH IIMHX
YaHaphIT caikpyyjlax OWNTONATHIH Tanaap eryysdxsi,
XapUH HOXOH COPIINIIT IIX H3P TOMBEOr 3HI XOEP
OMJITOJITHIT €POHXHN Hb OTYYJIDX]] allINTIIaB.

1.2 XoepcHuii 3pyyJ1 TeJieB Gaiigana ouumna OueTHU
IK30MOJIMMEPHITH a4 X0JI00T101

XepcHuilt Owumin OWETHYYZ XOpPCHHUH OpraHuk
HYYypcTeperdy OOJIOH UM  TKIIMHH  OOJMCHIH
SPIaJITI]I OPONILOH XYJIMXKHHH XUHT suIrapyyink, oac
sapuyynaar [2], [8]. Onrasp Owumn OHETHYYD XYH
TOPOIXTHUNUT TYYXHUH 093P XaHrax, yyp aMbCrai, yCHBI
30XUIYyAraj OpPOJIOX, OPraHMK HATAJIUHUT XyBHprax,
XOpC YYCIX, ypramana yprax HpOLECCHIr AIMKHX TIX
MAT SKOCHCTeMHMHMH Yyparmit [9]. Xepcenn sarasp
yiln axuiularaa sBarmaxax TYYHHH OyToIl roy yypar
TYHLPTrIAST. XOPCHUM KIDKUT XOCTYYHA Hb Haallax,
HOTACOHIIP YYCIAT XOpPCHUM arperaT Hb XOPCHUI
OYTLMIH YHACOH HAMK OOJIIOT. DHAXYY HAK XOPCHUH
yc Oapux 4YanBap, YCHBI XOJIOJTOOH, araapiKuir,
TEMIIEpaTypblH 30XMIyylIra T3X MIT dYyxan (usnk
IIMH)X YaHAPbIT TOAOPXOMIZOT 06ree 1 sprana XepceH
sBaragar (GpU3NK, XUMH, OHMOJIOTHIHH YHII SBIAJ dyXai
Heunee y3yyiaor [10], [11].

CasixaH XMHIJICO3H MeTa-aHaJlIN3 CyAaliraa XepcHUil
0akTepH, MOOIOHIIOp Hb XOPCHHH arperamy YYycaxd[
qyXaJl YYPITTIH OpoJIIor GOJIOXBIT OHIIOJICOH OaifHa.
Bakrepy Makpo OOJOH MHKpoOAarperatblH ajb aJWHI
HeJIe611eT 001 MeeTeHIIep MaKpoarperaras uiyy Heiee
Y3YYDK Oaikad [3]. XepcHuil OWumil OWETHYYIUITH
arperany YycdXdJ, OpOILJOr MEXaHU3MYYJbIH HAT
93KONOJMMEp sUIrapyyjlax mpolecc oM. OArasp
9K30TOJIMMED XOPCHUI arperair I9MXUX X000 YuiH
yypru#r rydmopTtrager [10]. TuiiMasc Onumn OueTHUMi
9K30MOIMMEPUNT XOPCHUH HOXOH CAPIIUITH AlIUIIIaX
00JIOMKTON OalTab OPUMH/ IIIITIN apra XdpArcdI K
Y39X OOJICOH.

1.3 DH3XYY TOIMBIH 30pHITr0

Bruunn OueTHMit SK30MONMMEPHHT XYHC, aHaraax
yXaaH, XOHT'©H YHIIBIP, T00 CaliXaH I'IX MIT OJIOH caltoapT
X9pX3H alWIiIaXx Tajaap HAI394 OWdMriacoH Oaiimar
[12]-[16]. Men »sarasp HALUIMHH SKOJIOTHIH YYpPOL,
HUNIIATKIINIH 3aMy Y], TeHETHK 30XUILY yJITbIH Taaap X3/
X3IPH TOWM OTYYIIIA TOHOpXoW mypacaH Oaitna [17]-
[20]. XapuH, Orami OueTHHI IK30MOTUMEPUIT XOPCHIAT
COPradXdJ Aallurigax Tajaapx CyJairaa XapbLaHTyd
Oara Oaiiraa Hb SAr33p HATUIYYAUNT XOPCHUH OpPUYMH[
cyItaxan XYHAPINTIA Oaiimartail xombooToir 00JOB
yy [21]. T'acoH Xomuit 4 OMumin OMETHUH SK30TOIHMED
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XOPCHHUH 3pYYJ TONeB Oaiinanj 3epar Hejee Y3YYJDK
Oaifraar xapyyJicaH HIJ193]1 OJIOH CyJajraa XdBJIATJCOH
OaiiHa. DHAIXYY TOMM eryyiinn Ouj Ouumi OueTHHiH
9K30MOJUMEP Hb XOPCHHU (HM3HMK, XUMH, OWOJIOTHITH
LIMH)X YaHAPT HOJIOeJeX 3aMaap XIPXIH XOpCHUH dpYyIl
TOJOB OalUIBII CallKpyyJiar MEXaHU3MBIT TyCraxbIT
30pwI100. by axma Ouun OMeTHUH HK30MOIUMEPUITH
OYpAIIdXYYH, OMOHMIIIIMKMII OOJIOH YYPrUHH Tanaap
TOBY aypaaHa. [lapaa Hb OMUMI OMETHHI HK30IOIUMED
OOJIOH THArIIPUHAT HHUMIAIKYYJISrd OW4Mi OWUETHUWIT
JOPOMTCOH XOPCHHI COPradx OOJNIOH XYHA MeTaul
OO0JIOH  KCEHOOMOTHK  HOTJUTYYI?3p  OOXHMpPICOH
XOpCUIT OnopeMenuanaja opyyiaxaa X9pXdH alluriiax
00JIOX Tajaap OMOOT XYPTAI XHWUTJICOH CyHalraaHbl
OJIONTYYIBIT TOUMIIOH XapyynHa. Tercreia Hb OHYHMI
OMETHUI SK30MOJMMEPHIT XOPCHHUI HOXOH CIPIIIITI]
ammriaxaj Tyjiarapd Oy XyHIpamyy1 O0JI0H T Ar33puiir
JaBaH TyyjlaxaJ 4YyXal TIXK Y3COH YUIIIYYAUNT
XOJIIIILIB.

2. XepcHuii 0uuna OueTHmii 3xk3onoaumep: Epenxuii
oiroaT

2.1 XepcHmii OMYMI OMETHHIl 3K30IOJIUMEpPHIH
TOXOPXOMJIONT, YYP3r

OX3H YeWiH cynanraanyyn Owgamn — OMeTHWH
9K30MOJMMEp OYIOY SCHITH Tafaril HUAIATK AT TIOJTHMED
HATAIMAT CyUTaxjaa rojayy IMoJcaxapruia] anxaapiaa
xaHayyngar Oafican. ['9Bd TyYHA yypar, HyKISHH XyquI
mX MIT Oycan 6oamc MeH aryymaragar [22]-[26]. Ouo
XICIIT XOPCHUHA OWdmn OWETHHH 9SK30MOIUMEpHITH
rox OypImmXyyH Xdcryyd ©Ooiiox moimcaxapui
0OJIOH YYyprUifH Tajaap €peHXHH MDA OeTeXHIT
30pHUII00. YUHp Hb AapaarditH OyITYYId SK30TOIHMED
OYXdJ193 3CBAIT TYYHHH yypar OOJOH MOIHCAXapHIbIH
OYPIIIPXYYH XOpCHUI OYTA1I, Y aXKHyUIaraaHa XdpXoH
HOIeeIDK Oaifraa Tamaap X3I3I3X O0IHO. DHIXYY TOMM
OTYYIII OHIT “IK30TOIMMED” TICIH HAP TOMBEOT ICHITH
rajarm HUWIBCKAST TOJUMEP HATUIMUT HUMT3J Hb
WIPXUAINX IS amuriax 0a XapuH TYYHHH yypar 3¢BaI
MOJMCaXapuABIT JAHTaap alInTiIacaH CyAanraaHsl TyxXanl
6on “yypar”, “mommcaxapua’ TK TOAPYYDK Hyprax
6omHO.

2.1.1 Dk30nM0IMMepHIiH NOTUCAXAPHIbIH
OYp3/1LI3XYYH

[omucaxapuag HbP OMOPUIBMHIH HII3I XICTHHT
Oypayynmor. buani OueTHyya roMmomnoarcaxapua 00JI0H
TeTepOIIONICaXapuIblH ajdb AJHHBIT HUHISIKYYIIAT
0a Trerepomonmcaxapu WIYY naBamraiimar [27]-
[30]. Bep eep Owmumn OmeTHYYH OYTdII, Haiipiaraapaa
OHIUIOT  MOJIMCAXapUIYyIbIl suIrapyyijmar. 3apum
Omums OMETHYYZX 36BX6H HOT TOPIMHH MOIHCAXapHI

srapyyJsiar 0o 3apuM Hb ©€ep eep OyTaIl, YYpIrTdi
X3JI X3[PH ToNucaxapuj surapyynjar Oaitna. JKumms
Hb Pseudomonas aeruginosa up anruHat, Pel, Psl,
[3COH MONUCAXAPUAYYIBIT HUMIIMKYYIAST 6a 3Ar3np
Hb OMO(MIBM YYCOX ©6p eep Ye LIaTaHJ] OpOJIIIOT.
AJNTMHAT MEXaHWK I[IMHX YaHApbIr Caibkpyysmar 0o
Pel, Psl up OuodunabMm OYpaamdx OONOH ramapryyn
Haagax YWn sBuaa opoiiyior [31]. Buuwn OuerHwuid
OCreBpYY/I3C  sracaH  IOJHMCaXapuablH  OyToI,
HAMprarell Cyajax CyJajiraaHbl apryyj XaHrajarTai
caifH xermkceH Oaiiiar [32] 60J0BY X6pCHOOC sIracaH
9K30MONIMMEPT aryyjarjax I[oJucaxapuiblH OYTaIL,
HalpIarslr cyJyiax apra 3yd XaHrairryi 6aiiHa.

2.1.2 Dx30nm0MMepHiiH Yypruiin 6yp3aa3XyyH

XepcHUN yypryyabIT TaHbX TOJOPXOMI0X 0] T'yMHHBI
XYUHII 33PAT XOJIbLl XYHIPIT yupyynaar. [33]. Xepcenn
aryynaragar 5SK30MOJIMMEpPUIIH TOJN TelneelerdyauiH
HATr OYJI3r OOJI TIIOMAaJIMHBI TOPIUHH XOPCHUH YYpryyn
(I'TXY). Uxaux cynanraa ['TXY-bIr apOyckysl MUKOpH3
MOOTeHIpYYA surapyynaar rax y3mor [34]-[38]. I'au
9ArI9p Yypryyd Hb 4eseeT aMbjpaiTail Oakrepuynaac
rapantai Oaiix maramanrait [39]. Macc criekrpomeTpr
CyypwicaH TpPOTEOMHUKCBIH cypanraaraap ITXVY-
BIH (pakmaj MHUKOPHU3BIH TrapajiTadl yypar HIpIsryi
Oeree/i IJIOMaJIMH Hb THOPEIOKCHH aryyJcaH 4anepoH
00JIOX Hb TOTTOOTZICOH. DH? (hpakUaz MX XIMKIIHUH
OHJOp TEMIepaTypT TACBIPTIN XOpCHHU Yypryyn
aryynarmax Oainx33 [40]. Redmile-Gordon wHap [39]-
bIH Y39k Oaiiraap I'TXY Hb 9K30MOMMMEpHITH HAT X3CAT
0eree;i aHWOH COJIMIILIOOHBI PE3WH ALINIJIAH XOPCHUH
OW4MIT OMEeTHHI SK30MOIMMEPHHIT sIraxaj yypar 00J0H
TOJIMCaXapUAbIH OYPAJIDXYYHUHT allb allMHBIT sUIrax
O0JIOMXKTOW. DHD apraap suracaH XOpCHUH OHYMI
OMeTHHI DK3O0IOJNMMEpPUIH yypar, IoIucaxapHJIibiH
Xapbllaa TyXailH XOpCHUH MIMHX 4YaHap OOJIOH OpYHBI
XY4HH 3YHIYYyIP3c Xamaapyd eep eep Oaiinar [39], [41]-
[44].

