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Abstract The current study aimed to address gaps in
general understanding of the biodegradation of persis-
tent organic pollutants. POP-contaminated soils were
collected from the vicinity of former obsolete pesticide
storage facilities in four villages, namely, Amangeldy,
Belbulak, Beskainar, and Kyzylkairat, in Talgar dis-
trict, Almaty region, Kazakhstan. The study soils were
heavily contaminated with 24 organochlorine pesti-
cides, 15 of which belong to POPs. Microbial diver-
sity assessment allowed the isolation of 40 strains,
which were analyzed for their potential to degrade
4.4-DDE, 4.4-DDT, o-HCH, B-HCH, and y-HCH.
Pseudomonas  plecoglossicida K2 (0K217230),
Bacillus aryabhattai K3 (MW866565), Solibacillus
isronensis KS1 (OK236011), Pseudomonas sp. KS2
(OL348382), Bacillus pumilus B1 (OL348383), Bacil-
lus amyloliquefaciens B2 (OL348394), Bacillus subti-
lis AKS (MW866566), Pseudomonas koreensis AK1
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(OL348403), Bacillus megaterium AS1 (OL348404),
and Bacillus paramycoides SA1 (OL348439) effec-
tively degraded POP-pesticides. Promising elimina-
tion was observed for a consortium Pseudomonas
plecoglossicida K2 and Bacillus aryabhattai K3, with
the highest degradation activity of 52.9 and 31.9%
for 4.4-DDT and y-HCH, respectively, and a single
strain Bacillus aryabhattai K3, with a degradation
rate of 55.2, 13.8, and 25.7% for 4.4-DDE and o- and
p-isomers, respectively.

Keywords POP-pesticides - Soil contamination -
Bioremediation - POP-degrading strains

1 Introduction

Currently, large-scale industries and anthropological
activities severely damage the biosphere (Akhtar &
Mannan, 2020; Gupta et al., 2020). Persistent organic
pollutants (POPs) are xenobiotics with a long half-
life in the environment and can pass down the food
chain, causing adverse effects on human health. More
than twenty organochlorine pesticides (OCPs) are
currently listed as POPs (UNEP, 2007). As POPs are
mostly hydrophobic and lipophilic chemicals, they
have a strong affinity for lipid membranes and accu-
mulate mainly in fatty tissues (Jones & de Voogt,
1999). A high threat from these compounds can be
explained by biomagnification, i.e., the concentra-
tion of POP increases through the links of the food
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chain (Vasseur & Cossu-Leguille, 2006). In addition,
the hotspots of this contamination are considered
dangerous because POPs are highly mobile in warm
latitudes and can therefore be deposited at great dis-
tances from contamination sources (Schmidt, 2010).

Soil is the environmental matrix considered the
main sink for pollutants. Consequently, the composition
of the soil microbial community, and in particular
bacterial activity, plays a crucial role in the fate of
POPs, as they form strong bonds with soil organic
matter and persist in nonextractable forms (Komprda
et al., 2013). The study of microbial diversity in
soils contaminated with POPs is gaining popularity
because some microorganisms can potentially degrade,
transform, or at least alter their hydrophobicity and
resistance to microbial degradation, affecting their
toxicity and mobility (Bhatt et al., 2020; Burgess, 2013;
Huang et al., 2020; Topp, 2003). Such microorganisms
utilize POPs as the main sources of carbon, nitrogen,
or auxiliary nutrients for growth (Bourtzis et al., 2016;
Cycon et al., 2017; Mishra et al., 2021). Such microbial
strains can be used in bioremediation to increase
cost-effectiveness and accelerate the performance of
environmental remediation.

Numerous studies have shown that microorgan-
isms of the classes Gammaproteobacteria (Pseu-
domonas, Aerobacter, Acinetobacter, Moraxella, and
Plesiomonas), Betaproteobacteria (Burkholderia and
Neisseria),  Alphaproteobacteria  (Sphingomonas),
Actinobacteria (Micrococcus), and Flavobacteria (Fla-
vobacterium) can degrade POPs (Geetha & Fulekar,
2008; Matsumoto et al., 2008; Rao & Wani, 2015).

