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MICROBIAL BIOTECHNOLOGY FOR ACCELERATED
REMEDIATION OF WAR-AFFECTED SOILS.
Part 1: SOIL RECOVERY FOLLOWING SHELL EXPLOSIONS

In regions of Ukraine affected by active hostilities, large areas of arable land have been severely damaged and require
urgent remediation. This research aimed to assess the microbial disruption level in soils impacted by military actions —
specifically shell explosions — and to develop a biotechnology for their accelerated restoration using microbial bioformula-
tions. Methods. Microbiological methods encompassed the cultivation of microorganisms for obtaining bioformulations
and quantitative assessment of ecological-trophic groups through soil suspension plating on selective agar media. Ecologi-
cal indices were calculated as the ratio of microbial abundance on soil or starch-ammonium agar to that on meat-peptone
agar. Metagenomic analysis of soil samples was performed using high-throughput sequencing on an Illumina MiSeq plat-
form. Model vegetation experiments involved the application of microbial formulations to soil and cultivation of white
clover as a phytoremediator species. Field trials were carried out to evaluate the effectiveness of remediation strategies
under real-world conditions. The content of the explosive compound hexahydro-1,3,5-trinitro-1,3,5-triazine in soil was
determined using colorimetric methods and liquid chromatography coupled with mass spectrometry (LC-MS). Results.
Shell explosions significantly inhibited soil microbial activity due to mechanical disruption and toxic contamination.
The greatest declines were observed in nitrogen-fixing (3.2-fold), phosphate-mobilizing (6-fold), and cellulolytic (2.8-fold)
microorganisms and streptomycetes (2.9-fold), which are proposed as bioindicators of soil disturbance. To address this, a
bioremediation strategy was developed combining microbial soil detoxification with phytoremediation using white clover
(Trifolium repens) inoculated with microbial bioformulations to enhance stress tolerance. This approach mitigated pollut-
ant effects, promoting functional and taxonomic diversification of soil prokaryotes. As toxicity decreased, an abundance of
pollution-resistant Bacilli declined, while representation of sensitive taxa such as Actinobacteria and Alphaproteobacteria
increased by 1.4-fold and 1.8-fold, respectively. The biotechnology proved highly effective in restoring beneficial micro-
biota, rebalancing rhizospheric communities and supporting stable plant growth. Field trials confirmed its robustness for
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remediating soils contaminated by explosive residues. Conclusions. Shell explosions significantly suppressed soil micro-
biota, with nitrogen-fixing, phosphate-mobilizing, cellulose-degrading microorganisms and streptomycetes being the most
affected — making them suitable indicators for microbiomonitoring. Ecological analysis revealed inhibited nitrogen and
carbon cycling and reduced humus formation. Prokaryotic shifts showed increased dominance of resistant Bacilli. A com-
bined bioremediation approach using microbial bioformulations and phytoremediation restored beneficial microbiota
within 60 days, rebalanced microbial communities, and improved soil biochemical functions and diversity.

Keywords: soil microbiota, military impact, suppression, recovery, bioformulations, microbial biotechnology, hexa-

hydro-1,3,5-trinitro-1,3,5-triazine.

Due to the full-scale russian aggression, ac-
tive hostilities are ongoing across vast areas of
Ukraine, posing catastrophic environmental
stressors — primarily affecting soil systems.
The current research predominantly focuses on
the physical disruption and chemical contami-
nation of soils (Bonchkovsky et al., 2024). The
primary explosive-derived pollutants include
2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine ~ (HMX),
which form toxic compounds upon interaction
with soil organic matter — an essential deter-
minant of soil fertility. Military-induced soil
disturbances are increasingly recognized as a
serious threat to the sustainable management
of agroecosystems in Ukraine (Kucher, 2025;
Maslovska et al., 2025). Far less attention has
been given to disruptions of the soil biocompo-
nents that result from the direct impact of ex-
plosions and to the secondary effects of altered
physical and chemical properties of soil.
Researchers at the D.K. Zabolotny Institute of
Microbiology and Virology of the National Acad-
emy of Sciences of Ukraine have demonstrated
through years of study that the microbiocenosis
of soil is a critical functional component respon-
sible for the formation and maintenance of soil
fertility (Tutynska et al., 2022). Microorganisms
play a crucial role in plant nutrition and develop-
ment, significantly enhancing productivity and
resilience to environmental stressors (Dimova et
al., 2020). Microbial abundance, along with spe-
cies and functional diversity, serves as a sensitive
indicator of key soil properties under various en-
vironmental stressors (Yamborko et al., 2019; Di-
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mova et al., 2020). Agronomically beneficial mi-
croorganisms, active in the soil and phytosphere,
contribute to biological nitrogen fixation, mo-
bilize poorly soluble soil phosphates into plant-
available forms, synthesize bioactive compounds
that promote plant growth, and protect crops
from harmful organisms. These functions im-
prove plant development conditions, resulting in
higher yields and improved crop quality. Preserv-
ing microbial diversity is essential for maintain-
ing ecological balance within agroecosystems.

From the outset of military operations, recog-
nizing the urgency of post-war soil restoration —
particularly of microbial communities — Dr. L.O.
Biliavska, head of the Department of General and
Soil Microbiology, and Dr. S.O. Skrotskyi, head of
the Laboratory of Microbial Synthesis Biotechnol-
ogy, developed a hypothesis about the integrated
use of microbial bioformulations to remediate
war-affected soils. Following the liberation of Ky-
iv and Chernihiv regions, they promptly initiated
field implementation to confirm this hypothesis.
The research was subsequently expanded to in-
clude test sites in other regions. This study opens a
series of works dedicated to the restoration of soils
damaged by various war-related impacts and the
evaluation of applied remediation strategies. This
research aimed to assess the microbial disruption
level in soils impacted by military actions — spe-
cifically shell explosions — and to develop a bio-
technology for their accelerated restoration using
microbial bioformulations.

Materials and Methods. The study was con-
ducted under laboratory, vegetation, and field
conditions using soil collected near Bakhmut
city (Donetsk region, Ukraine), where artillery
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shell explosions had formed a crater. Control soil
samples were taken 50 meters from the impact
site, where the soil was not affected by shell ex-
plosion. Contaminated soil samples were taken
in May 2023.