2.2 XepcHuil OWYMI OMeTHHIH 3K30MOJTUMeEpPHIiH
YYP3T, YilJI axuiiaraa

Brann OnetHuit 3K30NM0MMMepHItH HUHIISTKIIIT acap
WX DHEPTH, TIKIIMHH OOMCHIH HeeI| miaapylaratai

Oaiimar. XepcHHH OWYMI OHETHUI 3K30MOIUMED
quorum sensing, aIre3uir HAMOATTYYIICHI3P
HUWIDIKYYIATY  3CHP3  OpCONNeX  JaByy  TalbIT

omit Oomromor [45]. Dx3omommmep OWYMIT OWETIHI
[raapJyraraTaii HyypcTeperd, UM TIK3IHIH O0ANCHIT
XaJranaxaac rajJHa XyHJ METajul, KCeHOOHMOTHK 33pPaT
xepc 0oxupayynard GOHMCHIH HOIIOOIUIOOC XaMraanax,
XyypaumwiT, temreparyp, pH-uiH ormoM Xam63m331,
JABCKHIIT, UCIIIRIT 33p3r abMOTHK XYUUH 3YHITYyYA93¢C
XaMraayuaxaj qyxai yypar rydmatragar [10]. Tyxaiinban,
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Xoia TyHIbIH TOHTHUCHMH MOCHOOC IyIIyyJicaH
JPKHJ] OBIHMAH YIUPIBIH 3PC TIC yyp ambcranaac
OMYMII OMETHWHTI XaMmraajax YYpIrTdd 3K30MOJIuMeEp
X XOMXKIIIIP WIIPCAH. Bacillus sp. B3-72 6Gonon
Geobacillus tepidamans V264 OMIrHiiH HUAIAKYYIAIT
9K30MOIIMMED OHIOP TEMIIePaTypT TOTTBOPTOH Oaiimaa
xanrayk Oavican [46]-[48].

TYYHWIDH 3K30MOJMMEp yIaMIUIBIH —MaTepual
JAMXKUX, ONYUIT GHETIH-ypraMal XOOPOHIbIH XapHlliaH
xoj000r caibkpyyiaxan opongor [10]. XKumman6aam,
a30T OPXXKYYJIArd OyIIyyHBI OaKTepH OOJIOH ypramiIbiH
cMMOWO03  XapwillaaHja d3K30MOJMMEp TONl  YYpar
rydipTrmr  [49]. Ypraman OyimyyHel  OakTepUitH
9K30MOJUMEPHUITH OYTIHHAT TaHbIAT OOIOXBIT TOTTOOXKI).
Mesorhizobium loti R7A OMrHHH HUAIIKYYILAIT
sK30monuMep 6a Lotus japonicus XOOPOHIIBIH XapHIIL[aH
X0NmOOOr CyJnaxaj yr ypramail 36BXeH TOJOpXO
OyTo1 OYXHH DK30IMOJMMEpP HHUMIDIKYYIIAT OaKkTepu
X0JI0OrJ0X OOJIOMXKTOH PELenTop HUHIIIKYYIIAT
60J10XBIT TOrTOOTIXK33 [S0],[51].

3. buuna OueTHUH 3K30MOJMMEPHIT XOpPCHIAT
€IPIIIX3] alIUIJIaAX Hb

Huiimsr nonuMepyyAa XepcHUM IIMHXK YaHaphIr
caibKpyynaxaa yp AYHTIH Xdauil 9 Oaiiranb a33p Myy
3aapar 3CBAJ1 OIT 3aJaplarrydl TeOUHIyH XypadJsH
Oyt OpUYMH] XOPTOI HATIRN srapyyiaar. XapuH OUdu
OWeTHMIA SK30MONMUMep OWONOTHHH 3aapai] OpaoT,
epTer XsAMA, XyH Oa Oalrams OpPUMHA XOp AOYIryd
IIMHXX YaHapaapaa HUWIST MOJUMEPIIC AABYY TanTail
[10],[15], [52]-[55]. XepcHuit pUKHK, XUMH, OHOIOTHITH
IIMHXX YaHaApbIT CAMKpyylaxX XOpPCHUM HOXOH CIPIIdIT
O0omoH opraHuk 0a opraHmk Oyc OOXWpPIYyIardIbIH
OuopeMennanuifH Yyp IYHT HIMOTAYYIDX3A Tepel

e

OypuiiH OHOMOJMMEPHIT ammriax OadHa [56]. DHd
X9COrT OMYMII OMETHHUI SK30MONMMEp XOPCHUI (QH3HK,
XHMMHU, OMOJIOTHIH IIMHX YaHAPT HOJIOOJICHOOP XOPCHHUN
9PYYJT TOJOB OAJUIBIT XIPX3H JDMXKIK 00JIOX Talaapx
OJIOJNTYY/BIT aHTHIIAXBIT 30puitoo (1-p 3ypar).

3.1 Xepcuuii GpU3NK INHK YaHAPBIT caliskpyynaxaj
OMYNJI OMeTHHUIT IK30M0JIMMEPHIiH Yypar

3.1.1 XepcHuii arperarbir HOXIOJIAYYJIIY

Buunn  OueTHHMH  DK3OMONUMEpPHIH  XOpCHUI
apmc OoamMcTOW XOMOOTMOXK, XOPCHUH arperamuiir
JOMXKIPT  Oonoxeir  1990-331 oHA TorroocoH [57],
[58] OomoBu cyymuitH yex cyzasaaunbslH COHHPXOJ
SK30MOJMMEPHIH XOPCHUH Jpyyl TeneB Oalmana
TYHIDTIIX YYPIT PYY WIYYTIH 9UrHdX O00JICOH. DHAXYY
COHHPXOJI SK30MOIMMEPHITH XOPCHUN OPTaHUK OOHCHIT
XaMmraajax dYagBaprail xon0oorol Oaixk OOJOX FOM.
Ok3omonuMep OOJOH ypramilblH cajc 3yypaMmTrai
YaHap UXTHH, ralapryyruii Tapxax qaHap Oara ydpaac
XaTax fBIYIAA 33IpaxIyYUr?3p XepCHUN XOPCHUMN KIKUT
XICTYYIUHUT XOJIOOHOT OOJOXBIT OHAEeDP HATTAPIIMITAN
PEHTIeH KOMIBIOTEp ToMorpad ammWriaH XUHTACIH
cynanraaraap Oaramcan [59]. OpoormitH Oaiimmaap
CyUlaauuJl  3K30MOJIMMEpP HHIUDIKYYISrd — Oudaumn
OneTPH OOJOH TAATIIPIIC sUracaH IKIOMOIUMEPHIT
aIIMIJIaH TOPOMTCOH XOPCHUH arperauuir caixpyyiax
OO0JIOMIKTOM TICOH CaHaar I3MXKIDK OaifHa.

Heenryil cyanaauu XOpCHUM 3K30MOIUMEPUNH
aryyiaMx 0a XOpCHHUH arperaTelH TOITBOPTON OaliIiTbIH
XOOpOHJ ?epdar Xamaapan Oairaar TOrToox?3 [42],
[60]-[62]. Mukpokocm Oo0OH TambalH TypUIHITaap
9K30MOJIMMEp HUMIATKYYIIrd ONYniI OMETIH XOpCHHH
arperamyir IOM)KIK, arperaTblH TOTTBOPTON Oaiibir
HOMITAYYIPT OOJOX HB TOTTOOTHICOH. Tyxaiimba,

( Xumu
€ NNaK
P /D
f \ T Viamskaant
Buuna ; apryyn
OneTHHH
IK30MOTHMED -
Xyramaa

JopoiiTcon xepc

CapracaH xepc

XepcHuii XumMu, 6H0/10TH, PU3HK
HIMHK YaHap caii:kpax

1-p 3ypar. buuni 6ueTHui 3K300IMMEPHIH TyCcIaMKTall X6pCHUI HOXOH CIPIIVITHHUT TIMKHUX POHXUI cxeM
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Pseudomonas  chlororaphis A20 ©6onou Bacillus
proteolyticus A27 s1c, nar maBapiar XepCcHUE ycaHA
TICBIPTIN MakpoarperaTbil’ HAMATAYYJLIAT OOJIOXBIT
TOTTOOX?? [63]. ©Oep HAr cyganraaraap Xy4wij
TICBIPTIU B. amiloliquefaciens pl6 Hb OaKTEPUIH XYYHIT
TICBIPIIOX YaABAPBII XAHIAK, XOPCHUM arperanuur
JOMXKIK Oaifraar Torroocon [64] 0oioBY XepcHH
TOPJIMUT Aypraaryi OaiiHa. DJICOH MaHXaH[ yprajar
ypramuiisiz 6akrepu 6osox Microbacterium arborescens-
UWH HUMIBKYYIIAT 3K30MOJIMMED BJICOPXAT XOPCHUM
arperaiiir  HAMACAYYJIdX  4ajBapTail  OOJOXBIT
Tomopxoisicon  [65]. Wuaemuk 1naHOOaKTepUyysa
6onox Nostoc ellipsosporum HH-205 6Gomon Nostoc
punctiforme HH-206-uir maBCKHAT HXTIH XOPCOH]
CyyJraxaj XepCHUH arperanuiiH TOrTBOPTO# OaiyibIr
caibkpyyican [66]. Darsp cynalraaHaac xapaxaji
9K30MOJMMEP HUHIIAMKYYIATY OWdmin OUETHYY Tope
OYpUIiH XOPCOH]I YPKIDK, XOPCHHN arperaiuir J3MKHX
yajBapTail 600X Hb Xaparjax OaifHa.

TyyHWIdH  cyajnaauu]l  XOpCHUM  arperanuur
caibKpyyJaxaa 9K30IOTMMEPUIAH OYPAIIIXYYH X3CTYY/I
X3PX3H OPOJIIOK Oalraar Cymaimkdd. XOpCHHH HHMT
OpraHuK HYYpPCTOperdeec WIYYTI 3K30MOJIUMEpPUIH
mosiucaxapui, OOJIOH YYypruiiH OYpaJAdXYYH X3CTYYA
XepcHU OYTIHITH TOrTBOPTOM OaiianTail xamaapanran
Oaiiraar TOrTOOCOH 06ree 1 T3P NyH/1aa SK30IMOIUMEPHITH
YYpruiiH — OypaJIdXyyH — arperaTblH  TOTTBOPTOU
OailimanTaii wiyy HAIT xoj0ootod Oaite [42], [67].
I'enb yyerax, XepcHMM >KMKUI X3CTYYAUMH arperauy,
OMOQUIOKKYJIAUTAN  XOJIOOOTOH  SK30MOJIMMEPHIAH
rugpodod mMHX YaHap Hb TYYHHH  yypar,
MOJIMCaXapUAbIH Xapbllaaraap roJWIOH 30XHIlyyJIaragar
K y3%239 [68].

KanprmiiH = anruHATBIr  XIP3MVDXdA  XOPCHU
arperauyir caibkpyyJok Oaiiraa Hp axuriaracad [69].
OK30MOJIMMEPUIHH  MOJHMCaxapuiblH  X0J00X dYajBap
TYYHHH THHXUH OYyTdL, ypT, YsSH XaraH 4YaHapaac
xamaapanTaii 6eree1 3H? Hb YCTOPOIYUIH X0JI000, BaH
nep Baasbc, HOHBI XapHJIlaH YHTWIDIUIT Ouit 00Iro10T.
XepcHuil (U3MK, XUMHHH HIMHX YaHap, Tyxaiibai
pH B MonexynbiH mPHArT Heneenaer [10]. TuiiMaac
XOPCHMI arperauir caibkpyyJiaxaj JAaH MoJucaxapu
X3PAIIICHUM Yp HOJIee Hb XOPCHUH TOpJIeec xamaapd
eep eep Oaiix 0OJHO.