Microbial degradation of POPs occurs through
enzymatic activity. The known enzymes involved in
the degradation process are cytochrome P450 and
A-esterase, which catalyze the oxidation, reduc-
tion, or oxidative degradation reactions of xenobiot-
ics (Bernhardt & Urlacher, 2014; Cools et al., 2011;
Gonzalez & Lee, 1996; Lamb et al., 2009; Leitéo,
2009; Pelkonen & Raunio, 1997; Yang et al., 2010).
The bacterial strains gain energy from the final prod-
uct during the degradation process. Furthermore, the
degradation efficiency depends on atmospheric con-
ditions such as temperature, pH, and soil moisture
(Javaid et al., 2016).

Most current research is devoted to examining the
impact of pesticides on populations of microorganisms
in agrocenoses soils, but the challenges of studying
soil microbial complexes in pesticide burial sites
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are not adequately addressed (Damstra, 2002). At
the same time, microbes isolated from pesticide-
contaminated ecosystems can degrade these
compounds more rapidly. As a result, it is vital to
investigate the microbial communities of pesticide-
contaminated soils to assess the biological risk and
select suitable decomposers—microorganisms for the
bioremediation of natural objects (Rodriguez-Eugenio
et al., 2018). Cleaning pesticide-contaminated soils
using microbial destructors is undeniably effective
and cost-efficient (Abraham & Silambarasan, 2016).
The economic benefits of biological approaches for
pesticide-contaminated soil bioremediation stem from
the cheaper cost of destructors per unit area of farmed
land compared to chemical agents, as well as reduced
cleaning expenses compared to other methods. A cost-
benefit analysis of several methods of bioremediation
of contaminated soils reveals that solvent extraction
costs 35-100%, soil exchange costs 10-60%, soil
washing costs 10-35%, thermal desorption costs
5-20%, and bioremediation costs 4—15% (Phale et al.,
2019).

According to the data presented, bioremediation
is the least expensive approach to soil neutralization.
The limits of biological approaches include the
instability of damaging strains in the soil, the
difficulty of adapting indigenous and inoculated
microorganisms and plants in contaminated soils,
and the necessity to develop and maintain optimal
conditions for microorganism vital activity (Alori
et al, 2017). As a result, the current state of
research on xenobiotic microbiological destruction
is characterized by a strong interest in the
physiological, biochemical, and genetic aspects of the
destructor strains, as well as the examination of the
biotransformation routes of these substances.

Microbiological destruction is one of the most
environmentally friendly, efficient, and cost-effective
methods of soil remediation because microorganisms
are represented by a wide variety of species and
strains, having unique abilities to rapidly restructure
metabolic mechanisms, the ability to exchange
genetic material, and the adaptability to survive in
fairly harsh environmental conditions (Chakraborty
& Das, 2016). As a rule, microorganisms in the
environment are involved in the decomposition and
mineralization of organic compounds. They convert
pollutants into less toxic compounds (metabolites or
intermediates) with the help of microbial enzymes.
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Microorganisms can mineralize an organic sub-
stance that is utilized as the sole source of carbon
and energy, or they can utilize alternate carbon and
energy sources, with the biotransformation of these
contaminants occurring concurrently (cometabolism).
Because incomplete degradation can often result in
the creation and accumulation of more hazardous
metabolites than the main substrates, the results of
these catabolic events can be mineralized and then
fed into the biogeochemical cycle (Patel et al., 2022).

Studies to explore the microbial landscape of pes-
ticide-contaminated soils, screen and select poten-
tial microorganism cultures, and build a consortium
based on strains that degrade organochlorine pesti-
cides to repair damaged ecosystems appear to be use-
ful in this context.

The current study aimed to investigate the micro-
bial diversity of POP-contaminated soils collected
near the destroyed obsolete pesticide warehouses in
the villages Amangeldy, Belbulak, Beskainar, and
Kyzylkairat, Talgar district, Almaty region, Kazakh-
stan. The isolated microbial strains were screened
for the potential to degrade POP and assessed for the
extent of their destructive activity.