To develop methodological approaches to the
accelerated restoration of soil bioactivity follow-
ing military-induced disturbances, model ex-
periments were conducted, including vegetation
and field studies. Cultivation of phytoremediant
plants under vegetation conditions was carried
out over 60 days, from June 2023 to August 2023.

Soil treatment involved microbial bioformula-
tions developed at the D.K. Zabolotny Institute
of Microbiology and Virology, NAS of Ukraine:
Ultrachyst® (based on Dietzia maris IMV B-7350,
Rhodococcus erythropolis IMV B-7351, Bacillus
subtilis IMV B-7349, and Pseudomonas aureo-
faciens IMV B-7558, developed with Microbial
Biotechnologies Ltd.), Sporazyn® (Bacillus sub-
tilis IMV B-7349 and Pseudomonas aureofa-
ciens IMV B-7558; developed with Microbial
Biotechnologies Ltd.), Averkom® (metabolites of
Streptomyces avermitilis IMV Ac-5015), and Phy-
tovit (metabolites of Streptomyces netropsis IMV
Ac-5025). Additionally, BioStymix Standard®
(developed in «Innovation Company Bioinvest-
Agro») was applied, containing humic acid salts,
free amino acids, an organo-mineral complex,
and other biologically active compounds (https://
bioinvest.com.ua). In vegetation experiments,
soil was treated with Ultrachyst® combined with

Table 1. Design of the experiment

the culture liquid of Streptomyces violaceus IMV
Ac-5027, which was prepared as described earlier
(Loboda et al., 2021) at a concentration of 140 uL
per 1 L of water, applying 10 mL of working solu-
tion per soil sample. The use of S. violaceus IMV
Ac-5027 culture liquid in vegetation experiments
and in field conditions is explained by its prop-
erties as an active stress protector, which is nec-
essary for growing phytoremediant plants in ex-
tremely adverse conditions. S. violaceus IMV Ac-
5027 was isolated by scientists at the D.K. Zabo-
lotny Institute of Microbiology and Virology of
the National Academy of Sciences of Ukraine and
registered in the depository of non-pathogenic
microorganisms at the Institute. The strain is also
registered in the Ukrainian Collection of Micro-
organisms (UCM) as S. violaceus UCM Ac-2191.
The assembled genome sequence was submitted
to NCBI GenBank as GCA_053707185.1. In the
experiment, culture liquid was applied due to the
strains pronounced phytoprotective properties
(Loboda et al., 2026).

Creeping or white clover (Trifolium repens,
cultivar Rivendell) was used as a phytoremedia-
tor, with or without biotreatment. Seeds were in-
oculated with a microbial bioformulation based
on nodule bacteria — Rhizobium leguminosarum
bv. trifolii 320b, and additionally treated with a
1.5 mL working solution containing 100 pL of
Sporazyn®, 10 puL of Averkom® and Phytovit®
(1:1), and 50 pL of BioStymix Standard®. The ex-
perimental design is presented in Table 1.

Slamp !ing Option Biotreatment scheme
ocation number
Crater-affected 1 Soil contaminated by a shell explosion (without biotreatment)
contaminated 2 |Soil treatment with Ultrachyst® + S.violaceus IMV Ac-5027
3911’ Bakhmut 3 Phytoremediation with white clover
city, Ukraine 4 | White clover with inoculation (R. leguminosarum bv. trifolii + Sporazyn®, Averkom®,
Phytivit®, BioStymix Standard®)
5 Soil treatment with Ultrachyst® + S. violaceus IMV Ac-5027 + white clover
6 Soil treatment with Ultrachyst® + S. violaceus IMV Ac-5027 + white clover with inocula-
tion (R. leguminosarum bv. trifolii + Sporazyn®, Averkom®, Phytivit®, BioStymix Standard®)
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Throughout the experiment, soil moisture
was maintained at 70% of field capacity through
regular irrigation. Light and temperature condi-
tions remained natural from June to August. Soil
samples for microbiological analysis were col-
lected on the 60th day of plant growth.

The field-based methodology for testing micro-
bial biotechnology aimed at accelerated soil res-
toration was implemented during remediation
of blast-affected sites on two separate land plots
located within the premises of LLC «RENO»
(Hostomel city, Kyiv region). Each crater was
divided into three sections: two treatment plots
and one control. The experimental design was as
follows: 1 — control (damaged peat soil); 2 —
Ultrachyst®, 3 — Ultrachyst® + Streptomyces vio-
laceus IMV Ac-5027. All microbial strains used
in the study underwent preliminary activation,
which shortened their transition to the active
phase upon introduction into contaminated soil.
The preparations were applied to the soil at the
end of September 2023, and samples were taken
to determine the remediation rate in April 2024.

Microbiological analysis of militarily impacted
and control soils was conducted to determine
the abundance of microorganisms belonging
to the main ecological-functional groups and
ecological indices of microbial communities, as
previously described (Biliavska et al., 2024). Mi-
crobial abundance was expressed in colony-form-
ing units per 1 g of absolutely dry soil (CFU/g
ADS). Ecological indices were calculated as the
ratio of microbial abundance on soil or starch-
ammonium agar to that on meat-peptone agar.
Metagenomic analysis of soil samples was per-
formed using high-throughput sequencing on an
[lumina MiSeq platform (Illumina, USA) at Ex-
plogen LLC (Lviv, Ukraine) (Kachor et al., 2024).
Sample preparation, 16S rRNA amplicon library
construction, and sequencing were carried out
by the manufacturer’s protocol. Taxa comprising
>10% of the microbiome were classified as domi-
nant, while those representing 1—10% were con-
sidered subdominant. Microbial biodiversity was
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assessed using key ecological indices: Chaol (es-
timated species richness), Shannon (species di-
versity index), Simpson (dominance index), and
PD whole tree (phylogenetic diversity index).
The content of the explosive compound hexa-
hydro-1,3,5-trinitro-1,3,5-triazine in soil was
determined through optimized analytical pro-
cedures based on the guidelines of SW-846-8330
and ISO 119-16-3_2021, with evaluation of the ex-
traction efficiency of nitro-containing substances.
Quantitative analysis of explosive residues was
performed using colorimetric methods and liquid
chromatography coupled with mass spectrometry
(LC-MS). Formula for determining hexahydro-
1,3,5-trinitro-1,3,5-triazine degradation (%):

C,-C
D (%) = Oc % 100%
0

Where D (%) is the degree of degradation of
hexahydro-1,3,5-trinitro-1,3,5-triazine; C, —
initial concentration of hexahydro-1,3,5-trinit-
ro-1,3,5-triazine (before the experiment or treat-
ment); C, — concentration of hexahydro-1,3,5-
trinitro-1,3,5-triazine after a certain exposure
time or treatment.