3.1.2 XepcHuii JIITIMHAT XsTHAX

Xyypail ra3pblH JOPOMTCOH XOPC UXIBWISH HapuUiH
LIMPX3TTAH, OpraHuK HATUIMMH aryynamxk Oara,
ypramiiblH OYpX3BY CHHPAT TyJ 3JI3TI3II 6PTOMTTHH,
arperam Myy Oaiimar [70]. LemkuntuiiH ynmaac
ypramias OypXdB4, OHOKpAcT Oaracax, yp K IMUMTYH
XOPCUHT TJICHIIP XYHUH aMbXKHpraa, Oaiirais opunHI
aroyn yupyymk Oaita. llenwifH TOOC THB XOOpPOHI

300BOPIIOT/IOH, TYYHJ XOJOOTJCOH OWYMI OHETIH
TyxXalH Ta3ap HYTTMHH MAApor OOJIOH HWHIEMHUK
3YIITY YR HOJleellxk, yaMaap ra3ap TapuanaH XOXUpo
yupyyJsax, XyH]] ©B4JION YYCTIX dPCIAI AaryysnK OaliHa
[71].

DK30M0IUMep HUMIDOKYYJIArY  OakTepuitH omor
3CBAI IPBPIIP sUIracaH HK30MOIUMEPUHT AIIATIRIA
OpCOH Tra3pyyAaj raJapryyr Hb TOTTBOPXKYyyJaxasn
alIuriacHaap XOpCHMH OyTHMHr Xaaranaxaj TYIIXOIl
o6onmor  [72].  Rhizobium  tropici, Leuconostoc
mesenteroides 33p3r OIK30MOJUMEP HHUHIDIIKYYJIIrd
oMY OMETHYYAMIT XOPCHHH SJ3TIATIN TIMIDXI]
almriIaxaj 9epar yp AYH axuriariacad 0a TIArIpUitH
9K30MOJMMEP XOPCHHH JKMXKUT XICOT  XOOPOHJIBIH
HAaJAUBIT  CaiDKpyyJDK, ©HIOH XOPCHHH DIAIdI
TACBIPIIIX YaABAPHIT HAMITAYYIDKID [73], [74].

DIBracoH  Xyypail razap  HYTTMHAT — COPIIdXd[
Onokpact YYCIX3A OpoIIoT 9K30MOJIHMEDP
HUNIIATKYYIIITY [THAHO0AKTEPUIT TYTI9MAI XIPITIIIJIAT.
[lnanoGakTepuiiH ~ DK30MOJMMEP  XOPCHUH  LIMM
TKIWIMHH OOJMCHIT XaJIramk, TOOCKHIT YYCIXIIC
COPTUIICHIIP XOPCHHH Tralapryyr TOTTBOPXKYyJaxasn
gyxan yypar rydmptraer [70]. XsarageiH  Hobq
LOJJI XUHCOH CcyjanraaH; OMOKpacT YYCTIXHWH Ty
9K30MOJIMMEP HUMIIMKYYIIrd OUYmi OUeTHYY 000X
Microcoleus vaginatus 601101 Scytonema javanicum-uia
XOJIMMOT ©CTOBPHIT AIICIPXAT XOPCOH/ TapbcaH OaifHa.
I'ypBaac HailiMaH >KWIMHH TypII YYCCOH OMOKPACTBHIT
cytaxax TYYHJ aryyjariax 3K30MOJUMEp 3JCIPXAT
XOPCHHUN YUHTHIAT OaphiK, XaArajaxblH 39PITR3 XOPCUIT
UBTAIIC  Xamraajaxaj 4dyxajdl YYpar TYHIDTIIIT
60JI0XBIr TOrT00Xk33 [75]. Laammnban, 3k3omomumep
HUMIBTKYYIIrY  Paenibacillus mucilaginosus VKPM
B-7519 omruiir Tanbaiin Typimxan OMOKpacThIH HOXOH
COPIIT XypJICcax Oalraar ToIopXoimkaId [76].

Cymmaauuyi  9K30MOJMMMEp HUHIIMKYYJIIrd  OMOT
LIyyA ~ XOpOrJIdXddC TajHa OdK30MoiIMMep  OOJIOH
TOATIIPUMH XUMHMHH OYTUUIIH XyBBA ©OpUIIer/CeH
X2JIOOPYYIUHT TOOCKHIT Aapax, 3J3rmdi Oyypyyiaxan
almriaax yp AYHTIH apryyablr Spanxuiipk  OaiiHa
[771-[79]. Kummsa031, TOOCKUIT Hapaxaj KCaHTaH,
napayydm, KapOOKCUMETHIIIIEIITIONO3BIT Oara
KOHILIEHTpalUTairaap XaparinxiJl yp AYHTIH O0JIOX Hb
axurnarjcas [80]. Harpuitn anrunar 6a TyyHUI XUMUITH
apraap ©epyWICOH yJaMKjall XOPCHHUM TOTTBOPTOM
Oai/IIBIl HAMATAYYJDK, TOOC suIrapaxaac COPTUMICOH
[79], [81]. Tom xoMxkd9HHMU TanbaifiH TypUIMITAN
9/r33p HOJIMMEPHHT XIPOAITIICHIIC 8 XOHOTHWIH Hapaa
TOOCKHITHIT M3JPTIRXYHL OyypyyiicaH OO0JOBY Xyp
TyHaJlaC OpPCHBI Japaa TOJIMMEPYYZ XypJalrairaap
3a1apd yp Hesiee Hb OyypcaH. Tuiimdac yp ammrrait
MOJMMEp rapraH aBaxXblH TYyJJ Mall OONrOOMIKTOU
XaH/Aax Ilaapjajaratair xapyysok OaiiHa. MeH canxuH
XOHTWJIBIH Typmuntan 1% -uilH HaTpuiiH anruHar,
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TIEKTHHUHT X3P3TII3XD]] CATXUHBI 3JI3T IUIHIT OyypyyJican
[83]. DOxzomonumep arriomepany, Tragapryyrui
aIre3uiH NIMHXX YaHapaapaa XOpCHUH OHTeH XICTHMT
XaMraajiK, XamraajlalTelH OypxsB4 0ok ermer [63].
YyHa9C Xapaxaj, 3K30HOJIUMEPHHT XOPCHHH 3IIAT/IAI
[73], Toocxkunt [84] Oyypyyiiaxan ypramibiH OypXdBY,
reo-MeMOpaH 33par ypbll HABTPYYJICOH apryynarau
XOCIyyJiaX 3CBAJI OpJyyjiax 3amaap Oalraib OpYMHI
93T 9K0-0YpXIBY OOJTOH XOIKYYIIX OOTOMKTOH.

3.1.3 Xepc dapbuajayyiaard

OK30MOMUMEPUIIH  XOPCUHT MEXaHUK 3BIPITIIC
XaMmraauax, XepCHHH TOTTBOpTOH Oaijana TyHIPTrIX
YYpPruiir cynamkdd. bapbuanacan »icH33C  aaracat
OW4MIT OMEeTHHI 9K30I0IMMEp JICHUH O6aT 06X yaHaphIr
HOMOTAYY/DK Oaiican Tynm oanc  Oapplanjgax —sBLAR
OMOTEH XYYUH 3YWI TOAOPXOU XIMXKIITIIP OPOIIIOT
00JIOXBIr TOMOPXOiIoB [85]. TyyHWIdH 3K30mMOIUMED
HUMIBKYYJIOrd  Oumumn  OuetsH, Top  JAyH7Jaa
MaHOOaKTEepH XOPCHUH Xarapaiblr OyypyyJcHaac
Y39X2]1 9HJIEMUK ONUUIT OMETHUIAT MM TOPIMIH 3JI3T 11
OpPTOMTIHI OyC HyTarT alnriax Hb ON0-UHKESHEPHUITH Yp
JYHTOI1 apra 60510XbIT Xapyysok Oatina [86]. Costa 6osioH
oycan cymnaauun [10] Aureobasidium pullulans-witn
MOoJIUMEp XOpCHHUU napanTbiH Xyduir 200%-uac a3sm
HAOMATAYYIIX OOJOMXKTOUT TAOMIAIIIMKII. KcaHTaHBIT
TEOTEeXHUKUIH MHXEHEPUIH 30puyJanTaap alluriaxaj
XOPCHUI MEXaHUK HIMHX YaHApBIT calbkpyyicad [56].

Ok3omonMMep XepcHUi 0ar 06X dYaHaphlr MIyy[q
HAMAIIYY9x33¢ ragna Ca®, Mg** 33psr MeTaiblH
HOHYyIBIT 0apbX, KapOOHAaTBIH TYHAIAaCXKHUX YHII
SIBIBIT JOMIKAST OOJIOXBIT TOITOOX?3. bruumi OnerHuit
TOJOPXOH YHJ aXwmiiaraaHsl TyclIaMXTail kapOoHar
YYCOX SBUOBIT “Brumn OWeTHHI OpOJNIO0TOH sSBarimar
kapOoHateiH TyHamackunt’ (MICP) rax HIpimdmor.
MICP-uiir ~ OMOIIEMEHTAIN, XOPCHUT  0IXKYYJIIX,
XOPCHHUH  3JI3IAIRAC ypbAUUIaH COPTUHAIIX
ammmianar. Hamsk gypaaxazs sHIXyy OMO-IIOXOMKIIIT Hb
HYYPCTOPOTI'UYHiH IIMHIIAITUIH HAT Tepe [§7] Gereen
9HD Hb OMYMII OMETHUH SK30IOIMMEPHIAT 3JMIHH 3aCTUIH
XYBBJI OpCONIIOXYHL, Oairaab OpYMHA 33ITIH Xepc
GappLiyAyysnard OONIOH AIIUIVIaXbH a4 XOJOOTUIBIT
TOJIOCTOX FOM.

3.1.4 XepcHmii yc Oapux 4aaBaphIr caiixkpyyJax
ouorugporesnb

Brann OneTsH 3K3010IMMEpHIAT XYPIII9H Oy i OpUHBI
CTPECCHIC XaMraanax MexaHn3M OOJITOH HUHIIATKY YT
Hb HOTOHT TOJOpXOH OoisicoH. JKummanbon, xyypai
Hexuenn  Pseudomonas ~ sp.  DK30NOIMMEpPUIH
MIOJINCAaXapUIbIH OYpanAdXYYHHUHA HUWIATKIANAT
HOMIrayyamor [88]. TyyHWIdH ycHBI Xs3raapnaraMan
Hexuens Pseudomonas putida anTAHATHIH HUHIIHKITAAT

SPUUMKYYIDK, OCHUHWI  XyypalIIMWITBIH  CTpeccIdC
XaMraajK, aMmbIpax OOJIOMXKHHUT HIMATAYYIx33 [89].
DK30MO0JIMMEp THUTPOCKON LIMHX 4YaHapTail Tyl OHp
OpYMBIH XOpC YHMHITYH OoJloXox 4 OHYMI OpYMHI
XaHTaITTall yc xajaranax 6osoMx onrojor [72].

OK30MonuMep Hb  THOPABIUK  JAMXKYYJIaiaThir
OyypyyJK, YCHBI XyPUMTJIAJBIT HAIMOIIIYYJdX 3amaap
OWYMI  OpYMHJ TUAPABIMK TycraapjlaiT Yycrax
OOJIOMXKTOW T2XK y3k33. YYHHH Tycinamxkraiiraap
OMYMIT OPUHBIT YMHTIIP XAHTAXK, SCHIUT XyyparuIIHITaac
XaMraank, Xyp TYHaJac OpOX Yedp YCHBI aryynamx
OTIIOM HAMOATIIX3Z YYCIK OOJIOX OCMOCBHIH CTPECCHHT
oyypyynmar [90]. CasixaH XWHIICOH MHKPOKOCMBIH
cyjanraaraap — 9K30HOJIMMEp  HHWDIKYYIdrd B
subtilis NCIB 3610 omor xepcHHMU YCHBI ajjiarial,
THJPaBIMK Tycraapianraa HeJeeynK Oyir OarancaH
6a yr OMOr XOpCHHH HYX CYBHMH OYTIHMHT 3pc
©0OPUYMIICHOOD XOPCHHH YCHBI aJAArJUIBIH  XOMOXKI9,
OpOH 3alfH TapXairajJ HeJIeeaer TK Cyulaadun
OyrH»K29  [91]. Dk3omonumep XOpCeH JAIX YCHBI
YYpUIMITHIT OyypyyJiaxaja dyxajl YYpar TYWHIDPTIHAT.
Dk3ononumepadp 0o0Bcpyyiican 6a GonoBCpyynaaryi
XOPCUUT  XaphllyyjiaxajZ SK30MOJIUMEPTI XepcHUit
YCHBI ajjariai yjaaaH sBargax Oaie [92]. TyyHWIdH
Sinorhizobium meliloti-niin 3k30n0MMMep OMYMI HYX
CYB OYXHii KaMep /1aXb YCHBI YYPLIMITBIH XyPA, XOMXKI9,
X3J1057133J1/1 KOHIICHTpAIlaac Xxamaapajirainraap HoJIeeiK
Oaiiraar Torrooxms [93].