2 Materials and Methods
2.1 Soil Collection

The research soils were collected around five former
obsolete pesticide warehouses located in four villages
of Talgar district, Almaty region, Kazakhstan:
Amangeldy (GPS 43°17'57.98" N 77°11'30.72" E),
Belbulak (GPS 43°1925.95" N 77°06'19.63" E),
Beskainar (GPS 43°13'16.36” N 77°06'49.78" E), and
Kyzylkairat (GPS 43°17'58.78" N 77°11'39.60" E).
Soil collected in Basshy village (GPS 44°09'03.00"
N 78°46'06.00" E), Talgar district, Almaty region,
Kazakhstan, was used as control/background soil.
Soil sampling was carried out according to GOST
17.4.3.01-2017 (2019) standard using the envelope
method: five soil samples were collected from the 5 X
5 m test square at a depth of 0-0.6 m and mixed. The
collected soil samples were brought to the laboratory
in a sterile container and stored at a temperature of
4-5°C for no longer than 24 hours (GOST 17.4.3.01-
2017, 2019) until the start of the experiment.

2.2 Soil Preparation for Microbiological Analysis

Soil samples from a village were poured onto a clean,
thick sheet of paper, and small stones, plant parts, and
other inclusions were removed. Larger clumps of soil
were then ground in a porcelain mortar and mixed with
the main part of the soil sample. The thoroughly mixed
soil was then placed in a square on the clean paper and
divided into four equal parts (triangles) with a spatula.
The soil from two opposite triangles was removed and
two more were combined, remixed, and divided into
four equal parts. This process was continued until 0.5
kg of soil was left. Before inoculation, the soil was dis-
persed by sieving (d = 3 mm). During the process, the
top of the sieve was covered with sterile paper.

For the quantitative determination of microorgan-
isms in the soil, 1-10 g of soil was required. The first
dilution of a soil sample was done in a sterile con-
tainer by adding distilled water (dH,O) in a ratio of
1:10 (1 g soil was diluted in 10 mL dH,0). After
sample preparation, the soil was pretreated accord-
ingly, depending on the type of microorganism and
species under consideration. The process was contin-
ued to adjust the soil dilution to 0.1-0.01 mg mL~..

The prepared dilutions were used to inoculate soil
suspension on different culture media and to count
microorganisms by direct microscopy.

2.3 Assessment of Microbial Diversity

The microbial diversity of research soils was analyzed
by repeated dilution of soil suspensions on dense cul-
ture media to identify physiological groups capable
of degrading POP-pesticides and compare microbial
community composition. The number of colonies
was determined by the Koch method, i.e., certain test
samples were inoculated on a dense medium in Petri
dishes and the colonies were counted. Different nutri-
ent media were used to determine the number of dif-
ferent physiological groups of microorganisms. The
composition of the media used is shown in Table 1.
Nutrient agar medium was used to determine the total
number of microorganisms; Wort agar medium—the
fungal content; the Czapek—Dox agar medium—mold
fungi; SNA medium—ammonifying bacteria; Ashby
medium—nitrogen-fixing (N,-fixing) bacteria; Hutch-
inson and Clayton dense culture medium—the cellulo-
lytic aerobic bacteria (Hutchinson & Clayton, 1919).
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Table 1 Composition
of the media used

for microbial group
determination

Compound Unit
dH,0

Agar

2
-

Beef extract
Malt extract
Yeast extract
Dextrin

Fish meal hydrolysate
Glycerol
Maltose
Peptone
Sucrose
CaCl,

FeCl,4

FeSO,

KCl
K,HPO,
K,SO,
MgSO,
MgSO,-x TH,0O
NaCl
NaNO,
NH,CI1

pH

oQ 09 09 O O3 O 09 OQ O3 O3 O O 09 O3 O3 O OQ OQ OQ O O9

NAM WAM CDAM SNAM AM  HCDM
1000 1000 1000 1000 1000 1000
15.0 15.0 15.0 12.0 - -
15 - - - - -

_ 5.0 _ _ — _
15 - - - - -

- 275 - - - -

- - - 4.0 - -

- 235 - - - -

- 1275 - - - -
5.0 0.78 - - - -

- - 30.0 - - -

- - - - - 0.1
- - - - - 0.01
- - 0.01 - 0.2 -

- - 0.5 - - -

- 1.0 1.0 - 0.2 1.0
- - - - 0.1 -

- - 0.5 - 0.2 -

- - - - - 0.3
5.0 - - 4.0 0.2 0.1
- - 2.0 - - 25
- 1.0 - - - -
74 48 73 6.5 7.0 72