Statistical analysis of the experimental data
was performed using the analysis of variance
(ANOVA) based on Student’s t-test with a 95%
confidence interval, employing the software
packages Statistica 6.0 and Microsoft Office Ex-
cel 2010 (Nastenko et al., 2017).

Results. Microbial communities in soils af-
fected by military activity. Microbiota analysis in
soil samples collected from sites exposed to in-
tensive shelling in Bakhmut city revealed signifi-
cant shifts in the quantity of microorganisms be-
longing to specific ecological-functional groups
compared to the control sample (soil located 50
m from the crater) (Table 2).

A pronounced decline was observed in the
quantity of oligonitrotrophic and nitrogen-fixing
microorganisms, decreasing from 419.3 +18.9
mln CFU/gto 129.9 + 4.2 mIn CFU/g, indicating
a 3.2-fold inhibition. Oligonitrotrophs, includ-
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ing free-living nitrogen fixers, play a crucial role
in maintaining the soil nitrogen balance and are
capable of proliferating under conditions with
only trace amounts of bound nitrogen. Free-liv-
ing nitrogen-fixing microorganisms facilitate the
conversion of atmospheric nitrogen into plant-
available forms, contributing significantly to soil
fertility. Moreover, many nitrogen-fixing taxa
are known to produce bioactive compounds that
stimulate plant growth. Therefore, such substan-
tial suppression of this microbial group is con-
sidered highly detrimental.

In crater soil, the quantity of phosphate-mo-
bilizing microorganisms decreased nearly 6-fold.
These microorganisms enhance plant nutrition
by decomposing poorly available organophos-
phates via phosphatase activity and converting
them into accessible forms of phosphorus, there-
by reducing the need for mineral phosphate fer-
tilizers. Additionally, an 85% reduction in amy-
lolytic microorganisms was recorded, along with
a marked decline in cellulolytic microorganisms:
bacteria 2.8-fold, streptomycetes 2.9-fold, and
micromycetes 17-fold. Cellulolytic microorgan-
isms are actively involved in the mineralization of
plant residues, leading to the formation of humic
substances essential for restoring soil fertility.

In contrast, several microbial groups in the
impacted soil appeared resistant to explosive
disturbance. Notably, the quantity of ammoni-
tying microorganisms increased by 75% com-
pared to control samples. Similarly, oligotrophic
microorganisms showed a 35% increase relative
to the control. A particularly pronounced rise
was observed in micromycetes, whose number
increased 2.4-fold, reaching 405.6 ths CFU/g.
This shift likely reflects a microbial community
imbalance, characterized by a decline in bacte-
rial populations and a corresponding increase
in fungal biomass. Given that microscopic fungi
typically comprise around 5% of the total soil
microbiota, the amount of melanin released into
the soil via fungal mycelium may become sub-
stantial. This supports the hypothesis that fungal

ISSN 1028-0987. Microbiological Journal. 2026. (3)

melanogenesis could serve as a key contributor
to humus formation. However, in the presence
of plant disease symptoms, further taxonomic
analysis of fungal communities is warranted, as
phytopathogenic species may be among them.
To assess the direction of ecological-bio-
chemical processes in the soil and the micro-
biota activity involved in fertility formation,
ecological coefficients were calculated (Table
3). The pedotrophic index decreased 1.7-fold

Table 2. Quantity of microorganisms
from ecological-functional groups in soil damaged
by shell explosions before biotreatment

Microbial amount,
CFU/g of absolutely dry soil*
Ecological-functional groups
of microorganisms Control: Crater soil
soil outside after shell
the crater explosion
Ammonifying, mln 105.4+5.1 | 184.1+5.3
Pedotrophic, mln 89.3+3.7 90.7+4.4
Oligonitrotrophic and nit- | 419.3£18.9 | 129.9+4.2
rogen-fixing microorgan-
isms, mln
Amylolytic, min 79.5+2.4 42.9+1.6
Oligotrophic, mln 47.4%2.1 64.4£3.2
Phosphate-mobilizing, mln | 19.5+0.9 3.4+0.1
Micromycetes, ths 168.7+7.5 | 405.6+18.4
Cellulolytic bacteria, ths 502.5+24.5 | 177.248.1
Cellulolytic streptomycetes, | 38.7+1.5 13.6£0.6
ths
Cellulolytic micromycetes, | 174.0+8.5 | 10.2+0.2
ths

* Within each row, the means +SD, n = 3.

Table 3. Ecological indices of microbial communities
in soil samples before biotreatment

Pedo- | Oligo- | Mineralization /
Sample trophic | trophic | Immobilization
index | index index
Control: soil outside 0.85 0.45 0.75
the crater
Crater.soﬂ after shell 0.49 0.35 0.23
explosion
7
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Fig. 1. Model vegetation experiment with white clover (cv. Rivendell) under bioreme-
diation treatment (60™ day of plant vegetation)

in the crater soil, indicating reduced intensity
of organic matter transformation, particularly
humic compound turnover.

The oligotrophic index, which reflects the ac-
tivity of the oligotrophic components of soil mi-
crobiocenosis, also showed a modest decline to
about 22%. This reduction may be attributed to
the relatively higher resilience of oligotrophic mi-
croorganisms to explosive disturbance. However,
since an elevated oligotrophic index can indirectly
indicate a depletion of available nutrients in soil, it
can be inferred that the impacted soil still retained
its natural functional capacity, and no substantial
loss of organic matter had yet occurred.