Buoruaporens runpodui hyHKIHOHAIE OYITYYAMHHX9
ayaap YChII' MIMHIMAIPT 0OJ XAIXIPHUI TMH)X XOOPOHIBIH
XOHJUIOH XOJIOOOCHBI TyCIAMKTairaap YCHBI ajigaryibir
Oaracrayiar [94]. DK30M0IMMEPHIAH TOIOPXOH OYpIIIKYYH
X3CTYYA yc 0apux 4YaaBapT suiraaTaii Hellee Y3YYJLIr.
Kumanbon, momucaxapun ICHUH yc Oapux YaiBapbIr
WX3IX3H HOMOITAYYIPT 001 DK3O0MOJIMMEpHIH  yypar
HapuUiH  JICOPXOT  XOPCHUH  TUIPOAMHAMUK  IIMHXK
YaHapT XaMruitH Oara Hemee y3yyamr [95]. Har rpamm
IOEBIPIIYYICOH Tnoiucaxapua S50-70 Tpamm yc  Oapux
yaynBapraid. ['9coH Xomuilt 4 momicaxapuiblH yc Oapux
YasiBap TOArIPUIH OYTIMIH IIMHK YaHapaac Xamaapiar
TOATUIAT OMNTroX Hb Mall dyxan oM [92]. buornaporenmuita
LIMEK YaHapaapaa Cy/ylarjcaH IOJIHCaXapublH J0TPOOC
KCaHTaH XaMIMHH WX CyJJIarjicaH IOJICaXxapua IOM.
Kcanran 1%-nac 6ara KOHIIGHTpaIyTai 0aixaj 9 37C3pXar
XOPCHUI yc 0apux 4ajBap, CHHPIDKIITHIT calbKpyyIiar.
Kcanran 3spar sarosp Owumn OWETHHWH THOIMMEpYYX
XOPCHUI yc 0apux 4aJBaphIl IAULTYY/IIXO/L alluriiarijiar
HUIIT THIPOTETBTIH OpCceNmexyill XyBmwioap oM [56].
I'9x195 XepcHHi eMeHTal| 33par OONB0LITYH acyy uiaac
3alICXUIXUIMH TyJJ KOHLEHTpAIMiT HapHifH TOOII00JIOX
maapiarataid. TyyHWIdH, OSK30MONMMEp XOPCHHH yc
9COPIYYIPX YaHapT Hejeesner 0Oereej yiMmaap YCHBI
HABYIIT OOJIOH XOPCHHUH yC Oapux yaBapT Heneeer [97].
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3.2 XepcHuii 0MOJIOTHITH IIMHK YaHAPBIT
caiikpyyJaaxag U4 OUeTHU IK30M0JIMMepPUIiH

YYpar

3.2.1 XepcHuii Onunsa OueTHU 0JI0H sIH3 OaligaJ,
H3MMHUITH WIIBXMIIT HIMIIAYY/I3X

Xepc Hb Malll TeTepOreH YaHapTail Oeree] TYYHUI
OpOH 3aifH OalTyynanT Hb OJIOH TOPIUHH OWYMI
OMeTH 39PATIPH aMblpax OPYHBI HOXLeITYYJAdT.
Oepeep X3110311, MEKpoarperar 00JroH 6BOPMOI] O
OmeTHMI OYNraMIdNTIH Oaitx 6eree] HAT MUKpoarperar
maxp Owumn OwmerdH Oycajq MHKpoarperaryyaaac
TycraapmaracaH Oadimantaii opmmaO [98]. YyH93C
XOPCHUH SK30IMOIMMEPHIH aryyiaMX XOpCHUH OWYmII
OWMeTHUI OJOH SH3 Oalaia HeNeeK OOI30MTYH TIK
TaaMariax Hb oitnromxroi fom. Cynanraaraap, xarac
Xyypail OYCHifH O3IT933pT SK30MOJIMMEPHIAH aryyiamiK
Owum OmeTHUH OynrIMIHitH OyTIRA HeMeeInk Oaliraa
Hb TOrTOOTNCOH OaitHa [99]. Haammaan, OmodmisM
YYCI3X 30pHIAT00p XOPCOH] IITF0K03 HIMAXH /1 LIlaHHOHEI
OJIOH STH3 OalIJIBIH MHICKCHHT HAIMAIIYYAST OOJIOXBIr
xapyyincas [62].

XepcHuiA OMYMII OMETHWH OYATIMIUTMAH OJOH SH3
Oaiiman mx Oaiflx TycaM XOpCHHU arperaT TOTTBOPTOU
Oaiiar OOJIOXBIT TOJOPXOMIICOH XM 9 XOPCHIT HOXOH
COPII3X 30PHITO0p OMUYMI OMETHHI HK30MOIMMEpPHIT
XOpATdX3 Owumn  OWeTHW ONoOH sH3 Oalmana
HOJIeeJK OYHI eeH X3/9H CyAalraaHa TIMIBTINKIO.
3apuM cyganraaHj  9K30MOJMMEp HHHIBTKYYISrd
OMOT CyyJracHaap XepCHUH OMYMI OMETHUH OJIOH SH3
Gaiimang seprasp HeJeenner OOJOXBII XapyyJICaH.
Kumran6aim, 9K30TIOJIMED HUAIBIKYYIrd
Paenibacillus mucilaginosus VKPM B-7519 omor 6wno-
KpacThlH HOXOH COPIITHIr Xypaacragar OOJIOXBIT
TOTTOOX?3. DHAXYY OMOT aBTOTPO(d HHAaHOOAKTEPHUITH
©CONT HAIMIIIPXUHH 6MHO XOPCHHH OHIeH AaBXapTbIH
rerepoTpod Owymi OWMETHHH OYIATIMIAII HOJIeeIlK,
6akTepu OOIOH aKTHHOMHIETHIHH TOO X3MKI3T UXIIXIH
HAMITAYYIACKI [76]. Pseudoalteromonas agarivorans
Hao 2018 omor ammrraii Onam1 GHETHUH TOO XIMMKIIT
HAIMITAYYIICHH OaitHa [100]. MeH Nostoc ellipsosporum
HH-205 6a Nostoc punctiforme HH-206 13c3H X0Ep
WHJIEMHK T€TEPOLMCT [IMaHOOAKTEPUIT Taprxal JaBCHBI
HeJeeseN] OpTCeH Tra3ap HyTarT OWYWI OHeTHHH
HA3BXKHUI HAMATZIC3H [66]. Dnranp cypanraass! Yp AYH
OWuMIT OMETHUH HK30MOIMMEPHIT X3P3TTIIX3 XOPCHUH
arperair JOMXKIK, Laalnuiaaj XepcHHH OHdmi
OMeTHUI OJIOH SH3 OAWIUTBIT HAIMATIYYIIAX OOIOMKTOMT
xapyyik OaifHa.

OK30TMOJIMMEPHIT  1aHTaap 3CB3JI  3K30IOIUMEP
HUMJBIKYYJIPTd  OMTHIT  XOpCeHZI  H3BTPYYIDXAI
XOPCHUN SH3UMHMH HIIBXDI XIPXOH HOJOeIK Oyir
YH3JICOH Cy AT aaHyy ] X3 X3 XUHTIK?3. DK30TI0IUMED
HUMIBKYYIPrd  Pseudoalteromonas — agarivorans

Hao 2018, Pseudomonas chlororaphis A20, Bacillus
proteolyticus A27 X6pCceH IPX JH3UMUNH HIIBXUNAT
HAMATAYYIIAT 00JIOXbIr TOrTo0k33 [100], [63]. YyHwuii
HAr3H anun Tolypothrix tenuis 60n0u Microchaete tenera
MAHOOAKTEPUIH 9SK30IMOJUMEp I[IaBapiiar XOPCHHMA
B-rimroko3uaasa, ypeasa, mporeasa, pochoMoHO3CTEPa3a,
apwicynbdarasza, JICTHAPOTCHA3BIH HAIBXHUHUT TYC TYC
mIMIrayyiacoH [101]. TyyHwidH, OHOKpacT YYCrIXuitH
TYJIA SK30MOJUMEp HHIIIDKYYJISrd IUAHOOAKTEpH
Microcoleus vaginatus ATHK43-uitr cyynracuaac 90
XOHOTMWH Japaa WHBEpTa3a OOJIOH JETHIPOrCHA3bIH
UJPBX MIJRTAPXYHII HOMATICOH Hb axuraaracas [102].

3.2.2 YpramJbIH 6COJIT IIMKHUX, cTPecc Oyypyyaax

Bruunn  OuerHWit  dK30mMONMMEpP  JIABCKHIIT,
XyypauIluiT,  TEMIepaTypblH  X3J03J337  39par
ypramiiblH a0MOTHK CTPECCHHT Oyypyyliax uajBapTai.
Oarp XaMraanaiaTblH MEXaHHM3M SK30IO0IMMEpPUHH
Tepen OYpHIlH HOHTOH  XOJMOOrjaox dYamsap OOJIOH
XOPCHUH arperaTblH TOTTBOPTOW OalbIl JIMKHK,
yc 0apux 4aaBapbil HAMAITAYYJJIATTIH  X0J000TOM.
OK30MOMUMep  ypramjblH CTPECCHHT X34  X32H
MeXaHu3Maap Oyypyynaar [72]. Tyxaitn6an,
9K30I0JMMEP XOpPCHUM MiIyyada Na“ HOHBIT HMIMHIIIX
3aMaap ypramail mHHIIX Na® HOHBI XOMXKIIT IIyyn
Oycaap Oyypyyiumar. MeH O3K30IOJIMMEp ypramiblH
971 ACHUHUT XYPOIJIdH XaMraananTblH OYpXYyJl YYCIIX,
TEMIIEpaTypblH X310013mac xamraanaar [103]. Do
Hb ypramaj-OMmuuia OWETHUH XapwilaH YHITWIIAHAT

CAlKPYyJDK,  ragapryyln  O9XJdrIdX  4YajaBaphbir
caibkpyynaar [104]. Pantoea, Bacillus, Actinomycetes,
Rhizobium, Arthrobacter, Bradyrhizobium,

Pseudomonas 33p3r X311 X3139H OakTepUiH OMIYYA
OpYHBI Taaryi HOXUEN] 3K30MOJIMMEpP HUHIIKYYIIAT
Oeree s XyypalIIiiT, JaBCKWITTAH HOXION]] YPraMIIbIr
XaMraajax — yimumirss o ysyyiamer.  JKunman6am,
Pseudomonas putida GAP-P45 up PEG-33p eneecen
30XHOMOJI Xyypail HeXLeJ HapaHIPUIHHH CTPECCHHT
OyypyyJIK, YHISCHHHA Tagapryyl OHO(QHIBM YYCTIK,
xepcHUH OyTumir caibkpyyncan [105]. Pseudomonas
6onoH  Bacillus-uiiH  3K3010IUMEp HHUHIBTKYYIATY
omryyn  Arabidopsis  thaliana-r  25%  PEG-33p
©JI06ITICOH OCMOCHIH CTPECCIIC Xamraajax daJBapTai
6o010x HB TOorToorcoH [106]. Ynaan Oyynaii, anraaxai
LIOIIUHT SK30I0JIMMEP HUMIBIKYYIArd Agrobacterium
pusense OMIoop YHIWIIXdI TYp 3YYPBIH XOPCHHUH
XYYpauIIWITBIH YEI SAr33p ypramibiH (DU3UOIOTHHH
Y3YYJDATYYIRA 9epar Hejee Y3YY/DKk Oaliraa Hb
axurnaracan [107]. Pseudomonas entomophila PE3
OMI'MIH HHUIJIDTKYYIIAT SK30MOJIMMED HapaHIRITHHH
©CeJIT, yprall, JaBC TICBIPIIX YaBaphIl' HIMIITYYJICOH
[108].
buunn