NAM nutrient agar medium, WAM Wort agar medium, CDAM Czapek—Dox agar medium, SNAM
SNA medium, AM Ashby medium, HCDM Hutchinson and Clayton dense medium

Cultures were grown in a thermostat at a tem-
perature of 28°C for 2 days (48 h) for the growth of
heterotrophic bacteria, for 5-7 days—actinomycetes,
N,-fixing bacteria, and molds, and for 7-9 days—cel-
lulolytic bacteria. After incubation, the colonies were
quantified and the number of CFUs in 1 g of soil was
determined (Netrusov et al., 2005).

2.4 Screening for POP-Degrading Strains

The strains of the dominant bacterial populations
were examined for the potential to degrade POPs.
Strains were inoculated on M9 agar medium to
which POP-pesticides, namely, 4.4-DDE, 4.4-DDT,
o-HCH, p-HCH, and y-HCH, were added as a car-
bon source and 2,3,5-triphenyl tetrazolium chlo-
ride (TTC) as an indicator of degradation process
(Table 2). The strains were cultured at 28°C for 6
days (144 h) (Vasnetsova et al., 2016). POP-pesticide
degradation under aerobic conditions starts with oxi-
dative reactions catalyzed by oxidoreductases, specif-
ically dehydrogenases; thus, their detection ensures
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Table 2 Composition of M9 agar medium

Compound Unit M9
dH,0 mL 1000
Starvation agar g 20.0
K,HPO, g 3.0
NaCl g 0.5
Na,HPO, g 6.0
NH,Cl1 g 1.0
2,3,5-Triphenyltetrazolium g 2.0
chloride
POP-pesticides mg 1000
pH - 7.0

the destructive properties. For the detection of dehy-
drogenases, a 5% aqueous TTC solution added to the
M9 medium was used. The POP-degrading potential
of the strain was determined by the appearance of a
reddish-pink coloration of the colonies, indicating
the formation of reduced triphenyl formazan (TFF)
(Granatskaya et al., 1992).
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2.5 16S rRNA Sequencing

Molecular identification of the microbial strains was
performed using the Sanger sequencing method.
Genomic DNA from 1-2-day cultures was isolated
using the phenol-chloroform extraction method
(Green & Sambrook, 2017). The DNA concentration
in the samples was determined using a Qubit fluo-
rometer (Invitrogen, USA) on a scale for dsDNA.

The 16S rRNA gene region was used as a marker,
8F (5-AGAGTTGATCCTGGCTCAG-3") and 806R
(5-GGACTACCAGGGTATCTAAT-3")—as  universal
primers (Edwards et al., 1989). The reaction mixture (30
pL) contained 3 pL. 10xReaction buffer (Fermentas, Lith-
uania), 2.5 mM MgCl,, 0.2 mM of each deoxyribonucle-
oside triphosphate (ANTP), 10 pmol of each primer, and
1 unit of Taq polymerase Maxima Hot Start Taq DNA
polymerase (Thermo Fisher Scientific, USA). Amplifi-
cation was performed in a Mastercycler pro S Thermo-
cycler (Eppendorf, Germany) according to the following
scheme: denaturation at 95°C for 7 min; annealing (30
cycles): 95°C for 30 sec, 55°C for 40 sec, 72°C for 1 min;
elongation at 72°C for 10 min. The PCR product was sep-
arated on a 1.5% agarose gel, and the bands were stained
with ethidium bromide and visualized in a UV transillu-
minator. 1XTBE buffer was used as electrode buffer. The
PCR product was purified with CleanSweep™ purifica-
tion reagent (Thermo Fisher Scientific, USA).

Bacterial 16S rRNA gene fragments were
sequenced using the Big Dye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, USA) accord-
ing to the manufacturer’s protocol. Obtained prod-
ucts were purified using the BigDye® XTermina-
tor™ Purification Kit following the manufacturer’s
protocol. Capillary electrophoresis was performed
using an ABI 3500 DNA analyzer (Applied Bio-
systems, USA). Sequencing results were processed
using SeqA software (Applied Biosystems, USA).