The mineralization/immobilization index
in the control soil was close to 1, indicating a
balanced dynamics between the synthesis and
degradation of organic matter. In contrast, the
post-explosion soil sample exhibited a markedly
lower value (0.23), suggesting a predominance of
immobilization processes within the microbial
community.

The effect of microbial and phyto-bacterial com-
positions on the biological activity of soil damaged
by shell explosions in model vegetation experi-
ments. To scientifically substantiate a technology
for accelerated restoration of biological activ-
ity in soils affected by military actions, a model
vegetation experiment was conducted (Fig. 1;
experimental variants are presented in Table 1).

8

Analysis of the soil microbiota, following com-
bined treatment with bioformulations and sub-
sequent phytoremediation, revealed a significant
increase in the quantity of agronomically benefi-
cial ecological-functional microbial groups com-
pared to the contaminated soil that served as the
control in this experiment (Table 4).

An increase of nearly 20% in the quantity of
oligonitrotrophic and nitrogen-fixing microor-
ganisms was observed in the treatment variant in-
volving the application of the Ultrachyst® + S. vio-
laceus IMV Ac-5027 complex without clover (pos-
itive control). The most pronounced increase —
1.7-fold — was recorded in the group combining
Ultrachyst® + S. violaceus IMV Ac-5027 with
white clover and additional bioformulations (in-
cluding R. leguminosarum bv. trifolii 320b, Spora-
zyn®, Averkorm®, Phytovit®, and BioStymix Stan-
dard®). This enhancement in the population of
nitrogen-fixing microorganisms indicates a bene-
ficial effect of the developed biotechnology on the
soil nitrogen balance and overall soil recovery. A
substantial increase in the quantity of phosphate-
mobilizing microorganisms was observed across
all treatment groups involving bioformulations,
ranging from 2.2- to 5.2-fold compared to the
contaminated untreated soil. The only exception
was the group with Ultrachyst® + S. violaceus IMV
Ac-5027 combined with white clover but without
biotreatment, where no change in phosphate-mo-

ISSN 1028-0987. Microbiological Journal. 2026. (3)



Microbial Biotechnology for Accelerated Remediation of War-Affected Soils. Part 1: Soil Recovery

bilizing populations was detected. This suggests
that effective soil recovery requires the applica-
tion of bioformulations that enhance plant resis-
tance to adverse environmental conditions.

An increase in amylolytic microorganisms
was also recorded in all groups involving phy-
to-bacterial compositions, ranging from 1.5- to
2.3-fold. This trend is considered beneficial, as
amylolytic microorganisms contribute to the
formation of the aliphatic fraction of pre-humic
and humic molecules. Their hydrolytic break-
down of plant-derived carbohydrates and soil
organic matter enhances soil fertility through
biochemical pathways of carbon transformation
(Raza et al., 2023; Daunoras et al., 2024).

In the impacted soil, the quantity of ammoni-
fying microorganisms increased 2.5- to 3.3-fold.
The highest increase was recorded in the group
without treatment but with white clover, whose
seeds were pre-inoculated with R. legumino-
sarum bv. trifolii 320b, Sporazyn®, Averkorm®,
Phytovit®, and BioStymix Standard®. The prolif-
eration of this microbial group reflects the acti-
vation of nitrogen turnover processes, which are
closely linked to soil fertility restoration.

A 60-day phytobacterial remediation experi-
ment revealed an increase in the abundance of

pedotrophic microorganisms in the damaged
soil. Pedotrophs represent the most prevalent
microbial group involved in the transformation
of the water-soluble fraction of soil nutrients,
including mineral and organic compounds of
nitrogen, phosphorus, potassium, micronutri-
ents, and non-specific organic matter. A 20% in-
crease in pedotrophic populations was recorded
in the variant treated with Ultrachyst® + S. vio-
laceus IMV Ac-5027 without clover (positive
control), while a 71% increase was observed in
the variant without biotreatment but with phy-
toremediation.

Assessment of oligotrophic microorganisms
revealed somewhat contradictory results. An in-
crease of 37.6% was observed only in the vari-
ant where white clover seeds were inoculated
before sowing (Table 4). In the other groups
involving direct soil treatment, oligotrophs ac-
count decreased 3.5-fold. Oligotrophic bacteria
are adapted to ecological niches characterized by
low substrate concentrations and minimal ener-
gy flux. They exhibit slow growth, low metabolic
rates, and generally low population densities.
Their decline may be attributed to the rapid pro-
liferation of fast-growing microbial groups such
as pedotrophs and ammonifying.

Table 4. Ecological-functional microbial groups’ quantity in post-explosion soil after bioremediation treatments

Microbial quantity, CFU/g of absolutely dry soil
Ecological-functional groups across bioformulation treatment groups*
of microorganisms, CFU/g
2 3 4 5 6
Ammonifying, mln 465.3 +23.5 | 527.4+26.4 | 600.2 +30.0 | 511.8 +26.0 | 486.1 +24.5
Pedotrophic, mln 109.6 +55 | 1551+79 | 90.0+45 | 100.5+52 | 63.6+34
Oligonitrotrophic and nitrogen-fixing, mln | 1555+6.8 | 122.7+0.6 | 1209+1.2 | 1229+1.2 | 223.4+8.2
Amylolytic, mln 915+4.7 | 644+35 586+3.0 | 47.9+25 | 96.7+44
Oligotrophic, min 386+£20 | 60.1+£3.0 | 88.6+45 18.1+0.9 19.1+0.5
Phosphate-mobilizing, mln 11.7 £ 0.6 7.3+04 13.2+0.2 3.8+0.2 17.8 +0.4
Micromycetes, ths 188.7£4.5 | 2243 +11.5|230.7+115| 101.3+5.1 | 40.9+2.0
Cellulolytic streptomycetes, ths 43422 0.00 205+0.5 | 21.8+12 | 24608
Cellulolytic bacteria and micromycetes, ths | 729+3.8 | 963+4.8 | 78940 | 741£38 | 39120

*Treatment groups are described in Table 1; within each row, the means + SD,n =3
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Phytobacterial remediation also led to a re-
duction of micromycetes across experimental
variants. A 1.8-fold decrease was recorded in the
group without soil treatment but with inoculat-
ed clover sowing. In the variant combining soil
treatment, clover sowing, and seed inoculation,
micromycetes decreased nearly tenfold com-
pared to the contaminated control.