OMeTHHI  JK3OIOJMMEpPUIH ©ep HAIT
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JaByy TaJlbIl' AYpABaJl XOpPCOH /DX XYHJ METaJUIbIl

TOTTBOPXKYYJICHAap  ypramajgja  LIMHIAX  SBIBIT
Xsi3raapiajar. Kunrnanabai, 9K30II0JIHMED
HUWIDDKYYIRry  Pseudoalteromonas — agarivorans

Hao 2018 omor xap tyramraap (Pb) Goxupmyyncan
XOPCOH/ TapbCaH Mak4ol ypramisiH Pb-uiiH ctpeccuiir
Oyypyyncan. YYHHUHT ypramiblH OMOMacc HIMAITIIK,
XYHCHUI 31151 Pb-niiH aryynamx Oaraccanaap O6araiican
[100]. Yyuwmit voraH amun Bacillus sp S3-aac raprax
aBca 3k3omonumep Oryza sativa L-wuitn kammu (Cd)
cTpeccuiir Oyypyyaaxayp AYHTI# 000X Hb OaTiiaricaH.
3OH Hb ypramiiblH OMOMACCHIT HIMATAYYII39]] 30T COXIYH
Cd-uitH ~ XypuUMTIaN, 306BOPIONTHAT  OyypyyIK,
HCONIPATHHH CTpeccCHdr OaracracaH. OK30IOJIUMED
HaWN3yypelH JCHIH XaHa, YHAdCHWI Bakyoibn Cd-
WHH XYpPUMTIAJBIT HAMOITAYYIDK, OCHUHH XaHa YYCOX,
AQHTUOKCHJIAHT ~ XaMraajalThlH CHUCTEMJI OpOJIIOT
reHuil sKcmpeccT eopuwient opyyncan [109]. Tuiimdac
9K30MOJMMEP HHUMJIAIKYYJArd OMOT  allHriacHaap
ypramiielH OMOTHK 0a aOWOTHK CTpecc TICBIPIIX
YaJBaphIl JIULUTYYIIXUHH 33pArIPd YYp aMbCTallbIH
©OpUJIONIT, IDIIXUITH YCHBI XOMCI0JI00C Yyii0aartai ypraiy
anjanrtaac ypbauMiIaH COPTHHAIIX MPIdAYHTIH MIMHIAI
60k OaliHa.

3.3 XepcHuii XUMHIH HIMHK YaHAPBIT calsKpyyaaxa/
OM4nJI OMeTHHUIA IK30MOTUMepPHIiH YYpPIr

Bruunn OweTHMH SK30MONMMEp XOPCHUH XHMHUIH
IIMH)K ~ YaHapT XdJ XOJJH apraap HeJeeJer.
DK30MOJIMMEp XOPCHHUH arperanuj] Helleejeox 3amMaap
XOPCHHUH OpraHuK OOIWMCHIH TOTTBOPTOH Oahmana
Hemeenger [110]. XepcHuil arperanu, TYYHHH
TOT'TBOPTOM OAMUTBIT HAMATTYYJICHIIP XOPCHUM OPraHnK
OomuchIH 3aapanslr Oaracrax OOJOMXKTOH. Scanning
transmission X-ray MHKpOCKONBIT near edge X-ray
absorption fine structure CrEKTpOCKONTOH XOCIyyinaH
XMHCOH Cyganraaraap OYTIMHH O3BAPAIA  OPOOTYH
MHUKpOarperaT JHTHMHH OpraHUK HYYPCTOPOrduir
xaarajax yaaBapTtail  OOJOXBIT TOTTOOX?> [110].
Tyyawna LC/MS wurxur? 6010H PC-TaMASIIICIH
TypummiaTaap OMO-KpacT Hb TYYHHH JI00J] YEUHH XepcTaon
XapbllyyJiaxaj Tepei OypuitH MeTaboIHT, SUTaHTys1a aMUH
XYY/, OPTaHuK XYWIddp Oasuiar OOJIOXBIT MIIPYYJICOH
[111]. DAr35p HIATYYA I33p YHIAICIIH OMUUIT OMETHUIA
9K30MOJIMMEP XOPCHUI OpraHuK OOAMCHIH HaWpiarasn
HOJI06JIK 0O0JIOXHIT XapyyJDK OaifHa.

XepcHui Onumn OWETHUH HSK30MOJUMEp XOPCHHN
arperalir  JOMXKIDK, yJIMaap  XOpCeHHX UM
TIKIIMUHH XypUMTIan Ouil Gonoxoj Hemeesner [63].
DK30MoIMMeEp Xyp TyHaJlac UXTAH Yea MeTaboJIuT, UM
TRKITUHH OOIMC XaArajcHaap UM THKIIUHH 0oauc
ypcax 5CBA XOPCHUH TYHPYY HIBUHMXI3C COPTHHINX
6omomxroir [70]. B. subtilis 39par 3apum OakTepu

LIMM  TKIIJIMAH OOAMCHIH [JyTarjanrtaii HeXUesx
SK30MOJIMMEPBIH  HUWIBKIND  HAIMATAYYLISr  [72].
Paenibacillus mucilaginosus VKPM B-7519 xepceH a3x
LIMM TKITUHH aryyJaMXHATr HOMILAYYIIAT OONOXBIT
TOTTOOX?3 [76]. YYH93C rajgHa, S9K30MOJIUMEP XOPCHUN
Ovumin OueTHHH OYIrIMIUIMIHH HYYPCTOPOTUHMMH 23X
yycBap 6ounor. Costa 6a Oycan cynanaauun Acidobacteria
OaKTepUITH SK30I0JIMMEP X3 X3/9H TOPIUNH OakTepu,
MOOreHUOp OOJMCHIH  COJMILIOOHJIO0  alIMIJIazar
00JIOXBIT TOAOPXOHIKI? [112].

Bruunn OuerHuii sK30mOIMMEp 3pAdC 0a OpraHuK
OOIMCHIH XapWIILAH YHTWIIIANI HOJIO6IK, XOPCHUN
ouomosiekysibiH - Hyypcreperd, a3or (N), dochop
(P) -piH Haiipnara, TOrTBOPTOIl Oaijana HUX?IIXOH
HOJI06 Y3YYJIST. ODK30IOJMMED XOPCOH JIIX YYCCaH
OOJIOH KOJUIOWJI XOHI'eH LaraaHbl TOPIYYH XaMT
TyHagac Yycramar Oonoxeir cymamkd [113]. Men
XOPCHUN OpraHuK OOJIOH OpraHuk Oyc OypaIIdIXYYH
X3CTYYATIH  XOJIOOTJICOH JK30MOJIMMED XO/0JIreeHT
0a XeJeJreeHTyH OpraHuk OOJMCHIH HaWpiaraj
HOJI06J16X06C ra/[Ha IEMEHTYYUIHH YPBaJIbIH UIDBXUI
HejeeK OonHo [10]. Dk3omomuMep HUHIIIKYYJIIrd
uuaHobakrepu  Microcoleus  vaginatus ~ ATHKA43-
BIH OpOJILIOOTOM OHMO-KpacT YycdX SBLAA XOPCHHU
LHaxXWiraad JamMxyyJiax yaHap, HUAT N, Kanu, KajblH,
MarHu, KaTUOH COJIMIILIOX YaJiBap, ralaprblH XOPCOH 19X
XJIOPOGHUIMIH aryyJaM>KUUT HAIMATAYYIIAT OOJIOXBIT
TOrTo0X%33 [102].

DK30I0JUMEp OpraHuK Hyypcreperd 00j0H Oycan
UMM TOHKIIUIHH OomuchkiH auddy3sn Hemeenger Oa
WHIICHAIP XOPCOH IX IJIEMEHTHIH aMb]l OpraHUu3MIl
algriargax — SBUBIT  3oxuuyyiar.  JKummoanoon,
Paenibacillus mucilaginosus VKPM B-7519 6uokpact
yycaxanx Hudt P, xemenreent N Ooson P-biH
aryyJIaM)KHHT HAIMATAYYIIST OOJIOXBIT TOJOPXOMIKID
[76]. Dx30m0MMMep HUMIIAIKYYIIATY 06 HAT OMOT 60JI0X
Pseudoalteromonas agarivorans Hao 2018 up xepceH
1x Pb-bi aryynamxuiir 38.1% Xxyptan Oyypyyink,
xopcHuil pH OOJIOH XOpCHUHA UM  TIKIIIUIH
aryynaMmxuir HamarayyicsH [100]. Dx3omonumep Hb
XOpcoHa M0Ar Oaiimar (QEeppUTHAPUTTIIN XapHilaH
YHIWINIRK, XOPCOH JPX OW4Mi OWEeTHWH rapanrai
HyypcTeperd, a3otr, (ochOopbiH X60IreeH] HOJIeeneX
Marajyiantai rak y3x33 [114]. Tyyawisn Enterobacter-
HUHH 3K30I0JUMEPUUI ©OCIOBPUIH TIXKIIIT OPUUH]
HAMAX3 P yycrax yamBapbIr HAIMATAYYIIAT OOJIOXBIT
QKUIIaB. DHY Hb OK30MOJNMMEp YyyccaH P-pir
IIMHI3CHIIP JlaxuH yycaarryit P-ooc yycaar P yycax
0O0JIOMKHMIH XaHTajgarraidi XoJ0ooTol Oaik 00IoX oM
[115].

Homx nmyppaxan, 5K30MOIMMEpUIH OYpangdXxyyH
X3CTYYZ 39BPAJITUHH SBLIAJ MIEKTPOH AAMXKYYJIarduilH
YYpor TYHLIDTIAIOT. DK3010JIUMED 3JIEKTPOH
MOTEHLUAJIBIT HAMAIIYYJIIX, DJIEKTPOH 3COPIYYLUIHHT
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Oyypyynax yYypar TYHIPTIdr 0ereeja HHIICHIIP
QJIEKTPOH JaMXKyyJalT OOJOH METaUIbIH YYCaJITHIT
XOHIOBUJIOX 3amaap 33BPAITHHH ryiamuiir
uxacrymar [116]. Uynyyn mesp ampaapaar Knufia
petricola MeereHLIOp 33BPYYJATY  HK30MOIHCAXapU
HUHIAKYYI9T Oaitna [117].

4. Buunj OMeTHUI HK30M0JIMMEePHIiH TycaaM KTal
XOPCHHUI 0OXMPIJIBIT TOTTBOPIKYYJI1aX, 3aAPAJIbIT
HIMOIIAYYJIIX

HxdHX ax YHIABIPAKCOH OpPHYYAAJ XOPCHUM
O6oxupaos MXcak Oaliraa Hb HUHUTMHHH 3pYYJd MIH[
0O0JIOH XYPI3II9H Oy OpPYHMHI UXIIXIH IPCAIT YYCTIK
GaiiHa. Xepc OOXHpAyyJard HATIYYI Hb YAIIBIPHHH
00JIOH XOTBIH OOXHUD YC, XOpCoHI OyJIcaH XOT Xasraiaac
sIrapax HATJUIYYA, Xasrjal Xaarajax TaHK I9X MOT
OJIOH 3X YYCBIpI3C rapairtail Oaiimar. buuun OueTHuid
9K30MOJMMMEp  Hb  OOXMpAyyJdard  HOITIUTYYIUHH
TOTTBOPXKUNT, 3aApPalbIl X3J X3I9H MEXaHHU3Maap
mMITAyyoer [118]. 2-p 3ypart Owumn  OuetHuM
9K30MOJMMED XOPCHHH  OHOpEeMequalir  XIpXdH
JBMKIAT OOJIOXBIT XsUIOapUiIaH XapyyJias.