Homologous nucleotide sequences of the 16S
rRNA genes were selected using the BLAST pro-
gram in the GenBank database of the US National
Centre for Biotechnology Information (http://www.
ncbi.nlm.nih.gov) and Ribosomal Database Pro-
ject (RDP-II) (http://rdp.cme.msu.edu/html/). Phy-
logenetic analysis was performed using the soft-
ware MEGAG. Alignment of nucleotide sequences
was performed using the ClustalW algorithm. The
neighbor-joining method (NJ) was used to construct
the phylogenetic trees (Clayton et al., 1995).

2.6 Chemical Analysis

Chemical analysis to determine the POP-pesticide
concentrations in soil samples was carried out using
a Gas Chromatograph with an Electron Capture
Detector (Gas Chromatography Agilent Technolo-
gies 6890N) equipped with the Combi-PAL autosa-
mpler (CTC Analytics AG, Switzerland) following
governmental standard ST RK 2131-2011 (2012)
for research soils.

POP-pesticide concentrations in culture media
were determined by the chromatographic method
according to GOST 31481-2012 (2013) on a
TRACE 1310 GC gas chromatograph with a TSQ
8000 EVO triple quadrupole mass spectrometry
detector with a Thermo Scientific GC Column
(Thermo Fisher Scientific, USA). TG-5SILMS
30 m X 0.25 mm X 0.25 pm with low polarity 5%
diphenyl/95% dimethylpolysiloxane. The conditions
were as follows: injection volume—1 pL, separation
ratio—1:100, flow rate—1 mL min~!, column
heating rate—from 70 to 285°C at 10°C min~!,
analysis time—34 min, injector temperature—
210°C, and source temperature detector—285°C.

A 1000 mL M9 agar medium was placed in a
separatory funnel along with 30 mL of n-hexane
and then shaken vigorously for 3 min. Ethyl alcohol
was added to the mixture during extraction to form
an emulsion. After separation, the hexane layer was
poured into an Erlenmeyer flask and the extraction
with the M9 fraction was repeated twice more with
20 mL n-hexane. The extracts were combined.
The resulting extract was transferred to a 100 mL
beaker, covered with 10 mL Na,SO, saturated with
anhydrous sulfuric acid, and shaken gently. The
purified hexane extract was washed in a long beaker
with dH,0 (~10 mL) until the purified M9 became
neutral. The extract was dehydrated by infusion
with anhydrous Na,SO,. The separator was rinsed
with n-hexane and then added to the combined
extract. The solvent was reduced to a volume of
0.1-0.2 mL in a circulating evaporator and then
air-dried. The dry residue was dissolved in 1 mL
n-hexane and used for chromatography (GOST
31858-2012, 2014).
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2.7 Statistical Analysis

The degree of degradation was assessed by the differ-
ence between the POP-pesticide residues in the test
and noninoculated (control) samples (in %) (Triola
et al., 2017). Means and standard deviations for 3
replicates were calculated using the data analysis tool
in MS Excel 2019. Means were compared using the
Least Significant Difference (LSD) tests with signifi-
cance declared at p < 0.05 using MStat 6.1 (Michigan
State University, East Lansing, Michigan, USA).

3 Results and Discussion
3.1 POP Concentrations in Research Soils

POPs are a varied set of poisonous, semivolatile, and
variable mobile chemicals in the environment that
may accumulate over long distances in the air on dust
particles, in abiotic matrices, and through bioaccumu-
lation in living organisms (Alharbi et al., 2018). This
class of organic compounds of natural or anthropo-
genic origin has a unique combination of physical and
chemical properties that allow them to survive in the
environment for an unusually long time because they
are resistant to photolysis, chemical degradation, and,
in some cases, biodegradation (Babut et al., 2013;
Cachada et al., 2012). Organochlorine pesticides
(OCPs), polychlorinated biphenyls (PCBs), and sev-
eral polycyclic aromatic hydrocarbons are included in
this category. OCPs are organic compounds that have

Table 3 POP-pesticide concentrations in the research soils, pg kg™

bonded chlorine atoms, are highly lipophilic, and
have high neurotoxicity.