Quantification of cellulolytic microbiota al-
lowed for the evaluation of mixotrophic micro-
organisms that actively utilize a broad spectrum
of organic and mineral substrates and participate
in the decomposition of plant residues and the
formation of humic substances. Following com-
bined bioformulation and phytobacterial treat-
ment, a significant reduction (2.0- to 4.8-fold) in
cellulolytic bacteria and micromycetes was ob-
served. However, this decline occurred alongside
an increase in other beneficial microbial groups.
Opverall, this trend may be favorable, as micromy-
cetes, particularly cellulolytic ones, often include
a high proportion of phytopathogens in contami-
nated soils. Therefore, assessing plant pathoge-
nicity requires a taxonomic analysis of fungal
communities at the genus or even species level, as
these fungi may be either beneficial or harmful,
acting as plant disease agents. It was shown that
all ecological indices — pedotrophic, oligotro-
phic, and mineralization/immobilization — were
low (Table 5). Specifically, the mineralization/
immobilization index across all soil treatment

Table 5. Ecological indices
after bioremediation treatments

. . . | Mineralization/
Sample* Ped.OtrOP hic OthtrOPhlc Immobilization
index index .
index
2 0.24 0.08 0.20
3 0.29 0.11 0.12
4 0.15 0.15 0.10
5 0.20 0.04 0.09
6 0.13 0.04 0.20

* Treatment groups are described in Table 1.
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variants ranged from 0.10 to 0.23, indicating a
predominance of immobilization processes. This
suggests active microbial binding of nitrogen
from plant residues or soil's humus reserves.

Microbiome biodiversity in soils damaged by
explosions during military operations under mi-
crobial and phyto-bacterial treatments. Metage-
nomic analysis revealed that the dominant phyla
across all soil samples included Actinobacteriota,
Firmicutes, Proteobacteria, Chloroflexi, Acido-
bacteriota, Gemmatimonadota, Bacteroidota,
Mpyxococcota, Verrucomicrobiota, and archaeal
representatives of Crenarchaeota (Fig. 2). In un-
contaminated soil, Actinobacteriota were abso-
lute dominants, comprising 56.6% of the com-
munity. In contrast, the explosion-affected soil
showed a marked increase in the dominance of
Firmicutes (up to 31.9%) compared to the con-
trol, where their representation was only 2.7%.
This shift is likely due to the high stress tolerance
of bacilli within this phylum and the activation
of pollutant-degrading taxa.

The most effective mitigation of explosion-
induced damage to the agro-phytocoenosis and
enhancement of soil prokaryotic biodiversity
was observed under combined bioformulation
and phytoremediation treatment, where white
clover seeds were inoculated with R. legumino-
sarum bv. trifolii 320b (Fig. 2).

Class-level analysis of the soil microbiome re-
vealed 34 bacterial taxa, among which 10 classes
were dominant: Gemmatimonadetes, Vicinami-
bacteria, Nitrososphaeria, Chloroflexia, Gam-
maproteobacteria, Acidimicrobiia, Alphaproteo-
bacteria, Actinobacteria, Thermoleophilia, and
Bacilli. The most abundantly represented classes
were Actinobacteria, Alphaproteobacteria, Ther-
moleophilia, and Bacilli (Fig. 3).

Quantitative shifts in dominant taxa of the
prokaryotic microbiome were observed under
combined soil and phytoremediator seed treat-
ment with microbial formulations. Compared
to the untreated contaminated soil, the relative
abundance of the pollution-tolerant class Bacilli
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decreased progressively with declining soil tox-
icity during remediation. In contrast, the pollu-
tion-sensitive classes Actinobacteria and Alphap-
roteobacteria increased 1.4-fold and 1.8-fold, re-
spectively. Notably, the latter includes members
of the genus Rhizobium, which are recognized as
microbial indicators of soil toxicity. In the phy-
toremediation variant, a higher representation of
nitrogen-fixing symbiotic and associative bacte-
ria was detected, particularly from the families
Rhizobiaceae, Azospirillaceae, and Beijerinkiace-
ae. Sequence analysis identified taxa belonging
to the genera Bradyrhizobium, Neorhizobium,
Mesorhizobium, Ensifer, and Microvirga (fam-
ily Methylobacteriaceae), which are considered
emerging symbiotrophic species.

The increase in soil microbiome biodiversity
in explosion-affected soils treated with microbial
formulations and phytoremediator seed inocula-
tion was further supported by elevated values of
species richness indices, including Shannon di-
versity, total species count (Chao 1), and phylo-
genetic diversity (PD whole tree) (Table 6).

Thus, the developed environmentally sound
biotechnology — combining microbial formula-
tions with phytoremediation plants — contrib-
utes to the restoration of soil microbiota biodi-
versity in explosion-affected soils and enhances
their ecological stability.