Buyna ouerHui
IK30M0JIHMED

XOPCHHI XYH]
METAJLIbIT
TOTTBOPIKYYJIaX
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2-p 3ypar. buunn GueTHHi 3K30M0NUMEPUNT alUIIaH
XOPCHUI OMopeMeanaNy IByyliax XsudapIiyyicaH cXeM

4.1 buyuia OUeTHUI IK30NOJTUMEPHITH TyCJIAMIKTAN
XYH/I METAJJIBLIT TOTTBOPAKYYJIaX

Buunn OWEeTHWI JK30MONUMEp XYHI METaJUIbIT
AMMOOHITAIIUT OPYYIIaX YaaBapTail 00JOXBIT XapyyJicaH
OJIOH cymanraa XwiracdH OaitHa [118]. Azotobacter,
Paenibacillus, Klebsiella, Bacillus, Pseudomonas-viita
TOPJIUIAH SK30MOJMMED HUHIATKYYIATY OJI0OH OaKTepH

XYHI MeTa/ul IIMHI39X 4aasapTaii [72]. Azotobacter
-uii sx3ononumep Cd, Cr racdH XYHI METaulyyabir
LIMHTIACHIP TONrIIPHUHT yinaaH Oyynaiin XypuMiariax
SIBIBIT Oaracrax Oaibkad [119]. ©ep HAr sK30mONIHMED
HUMIAKYYJorda  omor  Gosnox  Pseudoalteromonas
agarivorans Hao 2018 up Ooxupucon xepcenn Pb-
BII' TOITBOPXKYYJDK Oaiican [100]. Men Pseudomonas
sp. W6 X oMmruiiH sk3omoiumMep Pb-bIr IIMHIDIX
vaaBapraii Gaixas [120]. bakrepuac ragua, Aspergillus
tubingensis F12 rax MeereHIpHIH OMTHIH 3K301I0JIUMED
Hb XOPCHUU Owumn OwerHuHid Oyarammann Oapar
HOJIO8JIOXI'YHII9p XOPCHOOC XYHJ METAJUIBIT Hb IIYYX
yanpaprtail GaiiB [121]. buumun OuerHuii 3K30mONIUMEp
Hb XYHJ MeTaJulaac rajHa Iaupar UAdBXT DJIEMEHTHUHT
TOI'TBOpPXKYYJIaX uajBapraii 0o0JI0OX Hb TOITOOT/ICOH
Oaitna. TyxaiinOai, Topuronepant Oakrepu Providencia
thoriotolerans AM3 Hb tanpar WA3BXT IEMEHT 000X
topu (Th)-To#i xonbornox yaaBapraii 6aiixo [122].

Ok3omoyiMMep Hb IOJIMCaXapui, yypar, HYKJIeWH
XY4WJI TOX MOIT OuoMoJieKyinjgaac Oypaadr ydpaac
amuH, KapOokcwi, gocdar, cynbdar rIX MIT HOHKHX
OyJIryyamir aryymaar. OArasp OyiruidlH TyciamKTai
XYHI ~ METaUIyyATail  3JEeKTPOCTATHK  XapWJIlaH
yitmwn yyeramar [72] [84]. YyHT?# xonbootoitroop
9K30MOJMMEPUIH XYHJ METaJUl INUHID9X YajaBap Hb
OpYHBI HOJIeereep eepuwieraex 00JoMKTod. TuiiMdac
xepcHuil pH rax M3T Xy4uH 3yHIYYZ Hb 4yXajl HOJIeeT i
[123]. Tyxaiinba, Xy49usuIar O0JIOH CYJT HIYJITIAT OPUUH]T
rajJakTypoHbl XY4HJ, TJIIOKYPOHBI XYYMJ, QJITHHBI
xywiyya xepcenn Cr(VI) TortBopxyynax daasap
caiiH OaiicaH [124]. MeH IIMHII9X yaJBap MUHEPAJIbIH
LIMH)X 4YaHapaac xamaapu Oonno [125]. XepcHuid
LIMH)X YaHap SK30MOJIMMEPHIH HIIBXIJ HOJI0eNIoXeec
rajgHa, 3apuM OW4YMII OMETHYYAMHH HUMIDDKYYIDK Oyd
9K30MOJMMEPUIHH LIMHX 4YaHap OpYHBI HOJIeereep
eepwierauer. Tyxain0Oan, XYHI METaUI TICBIPTIU
Bacillus sp. S3 oMOT TK331T OPYMH] Hb HOMCOH XYH]
METaJUIBIH TOPJIOOC XaMaapy eep eep LIMHX YaHapTau
9K30MOJIMMEDP HUIMIBIKYYIIK Oaibkas [126].

XyHA MeTajuITall X0JI00rJ0X00C I'aJiHa IK30IOIUMED
Hb THAPO(OO XICIYYIAUHHXD TyciaaMmxkTail heHaHTpeH,
OeHsuH, Oygard Oomucyyd TIDX MOT  OpPraHUK
OOXUpPIyyJaarypll MOH IIMHIIX dYajaBaprail Oaiigar
[84]. Daraap cynmanraansl yp TIyHIYYI Hb OMYHIT OMETHHIA
9K30MOJMMEpP alIMIJIaH XYHJ METall, Laipar HIdBXT
JJIEMEHT, OpraHWK OoXHpayyiardgaap OOXHPACOH
XOPCHUT  3PYYIDKYYJIIX3A — aluriax  OOJOMXKTOM
00JIOXBIT XapyyJik OaliHa. DHY Hb MOH XOPCOOP JaMIKIIK
IYHUH OOJIOH rajapryyruiiH yc OOXHpAOX BPCIUIMHT
Oyypyyana [84], [73].
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4.2 Buyns OMeTHMIA IK30MOJTUMEPHIiH TyCAaMIKTaI
HYYPCYCTOPOrYMiiH 6M03aAPAJIbII HAMITAYYJIIX

HedruitH Ooxupaon He 3aaraii OOJIOH apoOMaTHK
HYYPCYCTOPOTUMHUT HX?33p aryyigar. AMepUKUilH
XypoauH OyH OpUYHBIT XaMraajax areHTijaraac
rapracaH almoyJaTail HITIUTYYIUIH jKarcaainTai I33Tyyp
opzor OyJar HArIyyd OO OJOH Larapurt apoMaThK
HYYPCYCTOPOruuI10M. DAr33p HAT IUTY YA Hb LIOUYMOT 3CBAIT
apxar Xopyy 4aHap y3yy/ar 0a XopT XaBjiap YYCrax,
MYTalll YYCI3X, YparT HeJeejleX eHIep MaraJylajTai.
XuMHHH OYTIPACI? Xamaapaa] HYYPCYyCTOperdus Hb
Oaifranpy 3aapaxjaa Myy, XYHCHHH XdJIX99HJA OpXK
Xypummiaraax 3pcaaimi. Hyypeycreperumiir 3aamax
YyaaBapTaii ooH Omumi OuerHyyn Oaiimar Ooyiox Hb
TOT'TOOTJICOH OOJIOBY T3Ar?3p Hb OaliraluifH XepceH.n
YP AYHT3# Oaiix Hb Oara. baiiranuiiH HeXLeI 3Ar33p
OuumMi OMETHHI HYYPCYCTOPOIUMHI 3ajjlaXx 3C3X Hb
TOJOpXOMryll Oaiixaac ragHa Tepea OYpHUHH OpYHBI
XYYHH 3YIII X3p TICBIPTIH OaiiX Hb MOH TOAOPXOHIOXO0.
xa1yy [6]. Hyypcycrepery rax Mat yycax yaHap MyyTait
OOXUpAYYJIaryAblH  OMO3aJIpalbIl  3MYJIBCKYYIIrd
0OMMCYYIBIH TYCJIAMXKXTall HAMATAYYIDX OOJOMXKTOMN
[84].

Streptomyces  griseorubens GDS5 [127], Nostoc
flagelliforme [128] rax M3T 0JIoOH OMYMIT OUETHUI OMOT
OMYJIBCKYYIIIX UAIBXTIH 3K30IOIUMEP HUHIIMIKYYILIAT
Oaitna. [lynmax ranoduns Oakrepu Halomonas
eurihalina Hb n-TeTpajickaH, N-TeKCaJCKaH, N-OKTaH,
MHUHEpaJ TOC, OCH3WH, TYYXMH Ta3pblH TOC I3X MOT
OJIOH TOPJIWIH HYYPCYCTOPOrdMiI 3MYJIBCKYYIIX
yaaBapTail  JK30IOJIMMEp HUMIBDKYYDK — Oaibkd
[129]. Zoogloea sp. Oomnon Aspergillus niger-uitn
9K30MOJIUMEp OOXHMPICOH XOPCOH MUPEHUH 3aApajIbIr
xypaacrax OaiiB. COHHPXONTOH Hb 9HD XOEp OmumI
OMeTHHI  HK3OMOJMMEPUHT  XOCIYYJDK — X3PIIIIdXd[
MMUPEHNH 3apall WYy HAMAITAYXK Oaibxad [130]. Men
XOPCHHUI MUKPOKOCM OOJIOH OBOOJIT'O XHHX TYPLIHIITAAp
Ochrabacterium anthropic AD2 oMTuitH SMyJIbCKYYIIX
WIPBX Oyxuil sK3omosmMep Ju3enb OOJIOH Tra3pbiH
TOCHBI ()PaKIBIH XOJMMIHMHH 3a1pajblH HIMOITIYYIDK
OaiiB [131].

OK30MOMUMEPUIH  HYYPCYCTOPOTYMMH  3aJpajibIl
JOM)KHMX 4YaJaBap Hb TOAMOPUHH aMOUPHIP HIMHX
yaHapTai xos6ooTtoi [132]. DH3 Hb HYypCyCTOperuun
ycaH  ¢azaap  JaM)KMH  3CHHH  MeMmOpaHaap
muddys3mrmx  GoJIOMKHMHT  onrofor. JHA  caHaa
Hb (DEHAHTPEH AaluIiIaH yprax Oyi dQuyopecueHT
yypraap TIMIADIACIH Pseudomonas putida omruiir
KoH(]oOKaJ Ja3ep CKaHHUHI MHKPOCKOIIOOP aKHMIJIacaH
cyJairaaraap J3MKHUTICOH OaitHa. DeHaHTPEH alIuriian
ypraxazg sHaxyy OakTepuiiH OMO(MIIBM Yyycrax yanusap
YyyXayn YyparToi Oalican Oereej sHS Hb (peHaHTPEHHUN
3ajpax SBLBII Xs3raapilax XY4uWH 3yHa 0osiox Macc

HNIWDKUX Xs3raapelr Oaracrax OOJIOMK ONTOXK OaliHa
'K Y3C3H [6]. Oep HAT cynanraany (GeHAHTPCH 3aJ1ard,
9K30MONIMMEP HUWIIIKYYIdry Sphingobium sp. PHE3
6onon Micrococcus sp. PHE9 omryyn Hb QenantpeH
TOCOH (pazaac ycaH (a3pyy HIBTPIX SBIBIT HOMITAYYIDK
Oaifraar xapyyscat 0eree| peHaHTPEHHH 3apa Hrdp
(a3bIH 3aart sBargax Oaikid. DHY Hb IKMOIUMEPHIHH
TyclamxKTai GpeHaHTPEeHHH yycax YaHap HIMATICIHTIM
xonbooror Tk y3xk33 [133]. Men 3apum Ouumn
OMeTHUIT HYypcycTeperd OyXuil OpYHHI ©CTOBOPIIOXO]]
THAMIIPUIH HUHIBMKYYIIAT SK30MOIUMEPHIAH YPOHBI
XY4WIJI, aneTws, Cylb(parblH OYJIdT IIIOKO3 aryyiacaH
XSHANTBIH ~ OPYMHA  YpryyJcaHTail — Xapbllyyraxajn
HAMATIOK Oaiican Oaitna [129]. ['momanuubl TepiuitH
XOpPCHUN yypryyl MeH (eHaHTpeHTall Xon0ormox
yanBapTraii OaldicaH ©0a DJar33p YYpPruiiH MOJICKYI
JKHUHTIC Xamaapu sumraarail Oyroy 10 xJl-ooc Tom
XOMXKIITIH PpakibiH HeHAHTPEHTAN X0NIOOTI0X YaaBap
KIDKUT yypryyaTail Xapellyynaxajq eHmep Oaixio.
DOnrap yypar Hb (eHaHTpeHTdH Tuapodod, NH-w,
yC TOPOrYUiH XOJI00O TIX MAT XapIWIIaH YHIWIIIIP
xonmooroxk Oatican Oaiina [38].