The soils studied were analyzed for 24 OCPs
(Table S1). However, for the current study, only widely
known POP-pesticides were considered: 4.4-DDE,
4.4-DDT, a-HCH, B-HCH, and y-HCH (Table 3). The
total concentration of OCPs in the studied soils was in
the following descending order: Kyzylkairat—121,054
pg kg!, Beskainar—47,334 pg kg~!, Amangeldy
1—5382 pg kg™, Amangeldy 2—1032 pg kg™,
Belbulak—1025 pg kg™, and Basshy—146 pg kg™
(Table S1, Fig. S1). Generally, this trend remained for
the total concentrations of 5 POP-pesticides, with one
exception: Beskainar soil was more contaminated than
Kyzylkairat soil (Table 3).

Interestingly, residues of 7 POP-pesticides were
detected in the control soil (Basshy), with levels for
aldrin slightly exceeded (by 2.9 times) (Table S1).
Among the soils collected near two warehouses in
Amangeldy village, Amangeldy 1 was more con-
taminated: all POP-pesticides were detected except
heptachlor; moreover, concentrations of 2.4-DDD,
4.4-DDD, 4.4-DDE, 4.4-DDT, aldrin, dieldrin, and
endrin were 1.3, 1.5, 11.6, 12.4, 2.2, 44.2, and 1289
times higher than the MPC values, respectively.
Amangeldy 2 contained only 6 POP-pesticides, and
the concentrations of 4.4-DDE, dieldrin, endrin, and
pf-HCH exceeded MPC by 4.5, 26.2, 182, and 1.1
times, respectively (Table S1). In the Belbulak soil,
8 POP-pesticides were detected and the concentra-
tions of 2.4-DDD, 4.4-DDD, 4.4-DDE, dieldrin, and
endrin were higher MPC by 1.8, 2.0, 5.8, 44.0, and
11.9 times, respectively. Beskainar soil contained

POP-pesticide MPC? Basshy® Amangeldy 1¢ Amangeldy 2° Belbulak® Beskainar® Kyzylkairat®
4.4-DDE 100 6.6+1.3 1163+407 445+ 88.5 577+33.9 34,215+1305 778+292
4.4-DDT 100 752+9.1 12370 <LOD 20.6+7.5 6274+179 10,023 +2471
o-HCH 100 52+1.7 7.3+0.1 <LOD <LOD 73+2.3 89.2+0.0
B-HCH 100 38.8+4.7 54.1+15.5 109+11.8 3.1+1.0 252+49.3 488+152
v-HCH 100 <LOD 19.3+0 <LOD <LOD 134+3.4 25.5+16.4
Y - 126 2481 554 601 40,762 11,404

LOD = 0.1 pg kg™

Values in bold indicate concentrations exceeding the MPC

“Maximum Permissible Concentration (MPC) values for the Republic of Kazakhstan (MHRK and MEPRK, 2004)

®Data modified from Mit et al. (2021)
€Our data
4Data modified from Mamirova et al. (2021)
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13 POP-pesticides, and the concentrations of 2.4-
DDD, 4.4-DDD, 4.4-DDE, 4.4-DDT, aldrin, dieldrin,
endrin, and B-HCH exceeded the MPC by 8.5, 8.3,
342, 62.7, 25.6, 388, 181, and 2.5 times, respectively.
Kyzylkairat soil was the most contaminated and con-
tained all 14 POP-pesticides. The concentrations of
2.4-DDD, 4.4-DDD, 4.4-DDE, 4.4-DDT, aldrin, diel-
drin, endrin, heptachlor, and p-HCH were 141, 114,
7.8, 100, 92.0, 266, 44 085, 4.3, and 4.9 times higher
than the MPC, respectively (Table S1).

Thus, all six research soils contained 4.4-DDD,
4.4-DDE, dieldrin, and p-HCH, while 4.4-DDT was
found in five soils.

3.2 Microbial Diversity of POP-Contaminated Soils

Soil microorganisms are involved in numerous
biogeochemical processes being responsible for
organic matter mineralization, element cycling,
phosphorus transformation, and protein and nucleic
acid synthesis (Abigail et al., 2005; Nannipieri
et al., 2003). Agricultural biodiversity includes
indigenous bacteria, plants, fungi, and animals
(Arias et al., 2005; UNEP, 2013). The assessment
of microbial diversity in soil includes not only
quantitative and qualitative characteristics but also
the functions and role in the ecosystem and the
impact on living organisms.