Validation of the microbial biotechnology field
for accelerated soil recovery at the LLC «RENO»
site. Microbial community shifts were assessed

Table 6. Prokaryotic soil microbiome biodiversity indices affected
by military-related explosions under different biotechnological remediation strategies

Explosion-
affected
crater soil

Index

Bioremediation
with microbial
formulation complex

Bioremediation +
+ phytoremediation
with microbial
formulation complex

Uncontaminated
control soil
(outside crater)

Shannon diversity index 8.06 7.99 8.51 8.68
Chaol species richness index 2587.0 2654.1 2902.8 2644.7
Phylogenetic diversity index 203.05 190.49 199.09 174.05
(PD whole tree)
Simpson dominance index 0.99 0.98 0.99 0.99
Table 7. The quantity of ecological-functional microbial groups
after the application of remediation biotechnology
153 ED =t Q ! , 2 § Q
2 g E T | B2 | EE | & : E
2 g 3 E £e = S 5 o
f 5 L < ~ E 2 3 = &)
.&é
3 million CFU/g of absolutely dry soil* ofﬁiﬁlﬁﬁyﬁi%iﬂ*
Control (damaged peat soil) | 63.0+2.6 | 204+ 1.5| 40+0.7 |2.7+05| 6.5+0.8 |41+£0.7|204+1.5|2.6+0.5
Ultrachyst® 186+1.4|276+1.8(852+09|28+05|11.5+1.1|88+09|168+1.4|3.0+0.5
Ultrachyst® + S. violaceus | 18.6+1.4|18.6+14| 71+09 [54+08| 54+0.8 |7.6+0.9|37.8+2.0(43+0.6
IMV Ac-5027

*Within each row, the means +SD, n = 3
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in soils damaged by shell explosions (Iskander
missile) and contaminated with explosive resi-
dues, following the application of proposed re-
mediation biotechnology (Table 7).

Field application of the developed biotech-
nology based on the introduction of a microbial
complex comprising Ultrachyst® + S. violaceus
IMV Ac-5027 resulted in a significant enhance-
ment of soil microbial activity and restoration
of agronomically beneficial microbial groups.
Under combined treatment of the crater soil
with Ultrachyst® + S. violaceus IMV Ac-5027
in peat-based substrates, the number of amylo-
Iytic, oligotrophic, phosphate-mobilizing, and
cellulolytic microorganisms increased by 1.7—
2.0 times compared to the untreated contami-
nated control. Biotreatment with Ultrachyst®
alone led to increases in pedotrophic (1.4-fold),
amylolytic (2.2-fold), nitrogen-fixing (1.8-fold),
and oligotrophic (2.1-fold) microbial groups
relative to the control. Calculation of ecologi-
cal—trophic indices revealed a 3- to 5-fold in-
crease in the pedotrophic index and a 6.3- to
7.7-fold increase in the mineralization/immo-
bilization index compared to the control (Table
8). These shifts suggest enhanced transformation
activity of soil organic matter and the recovery
of nitrogen cycling processes, particularly the
intensification of mineralization. The oligotro-
phic index remained unchanged throughout the
experiment, which may be attributed to the rela-
tive resilience of oligotrophic microorganisms to
adverse environmental conditions.

Successful pilot-scale trials of the studied bio-
formulations demonstrated high efficacy in re-
mediating soil contaminated with explosives fol-
lowing the impact of an Iskander missile on the
premises of LLC «<RENO» (Hostomel city).

According to current Ukrainian legislation,
namely the Resolution of the Cabinet of Min-
isters of Ukraine dated December 15, 2021, No.
1325 «On Approval of Standards for Maximum
Permissible Concentrations of Hazardous Sub-
stances in Soils, as Well as a List of Such Sub-
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stances», no maximum permissible concen-
tration (MPC) in soil has been established for
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX,
hexogen).

Therefore, our task was to determine the final
concentration of hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) and the level of its destruction in
in situ field experiments (Table 9). The results
clearly demonstrate that the application of Ultra-
chyst® significantly reduced the concentration of
RDX in damaged peat soil, achieving a degrada-
tion efficiency of 73%. Moreover, the combined
treatment with Ultrachyst® and microbial strain
Streptomyces violaceus IMV Ac-5027 resulted in
the most pronounced effect, lowering RDX lev-
els to 5.5 ng/g and corresponding to a 90% deg-

Table 8. Ecological indices
of microbial communities in contaminated soil
and during its field-based remediation

Treatment group/ Pedo- | Oligo- | Mineralization /
group trophic | trophic | Immobilization
Index . - .
index index index
Control (damaged | 0.32 1.08 0.06
peat soil)
Ultrachyst® 1.48 1.03 0.46
Ultrachyst® + 1.0 1.08 0.38
S. violaceus IMV
Ac-5027

Table 9. RDX concentration

in soil samples collected from craters

in Hostomel city before and after treatment
using the bioremediation technology*

Treatment group RDX concentra- Df:grada—
tion, ng/g tion, %
Control (damaged peat soil) 57.5 —
Ultrachyst® 15.5 73
Ultrachyst® + S. violaceus 5.5 90
IMV Ac-5027

*According to data obtained by the Laboratory of Con-
densed Heterocyclic Systems at the Institute of Organic
Chemistry of the National Academy of Sciences of
Ukraine.
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radation rate. This indicates a synergistic inter-
action between Ultrachyst® and microbial strain
Streptomyces violaceus IMV Ac-5027 in the re-
mediation strategy, highlighting the potential of
integrated approaches to effective detoxification
of explosive contaminants in soil systems.

The implementation results confirm the prac-
tical applicability of the developed measures for
accelerated restoration of soil biological activ-
ity. The proposed biotechnology can serve as a
foundation for a comprehensive strategy aimed
at rapid recovery of soils damaged by explosive
ordnance. This approach is technically simple
to execute and does not require specialized
equipment.

Discussion. The recovery of natural soils
damaged by military activity proceeds extremely
slowly, as evidenced by European experience fol-
lowing World Wars I and II. The need for bio-
remediation of Ukraine’s fertile soils is of criti-
cal importance both for food production and
environmental protection. The use of microor-
ganisms to detoxify soils from various types of
contaminants is a well-established and environ-
mentally safe approach (Dimova et al., 2020; Tu-
fail et al., 2022; Levchuk et al., 2022; Sarker et
al., 2023). Successful application of bacteria and
micromycetes for the degradation of explosive
compounds has been documented (Geris et al.,
2024). Among prokaryotic microorganisms,
non-spore-forming bacteria capable of degrad-
ing 2,4,6-trinitrotoluene (TNT) — utilizing it as
the sole source of carbon and nitrogen — have
been isolated (Kvesitadze & Khatisashvili, 2023).
It has been shown that indigenous soil microbio-
ta can degrade up to 30% of TNT under optimal
moisture and temperature conditions, while the
introduction of specialized microbial degraders
further increased the degradation rate by an ad-
ditional 25—30% (Taugeer et al., 2021). Howev-
er, the cited studies did not address the microbial
inoculation impact on the native soil microbiota,
nor did they incorporate the phytoremediation
potential of plants.