4.3 Brnuni OMeTHMIi IK30M0JIUMEPT CYypHIICaH
TeXHOJIOTUT HOJI106J16X XYUHH 3YIyy]

Bruunn OuerHMi SK30mMOMMMEpHHH Tapr OoJIOH
MOJIEKYJIBIH HIMHX YaHap Hb OPUYHBl XY4YMH 3YHIIAC
XaMaapd eepusergex OOJOMXKTOH yupaac XepCHHH
HOXOH COPIDUITUMH Yyp AYH TyXallH XOpCHHUU IIMHX
yaHapaac Xxamaapax Oomomkrod. pH, Ttemmepatyp,
YUUTHIH XOMK?3, JaBCHBI aryynaMX, XYHJ METaJUIbIH

TOpON 33p3T XYYUH 3YHIyyd OWumin —OuWeTHHA
9K30MOJMMEPHIH  HUWIMKWIA  HUXIXSH  HOJee
y3yymr [56], [57]. XepcHuil Tepen eneeraceH
OMOKPACTBIH  SK30MOJHCAXAPUABIH  MOJCKYJN KHH

00JIOH MOHOCaXapuAbIH OYpPANAdXYYHI anb aluHI Hb
Heneeink Oaibki3d [134]. XepcHuil mmHX YaHap OOJOH
XOpCHHH Ye JaBxapra Hb TyXalH XdOCTMHH OWumi
OHMeTHHI OYIraMIUTHIAH OYT31I, TEHUIH OYPIIIIXYYHIIC
XamaapaaJi AK30IOJMMEPUHH OHOHMHIAIKHUI OOJIOH
MOJIEKYJI IIMHX YaHAPT HOJOeJDK OOJOXBIT X3/ X3J3H
cynanraa xapyyJicaH Oaitna [26], [50], [53], [64], [65].

XepcHuil Owumia OWETHHH HK30MOIHCAXAPHIIBIH
HUMIOKUI — OOJIOH  XMMHMWH — INUHX YaHap Hb
Tepen OypuilH cTpecc OOJNIOH TajHaac HAMK Oy
HOMAJITYYIUHH HOJIeereep eepuwieraex O0JIOMKTOMH.
Kumms  Hp  XepcHMH — MHUKPOKOCM  alIWIIIacaH
cynanraa Pseudomonas putida GAP-P45 owmruita
9K30MOJMMMEPUIH Tapi OOJIOH Halipiara CTpECCHH
HOXLOJ eepwieraex Oalraar xapyyncan OaifHa.
Xyypaiimmi, ocMoc GOJIOH TeMIepaTypblH CTPECCUIH
Yea TYYHHH K30MO0IHCaXapUAbIH FOJUI0X MOHOCAXapU/
Hb paMHO3 OalicaH 0ereej 5H> OMIMHH XOpPCHHH
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arperalyir HOMOII/IYYJDX 4YaJaBap CTPECCHUHH ye[
wnyy caiin Oaibxas [105]. Xepcuuit Onumn OueTHHHA
OYJIrSMIUIMIH 3K30MOJIMMEPHIH MIMHX YaHap TyXalH
XOPCOH HAMCOH CYOCTpaThIH IIMHXK YaHapaac XxaMmaapd
eepuiiergex OomHo. Tyxainban, TypHIMITEIH XOPCOH]
XUTUH 00J710H N-aeTHIITIIIOKO3aMHH HAIMIXI XUTHHHUNA
HAIMOAJITIIP OJ106T/ICOH IK3OIOIUMEDP XOPCHUH yC Oapux
yanBapheIl WIyy caibkpyyican Oaiina [135]. Opranuk
OWINl HATIUTYYA MOH SK30MOJUMEPHIH HUMIATKIUIT
eepumnger. ZnO-uitH HanomapTuki B. subtilis JCT1
OMTHUIH HK30MOJUMEPUITH HUMIADKIUIAT 596.1% naxun
HAMATAYYJICOH 0a H? Hb XOPCHUI arperaiy, yc Oapux
YaJBap, OpPraHMK HATMIMHAH XOMXKIOT HIMOIIAYYIDKID
[136]. ©ep HOr cymanraaraap XepceHHI UAPAYYI,
LEJUTION03 T3CAH  OpPraHUK  HOTIUIMAT  HAMCIHIIC
WIYY MIaBap HAMAXDJ DK3OMOJMMEPUIH HUMIIHKUI
HAMOIIJICOH OaitHa [67].

OpuHBl XYYMH 3YHI93C TagHa, OWuYMI OHETHUI
XYUHH 3YHIYY MOH XOpPCHUH HOXOH CIPIIITI dyXall
HOJIOO Y3YYJIHI. DArdpT Oudmi OUeTHUH OyIrIMITHITH
OyTo1, OOIMCHIH COJMIILIOOHBI YaaamkK, Ono(uIbEM
YYCrdX dazaBap, OW4min OHETHYYIOMHH XOOPOHJBIH
epceseeH 33p3r opHO [57]. Buumn OueTHyyIwiiH
XOOPOH/IBIH OPCOIJIO0H HOXOH CIPIIUITI]] HyXajl HOJIeo
Y3YYiH? [69]. BakTepuiiH 3yIyyIuiiH X00pOHT O0JIOH
0aKkTepu MOOreHIPHHH XOOPOHJ IIUM THKIIHHH
OO/IMCHIH TOJIOOX OPCOJNIOeH sBaraax OomHO. 3apum
TOXHUOJION, OWYmI OWEeTHWH 3yinyyn Oycam OWdmi
OueTHHUIT 6CONTHIT JapaHTyinax 60AuC HUHIATKYYIIAT
[70]. TyxaiiH XepcHHI HATHB OMYMI OMETHYYA TyXaiH
HOXIION, OyIraMIPIAd) JacaH 30XMICOH Oaiinar
[57], [69], [71] Tyn HeX6H COPTIITHIIH OMHO HATHUB
Ovumin OueTHHMH OYAr3MIUIMIH TOrTBOpTOW Oaiinai,
(U3HOJIOTHHT CyJU1aX Hb dyXall.

5. buuuna 6umeTHH IK30NMOTUMEPHUIAH
X3P3rI133TIH X0/1000TOH XYHAP3IYYA 00JI0H
HP3IAYHH YUT XaHAJdara

OMHOX XOCTYYIPA JAypICAHWIAH HK30MOIUMED
HUWIDOKYYIDTY  Onmdun  OMeTHYYD XOpcHHH (pH3WK,
XHMMH, OMOJIOTHIH IIWHX YaHAPBIT caibKpyyiuar, MeH
XOPCHUH OOXMpAYyJIardablH 3aApaibll  HIMAITAYYIDK
ACBAT  OA3XKYYIAST OOJIOXBIT  ONOOTHHH Oaifmmaap
XUHUT/ICOH CyIalTaaHyya OaTiaH XapyyJpk Oaitaa. 9By,
SK30MOJMMEp HHUWIADKYYIArd Owumi OWeTHYYIUiT
OpreH XypddHI alluriiax, TIAMIPUHH Yyp IYHT
CalbKpyyJaxblH TYJJI Xd3I XOMPH acyyJIbIl XOHIeX
mraapanaraTaii 6aifHa. DArInp acyyIUThIT YHACOH TYpPBaH
YUDIA  aHTWDK  OomHO. YyHA: 1. Dx3omommmep
HUAIBOKYYISTd OMYMl OMETHYYIMHI XOpCOHI LIyyX
WHOKYJISIIIN XUHXA]T X3P Yp AYHTIHU Oaifx O0IOH aroyryi
Oaiinan, 2. Illumx ganap, 3pyyJT TelleB OAWIIBIH XyBb.I

sIraaTail XepceH 1 A3KOMOTUMEP HUHIIATIKYYIIATY ONYnII
OMeTHHIT OJIOH sTH3 OalIJIBIT XapbIlyyJICaH cyaairaa 0ara,
3. XepcHeec HIyyl siracaH 5K30MOJIUMEPUNHH XUMHIH
LIMHX YaHapbIH TaJlaapxX M3J33713J1 XaHTaITryi. OArsp
XYHIPUTYYA OOJIOH TOArIIPUHr MIMHIABIPIIXD TYC
HAMAP 00JI0X OOJIOMKHT YUTIITYYAUMT 10p AypUlaa.

5.1 Dk30m0IMMep HUHIAKYYIIrY OUYMII
OMeTHYYAMIIT X0pPCOH/I LYY HHOKYJISIN
XHIXTIi X01000TO# acyyaiayyn

DK30MOoJIMMEp HUHIIATKYYIIrd ONYnil OUeTHYYIUHT
OalfranuiiH XepceHa MIyyJ HHOKYISIM XHHXdI Xdp
Yp AYHTAH Oaiix Hb TyXaiH Onumn OMETHUH ambapax
yanBapTai Xxom000Toi 6erees Taamariaxan xamyy [10].
TuiiMa3Cc CYYNUIH Y€l XOpCHUIl HOXOH CHPIIANTHIH
Yp IYHT caibkpyynaxTaid Xoil0o0TOH cymairaanyyn
XUHTIOX OOJICOH. 3apuM cymiaadu)] HeJMUHH Oudui
OMeTHYYAMIH Xyypail HOXLeJ JAacaH 30XMICOH JaByy
TIBIl Hb allMDIaX Xyypalh Oyc HYTTMHH XepCHHr
HOXOH COPrIdX3J AlIUIIax OONOMKHHI cymak OaifHa.
MeH TyxallH cOprasx rasaprail OHMpONLOO 3PYYH
XOpCHOOC siracaH OWYMI OWETHHII MOH aIInIiax
6omHO. MHracHA3p TyxalH OpUYMHJ JacaH 30XHICOH
Oaifranuitn MUKpoOMOTa | AapaHTyinarjax MaraJiaibir
Oaracrana [71]. ©ep Hor apra Hb X3 XOIPH OHYMI
OMEeTHUIT XOMMMOT ©CTOBPUIT XIpAIIdX 0ereeja SHI Hb
JlaH ©CTeBOp X3PAMIICHIIC WIYY aMbApax dajgBapTaid
Oaiix Marajanrail. MeH 0oXKYYJICcoH Onunin OMeTHYYQ
OMOJIOTHIH MPBX WIYY OHIOp YUHpP WIYY OYH Y3YYIIX
6oomxToit [118].

OK30MoJIMMEp HUHIIATKYYIIrd ONYnil OUeTHYYIUHT
OalfranuiiH  XepceHJ IWIyyA HMHOKYISIM XUHXTIH
X0JI00OTOH €ep HAr caHaa 30BOOAOT acyydal Hb
OadiramuitH ~ OWumn  OWCTHMH  OYJArS MR TaTHBI
XY4UH 3YHIUHH HONeeHJ sax Xapuy Y3YYJLIor
Tajaap XaHrajuTTail MIAdr OalXryWTdsH X0m0oo0Toi.
WuokynstHT Ovuwmit OuerdsH OaliranuiiH OWYIIT OMETHHIA
OYNrIMIUTHAT eepuiex 3pcmanmdii [71]. AMpa scuiir
XOPOMIXTIH  XOJI000TOW  3pCIUIIAC  COPTUIIIDXUIH
TYJ/I YXCOH OCHHH OMOMAcCCHII SK30MOJMMEPUIH XaMT
x3pank 00HO [118]. MeH Ouumit OueTHHIT 6CroBpoec
HUUT HK30MONMMEPHUHT 3CB3I TYYHHH MNOIHCaxapuj
0O0JIOH yypruiiH OYPOJJIPXYYHHUHT SUITaX X3paridX Hb
SHD APCIUIINC COPTUNIHI. DHD Hb TOHOT TOXOOPOMIXK,
QKWDUIAX XYYUHTIH X0JIIOOOTOH TOJOPXOH XIMKIDIHUH
epTer HAMOX OOJOBY XMMHUHH HHUIIDMKIMHH apraap
MOJIUMEpP HHUMIAMKYYIIX3IC Xsampa eprermdit [137].
TyyHwI3H Tepe: OypHiiH apra amuriad OuauI OueTHUH
9K30MOAMMEPHUHH rapbll HAMATAYYIIX 3amaap 3Aradp
3apaubr  Oaracrax OonmomMxkToi. KW He OWUMI
OMeTHHIT ecreBepiIeX Xyramaa OOJOH HOXIIOJIUHT
eepusioxX OOJIOH OpraHWK Xasraal amuIyaH 3apiasaa
oyypyymxk Oomao [138]-[140]. Har OomoH TyyH?3C
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JIP311 OMOCUHTE3UIHH TCHUIH DKCIPECCHUAT HIMATTYYIIIX
3aMaap JK30MOJIMCaXapuIblH TapIbIl  caibkpyyiax
MeTa0O0JIMK WHKCHEPUHTHIH apra MOH alluriax O0JIHO
[20]. DHP MOTUMIIH DK30MOJUMEPT CYYpPWIICAH ©6p
©6p TEXHUKYYJ YHD ©pTer, Yp IYH, aloyIryi OalibiH
XYBBJ[ sUIraataii 0oJOXBIT 3-p 3ypart XsuibapiiyysaH
Xapyynas.