14

Several remediation strategies for military-
disturbed soils have been proposed in Ukraine.
National Botanical Garden named after M.M.
Grishko of the NAS of Ukraine has developed
a three-stage approach to the restoration of
degraded and disturbed soils. One of the pro-
posed approaches assesses the potential fertil-
ity of soils based on the abundance of melanin-
containing micromycetes, laccase (p-diphenol
oxidase) activity, and the content of labile and
stable humus fractions. The second stage in-
volves the application of silicon-containing
minerals combined with secondary organic
matter to optimize the agrophysical, agrochem-
ical, and biological properties of the soil. The
third stage includes phytomelioration using
plant species capable of barrier-free accumu-
lation of pollutants of various origins (https://
www.nas.gov.ua/news/vseukranska-botanich-
na-kvalifikaciyna-narada-vidnovlennya-roslin-
nosti-pislya-viyni-nadi-ta-riziki).

In our view, the first stage — focused solely
on the account of melanin-containing micro-
mycetes — overlooks other components of the
soil microbial community, particularly bacterial
consortia and non-melanin-producing fungi.
This significantly narrows the informational
scope regarding the condition of soil microbiota
and limits the identification of the most sensitive
microbial indicators. Moreover, our findings in-
dicate that the dominant fungal genera in today’s
Ukrainian soils are Penicillium and Aspergillus,
while melanin-containing fungi are rare and oc-
cur in low abundance (Rozhkova et al., 2024).
The second stage, involving the addition of
silicon-based mixtures, primarily enhances ag-
rophysical and agrochemical parameters, while
biological characteristics are affected only indi-
rectly. However, for accelerated detoxification,
contaminated soils require an increase in the
populations of bacteria capable of pollutant deg-
radation. This component is explicitly integrated
into our proposed soil restoration technology.
At the third stage, the approach of the National
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Botanical Garden named after M.M. Grishko of
the NAS of Ukraine includes phytomelioration.
However, it does not account for potential risks
associated with plant cultivation, such as the
phytopathological background and strategies
for mitigating diseases of various etiologies. In
contrast, our technology incorporates bioprepa-
rations with protective activity against bacterial
and fungal pathogens as well as insect pests.

The Ukrainian biotechnology company BTU,
Institute of Applied Biotechnology, and BTU
Soil Health Platform have proposed the use of
the biopreparation Ecostern Detox for the re-
mediation of soils affected by military activity.
This formulation contains approximately 22 mi-
crobial strains (Korsun et al., 2024). However,
a stepwise protocol for its integration into a
comprehensive remediation strategy has not yet
been developed.

In contrast, we have designed a technology
based on original multicomponent bioprepara-
tions aimed at optimizing the biological con-
dition of the soil, along with formulations that
enhance plant resistance, in particular, an in-
oculant based on clover-specific rhizobia. This
combined microbial and phytoremediation ap-
proach yields more effective outcomes in the ac-
celerated recovery of soils impacted by military
operations in Ukraine.

Our research has demonstrated that the res-
toration of agronomically beneficial microbial
populations subsequently stimulates detoxifi-
cation processes carried out by indigenous soil
microbial communities. Thus, the application of
the developed bioremediation strategy proved
effective in activating and restoring agronomi-
cally beneficial microbiota in soils damaged by
explosive events. It facilitated the correction of
rhizospheric microbial communities to stimu-
late plant development and supported their sta-
ble growth.
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Conclusions. A pronounced decline in soil
microbiota was observed in areas impacted by
shell explosions during military operations. The
most sensitive microbial groups to this stressor
included nitrogen-fixing, phosphate-solubiliz-
ing, cellulose-degrading microorganisms, and
streptomycetes — highlighting their potential
as bioindicators for monitoring disturbed soils.
Ecological coefficient analysis revealed marked
inhibition of nitrogen and carbon cycling, as
well as suppression of humus formation. Shifts
in the prokaryotic microbiome structure indi-
cated increased dominance of stress-tolerant
taxa, particularly members of the class Bacilli.
Bioremediation, implemented a complex mi-
crobial consortium in combination with phy-
toremediation using plants stimulated by mi-
crobial inoculants, facilitated the recovery of
agronomically beneficial microbiota within 60
days. This integrated approach restored func-
tional balance among microbial groups, reacti-
vated key ecological and biochemical soil pro-
cesses, and enhanced the genetic diversity of
the soil microbiome.
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InctutyT Mikpob6ionorii i Bipycomnorii im. I.K. 3a6omoraoro HAH Ykpainu,
By AkazieMika 3abonoTHoro, 154, Kuis, 03143, Ykpaina

MIKPOBHA BIOTEXHOJIOTTS ITPMICKOPEHOTO BITHOB/IEHHS TPYHTIB,
ITOCTPAYKIAJIVIX BIJT BOEHHUX JIIVA.
Yactuna 1. BUTHOBJIEHHS [PYHTIB ITIC/IS BUBYXIB CHAPS/IIB

Y perionax YkpaiHy, 1[0 IOCTpaKAaINU BiJ akTMBHUX OOMOBUX Aiil, BeJMKI IUIOLi OPHUX 3eMe/Ib 3a3Ha/IN Cepiios-
HYX HOIIKOMKEHD i IIOTPeOyIOTh TepMiHOBOIO BiTHOB/IEHHA. MeTOX0 IIbOTO JOCII/PKeHHA Oy/IO OLiHUTY piBeHb
MIKpOOGHUX IOPYIIEHD Y IPYHTAX, 10 IOCTPAXKAA/IN Bijj BIfICbKOBUX [iif, 30KpeMa BIOYXiB CHapsIAiB, Ta pO3poOuTn
6ioTexHOIOriI0 /I IX MPUCKOPEHOTO BiTHOB/ICHH 3a HOIIOMOroK MiKpobHMX biompemaparis. Meromu. Mikpo-
6io/oriuHi METOAM OXOITIOBAIN KYIbTUBYBAHHS MIKpOOPraHisMiB [/Is1 OTpUMaHHs Oiolpenaparis Ta KibKicCHY
OLI{HKY €KOJIOTO-TPOQIYHMX TPYII IIISIXOM BUCIBY IPYHTOBOI CYCIIeH3il Ha Ce/IeKTUBHI arapHi3oBaHi cepeoBuLIa.
Exororivi iHfieKcy po3paxoByBaIy SIK BifHOIIEHHS YMCeIbHOCTI MIKpOOPraHisMiB Ha IPYHTOBOMY 200 KpOXMasib-
HO-aMOHITHOMY arapi ;o 4JCeNbHOCTI Ha M’ACO-IIEIITOHHOMY arapi. MeTareHOMHNII aHaIi3 3pasKiB IPyHTY IIPOBO-
VA 3@ JOIIOMOTOI0 BUCOKOIIPORYKTMBHOIO CeKBeHyBaHH: Ha Itardopmi [llumina MiSeq. MognenbHi Bererauiiui
eKCIePVMMEHTI BK/II0YA/IM BHECEHH MIKpOOHMX IpelapaTiB y IPyHT Ta BUPOIIYBaHHA KOHIOIIMHM 61101 AK BUIY
¢itopemenianTa. Ilonbp0Bi BUITPOOYBaHHA IPOBOYIIN [IA OLIHKY epeKTUBHOCTI CTpaTeriil peMefialii B peaJbHIX
yMoBax. BmicT B1Oyx0BOi cIIoNyku rekcarigpo-1,3,5-TpuHirpo-1,3,5-Tpuasuny B I'PyHTi BM3Ha4a/M 3a ;OIIOMOTOI0
KOIOPMMETPUYHIX METOAiB Ta pifuHHOI XxpoMaTtorpadii B moefHaHHi 3 Mac-criekTpoMeTpieio (LC-MS). Pesynbra-
TI. Bubyxu cHapsaiB 3HAYHO MPUTHIYYBaIM MIKpOOHY aKTUBHICTD IPYHTY Yepe3 MeXaHiuHe PyIHYBaHHS Ta TOK-
cnyHe 3a0pynHeHH:. HaitbinbIie SHIDKeHH KiNMbKOCTI CIIOCTepiranocs /i KinbKocTi a3ordikcyBanbhux (y 3.2 pa-
3a), pocaTmobinisyBanpuux (y 6 pasis), memonomituanux (y 2.8 pasa) MikpoopraHismis Ta cTpenrtomineTis (y 2.9
pasa), AKi IPOIOHYIOThCA AK OiOiHAMKATOPU IOPYIIeHDb IPYHTY. Iy BupilneHHA Liiel mpo6nemu 6yia pospobieHa
crparerist 6iopemepiarnii, 1110 HOEAHYE MIKPOOHY e TOKCHKALIiO IPYHTY 3 (hiTopemerialiieto 3 BUKOPUCTAHHIM KO-
uroutHu 6imoi (Trifolium repens), iHOKy/IbOBaHOI MIKpOOHMMU Oiompernaparamu, [/is MiABUIIEHHs CTIMKOCTI 5O
crpecy. Leit miaxix moM’sIKINyBaB BIUIMB 3a0PYAHIOOYNX PEIOBUH, CIPUAI0OYN (QYHKIIOHA/IbHI Ta TAKCOHOMIUYHIIT
puBepcudikalii IPyHTOBMUX MPOKAPiOTiB. 31 3HIDKEHHAM TOKCUYHOCTI KIIBKICTD CTIMIKMX /1O 3a0py/HEHHS MiKpO-
opranismiB kacy Bacilli sMeHIIyBaacsi, TOAI sIK IPefCTABHULITBO Yy T/IMBUX TAKCOHIB, TaKux sK Actinobacteria ta
Alphaproteobacteria, 36inpinyBanocs B 1.4 ta 1.8 pasa, BigmoigHo. bioTexHosoris BusBuaacs fyxe eQpeKTUBHOI
y BifHOB/IEHH] KOpMCHOI MikpobioTi Ta 6anaHcy pusochepHMX CIIBHOT i mifTpuMLi cTabi/IBHOTO POCTY POCIINH.
ITonpoBi BUnpoOyBaHHA MiATBEPAVIIN JIOTO CTIMIKICTb KO BifHOBJIEHHA I'PYHTIB, 3a0pyIHEHNX 3a/IMIIKaMu BUOY-
XOBMX pe4oBVH. BucHOBKM. Bubyxu cHapsjiB 3HaYHO IPUTHIYYBa/IM I'PYHTOBY MiKpoO0ioTy, Ipr4oMy Haitbinblre
HnocTpakgam asordikcyBanbHi, pocdarmMobinisyBanbHi, IIe/T01030pyiiHIBHI MiKpoOpraHisMu Ta CTpenToMiLeT,
1[0 pOOUTH iX IpUAATHUMM IHAMKaTOpaMu A/ist MikpobioMmoHiTopuHry. EKooriunmit aHasIi3 BUsIBUB IPUTHIYEHHS
KPyroob6iry HiTporeHy Ta Kap6OHy Ta 3MEHIIEHHs YTBOPEHHs rymycy. IIpokapioTuyHi 3pylIeHHs T0Ka3anu Mo-
CUJIEHHsI JOMiHYBaHHA CTiitKux 6any. Kom6inoBaumit migxin fo 6iopemeniariii 3 BUKOPUCTaHHAM MIKpOOHUX 6i0-
npenaparis Ta ¢iTopemenialiil BiTHOBUB KOPUCHY MIKp06i0Ty mpoTsrom 60 gHiB, CIpysB 306am1aHCyBaHHIO MiKpO-
OHUX CIIIBHOT Ta IOKpaIiuB 6ioxiMiuHi QyHKIHT Ta piSHOMaHITHICTD IPYHTY.

Kntouosi cnosa: spynmosa mikpo6ioma, 60€nHi 0ii, npueHinens, 8i0H06/1eHHs, bionpenapamu, MiKpoOHa 6iomexHo-
102is1, 2excaziopo-1,3,5-mpunimpo-1,3,5-mpuazum.
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