5.2 buunJ OMeTHUIi IK30MOTUMEPHITH OYyTa1I,
HI3BXHITH XamaapaJ

OK30mMoIMMEpUIHH  Halipiara, XUMHHH — OyToI
Hb TOAMIPUMH WAPBX, YVIUI axuWUlaraasj dyXanl
HONIee Y3YYHISr. ['PBY XepCHUIl HOXOH CHPriIdNTIA
9K30MOJIMMEPUNT alIMINIaX CyJalraaHyya TIATI3pUilH
OYTAI, WAPBXUUT ysIyylax Taj JIP9p aHxaapnaa Oara
XaHIYyJDK OaiiHa. MeH SK30NOJIMMEpHHAr OalraiuitH
XOPCOHJ XIPATI3XA3) KOHIEHTpAaUUir Hb aHxaapax
xoparmi. Tyxainban, KcaHTaHBIT XOpCHUH yc Oapux
YaJIBapbell HAMATAYYISIX OOJNOH TOOC IITIITHHAT
Garacraxaj ammriaax 00J0MKXTOH. XapHH KOHLETPaLUIT
Hb TOXMPYYJaaryd TOXUOJIMOJNJ XOpPCHHH HYX CYBHIIT
0ernexx, XOpCUir narrapuryyiaH ypramiblH yprair,
Yp COEOJIONTOH Coepreep HOJeeeX Maraajairai
[56]. TuiiMP3Cc HSK30HOIMMEPUNTr XOPCOHA X3PATIdX
30pWIITOOC  XamaapyyJDk TYYHHH XUMHHH OyTHHHT
CyJaJK, KOHLEHTpPAlMHT TYypLIIDK TOXUPyyJIax Hb
3YHTOI.

baxokyyicsn Ouumn
OMeTIH

Oprer 60J10H Yp AYHTIH Oaiigan

[laH ecreBep

Brunn OuetHMi 9K30M0IMMEPHIH MOJIEKYJT Oy TIHIT
Vi axxuiuiaraataii Hb ysULTyyJICHaap XOPCHHUM HOXOH
COPII2ITUIH Yp AYH caibkpax, MOH TyXaifH X3paridoH.
miaapiarmax — 9K30MOJUMEPHIH — X3MXK33  Oyypax
6omomxrold. TyxaillH XIparidsHI Hb YsUIACaH OyTaI
Oyxuii OMYMI OMETHHU SK30MOJHUMEPHIT Ik Xaixaac
rajgHa, TYI93MAJ OJIZJIOT DK30MOJIMMEPUHH OyTHHHT
0op4YHIDK 00HO [137]. DK30monMMepHitH yHKIIMOHAIb
OyIryyamir AIeTHIDKYYIIIX, METHIDKYYIIX,
¢dochopxyymax rIx MIT MOAM(UKANK Hb TIATIIPUIAH
Oycaq MoJeKynTal XapwilaH YHIWIIPX — 3YH
TOrTibIr eepumier [118]. Dx3onoaumMepuitn OyTUHIAT
00pUIIOX HAT apra Hb XMMHIH apra oM. ©ep Hor apra
Hb TEHETHK WH)XEHepwWIdl 0eree Cyuaauu 3HD
apraap 9K30IOJIMCAXAPUIBIH XUMHWH MIMHX YaHaphIr
AMXKWIITTAll eepumiICeH KUIMIHYYH Ouid. Tyxaiinba,
KCaHTaHbl OYTIPJ amneTwi, NuUpyBaT OYJITHHH 3yd
TOTTOJ OOJIOH cayidapiacaH OYTIUIT ©6pUYHIICOH OaiiHa.
MeH Acetobacter xylimum-uiiH aueTaHsl 3yypamTran
YaHApBIT MyTareHe3 allurilaH HaMATAYYIDKIS [141].

5.3 XepcHuii 6m4n/1 OMeTHUI OYJIr3IMAIHIH
IK30MO0JTUMEPHIiH IHHK YaHAPBIT
TOOPXOMJIOXTOM X0.1000TOM XYHAPIJIYYA

Buunn OueTHNi 6CTOBPOOC suIracad
9K30MOJMMEPUIH OYTAL, Halparsir TOXOPXOWIOX apra
3yl XaHranTTail 3yrmupciH XdAuUM 4 XepCHeecC LIyya

XuMuitd 60J10H
TeHETHKHIH apraap
0OPUHIICOH
HK30MOTUMED

[»Bapuryymaaryit
HHUIHIIODp K30M0IUMeEp

Awmbryii ac,
3K30I10JIMMEPUIH
XaMT

Aroyaryii 6aiigan

3-p 3ypar. Oprer, yp AyHT?} Gaiifain, aroyaryi Oaiiuiaac xamaapcan X9/ X39H TOPIUIHH IK30IOIHUMEPT CyypHIICaH apryya 6aiaar
00JIOXBIT XsUTOApIIYYIaH XapyysacaH Oaiian (3HIXYY 3ypar Hb GOIUT TOOLIOOH TYJITYYpJIaXK XMHIIIITYH OOJIOXBIT aHXaapHa YY)
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suracal Oyroy XepcHUil Oudmi OUeTHUH OYIrIMITHITH
9K30MOJUMEPHUHH  OYpaIIdXYYH, OyTdIl, Halpiarsir
TOJIOPXOIMIIOXOT XYHAPAINTIH Xd3BI3p OaitHa. Tepen
OYypuitH MUHX YaHap OYXHH XOpCHHH OWYni OMeTHHH
OYJIrIMUTHIH SK30TIOJIMMEPHIH OHIYIOT IIMHX YaHaPbIT
TOJIOPXOIMIICHOOP XOPCHHUIA dPYYI TOJIOB Oaany sMap
YYPITTOUT TOJOPXOMIIOX00C TajHa, SK30MOIUMEPHHT
XOPCHHUI HOXOH COPIIdJITH/ alluIiiaX sBLAJA dyxaji ad
XOJIOOT JOJITOH.

Oneer XxypTan Xxuiirmy»k Oyi cypanraaHyynq
TOJIYy 9K30HOJIMMEPHIAH TOJUIOX OYpIIdXYYH Oyioy
MoJIMcaxapuy, YYPrHHH XOMXKIOI  TOJOPXOHIIOX00p
xsi3raapnarnax Oaiina. [lomucaxapui, yypruiH HDIMHX
YaHapBIT TOMOPXOMIOX TYranman apryyn 6omox NMR,
Macc CHEKTPOMETPUIH XOpCHHUM 3K30MOJUMepHiir
CyajiaxaJl amuriaxaj XYHAPIITIH. Yuup Hb 1Iranp
apraap XoporTdoil Md3JPIIUII TapraX aBaxblH TYI[
XOPCHOOC  sUIracaH  SK30MOJIMMEPHHTr  (hpakiyiax,
LPBIPUIYYIIX OJOH Imiar ImaapaarnaHa. Mitmaoc
CyIUTaauuyi Tepen OYpPHIH XOpCHUIl SK30MOIMMEPHITH
LIIMH)X YaHapbll EPOHXMHA Hb XapblyyJNaxblH Ty
WIyy Xsutbap apra XdOparuDXUHr WIYYH Y39k OaifHa.
Tyxaiinban, cyyiauwiiH yewiH 3apuM CyJnairaaHj Jar,
OnoduibMIdC  sracaH  9K30MOJIMMEPHHT  T'ypBaH
XOMXKIICT (DITyOpeceHIMIHH CIIEKTPUIH apraap cyuiax
Oosicon [142] Oereex 5HD apreilr XOPCHUH ycaH[
yycnar opraHvk HAITIJ1, TIOMAJIUHBI TOPJIMIH XOPCHUN
YYPryyObIT cyaiaxaj MeH amuriax Oaitna [143], [35].

XepcHuit OWYMIT OUCTHUHT ©CTOBOPIOXTYHIIIP
cyanax Oyly ©creBepiesiTeec yII Xamaapax apra
Hb ©0p ©0ep XOpCoHJ aryyiarjax JK30I0JuMep
HUMIBKYYJIOrd OMYMIl OMETHHH OJIOH STH3 OalaibIr
Ccyuiax ©0OJOMK ONrok OaiiHa. MeTarecHOMUKCHITH
apra amwWriiacaH CcasXHbl CyJajiraa XeOpCHHH /93]
yeuitH ~ OHWOKpacTaj  9K3omoiucaxapus  OOJIOH
JIUIIOTIONMCAaXapUIBIH OMOCHHTE33] OpOJIIOTY T'eHYYA
ronnyy Alphaproteobacteria, Tyxaiinban Acidobacteria
6omnon Cyanobacteria 3cBan Chloroflexi-n xamaapanrai
OaiicaH 00J1 OMOKPACTHIH JTOOJ YCHITH XOPCOHJ 333D
TeH Hb TOJINYY Betaproteobacteria-uiin aHTHIAH OAKTEPUT
aryynargax Oaifraar xapyyncan Oaiina [144]. Men
METareHOMHUKCHIH apra Hb [IIHHD 9CB3JI XOPCHUN HOXOH
COPIIWITH YyXaj ad XoJOOTrIOITOH SK30MONUMEPHIH
OMOHMIATIA KU OPOJIIYIOT TEHYYAMHIT HI3H HIIPYYIIIXDT
YyXaJ YYpar TYHIPTIK 00JI0X OM.

6. lyrudar

OImaCT HB AYTHOXIN, Ta3pblH JOPOWTON HB Yyp
aMbCTaJbIH ~ ©OPWISNTHIHH  HONIeereep  HAMITIIK
OaliraarmifH  P3p XYIPMXKHAHH XWUHH  SUITapyyioK
YYP aMbCTalblH ©OpWIeNTe[ HeIeelner. Xepc Hb
Xyypal raszap I93pX XaMIMHH TOM HYYpPCTOpPerduilH
Hoermiir aryympar [145] ydpaac XepcHHH OpraHuK

HYYPCTOPOTUHIH TOTTBOPTO Oaifiuibir  Xaaranmaxan
aHxaapjaa XaHJyyJaX Hb 3YWTIH. buumn OuerHmit
9K3OMOJMMEPUIT  XOPCHUM  HOXOH  COPIIITII
AIIUIIIacHAaap XOPCHHH OpraHMWK HATIMHH 3aJpajibir
Oaracraxk, XepCOHJ HYYPCTOpOerd XypUMTIyyJax
XYYUH YapMailnTa] XyBb HOMIp OpYyJHA TMK HTIIK
OaifHa. YYHUH 33pari33, OMUMI OUCTHHIA 3K30TOJIUMED
Hb XOpc OOXMpIyyJard HOITUTYYAUHT MMMOOWMIALIUT
opyyJiCHaap TYHHH yc OOJOH  TapHalaHTHUHH
OYTIIrIPXYYHUI OOXHUPIIBIT Oyypyyiaxaa TycaiHa.
TuiiMd3c Onumin OUMETHHH HSK30MOJUMEPUNT XOPCHHUN
HOXOH COPIIIT, peMeInana amriax oairans opunH
93JTIH, TOTTBOPTOMH, epTer Oarartail TEXHOJIOTH OOJIrOH
XOTKYYIIX OOJIOMKTOM.

Tanapxaa

Ouaxyy axui Hb OnoH YiceH umkmex YxaaHsl
OalTyyJIaryy s CaHXYYKHITTIH X0mO0OHBI
xamTapcaH  cymairaansl  tecmeec  (ANSO-CR-
PP-2021-09) caHXYYKC3H.
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