Soil biological activity depends on the diversity,
composition, and enzymatic activity of microorgan-
isms. Microorganisms are involved in 80-90% of
all processes in the soil (Nannipieri & Badalucco,
2003). They create favorable conditions for seed
germination and the development of the plant root
system, positively affecting biomass yield (Girvan
et al., 2003). Plant roots release various chemical
compounds into the soil influencing the microbial
composition. The plant rhizosphere serves as a habi-
tat for bacteria and mycorrhizal fungi as they utilize
the root exudates as a nutrition source. In addition,
microorganisms can produce antibiotics as well as
substances stimulating plant growth (e.g., ethylene,
auxins, and cytokines) and increase the bioavailabil-
ity of nutrients (e.g., phosphates). Pseudomonas sp.
can produce various biologically active compounds
such as antibiotics, lytic enzymes, ethylene, auxins,
and gibberellins (Sgrensen & Nybroe, 2004). Fur-
thermore, Pseudomonas sp. compete with pathogenic

microorganisms for nutrients, e.g., for Fe via sidero-
phore formation (Gatazka et al., 2015).

Therefore, POP-contaminated soils were analyzed
on the dominant physiologically active microbial
groups. The number of ammonifying, cellulolytic,
N,-fixing, and heterotrophic bacteria and molds was
determined, as these groups provide the soil self-
cleaning ability and participate in the soil-forming
processes. After sorption/desorption, organic pol-
lutants are usually transported to the cell membrane
and taken up by the microorganisms (Ehlers & Luthy,
2003). Sorption and transport are important processes
for improving POP bioavailability, and microbial
adaptation mechanisms play a crucial role in this pro-
cess (Fester et al., 2014; Johnsen et al., 2005). The
microbial richness of research soils contaminated
with POPs was investigated (Fig. 1).

As shown in Fig. 1, the studied soils contained the
microorganisms in the following amounts: ammoni-
fying bacteria—2.1-4.7 x 10" CFU g7, hetero-
trophs—3.2-7.2 x 10’ CFU g~!, mold fungi—1.3-9.5
x 107 CFU g7!, and cellulolytic aerobic bacte-
ria—1.7-7.1 x 10’ CFU g~!. Basshy soil contained
mainly mold fungi, cellulolytic bacteria, and yeasts
being the least contaminated. Amangeldy 2 and Bel-
bulak soils, contaminated to the same extent, differed
significantly in microbial richness: Amangeldy 2 con-
sisted mainly of mold fungi, cellulolytic, and N,-fixing
bacteria, while Belbulak—cellulolytic bacteria, yeasts,
and heterotrophs. The microbial community of Aman-
geldy 1 soil consisted mainly of N,-fixing bacteria,
while heterotrophs and mold fungi were present in
almost equal proportions. Beskainar soil contained
heterotrophs, mold fungi, and ammonifying bacteria.
The most contaminated Kyzylkairat soil contained
mainly heterotrophs, N,-fixing bacteria, and mold
fungi. The total amount of mesophilic aerobic and fac-
ultative anaerobic microorganisms in the control soil
was 4.3 x 10" CFU g~'. Thus, the scope of cellulolytic
bacteria and yeast decreased with increasing levels of
contamination in soil, an opposite trend was found for
N,-fixing bacteria (Fig. S2).

3.3 Screening for POP-Degrading Strains
The degradation of pollutants is regulated by abiotic
reactions as well as biochemical processes of micro-

organisms under favorable conditions into less toxic
by-products. Thus, studies are currently focused on
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Fig. 1 The microbial richness of the soils studied

the investigation of physiological, biochemical, and
genetic characteristics of destructor strains and the
determination of the xenobiotics’ biotransformation
pathways (Clarke, 2013; Collin, 2010; Perelo, 2010;
Sarkar et al., 2005; Scragg, 2005; Varjani & Upasani,
2017). Forty strains were isolated from research POP-
contaminated soils. The half of strains showed no
growth on the medium enriched with POP-pesticides
as the sole carbon source, indicating the absence
of destructive activity. The screening revealed 10
promising strains capable of active growth in POP-
enriched medium, namely, K2, K3, KSI, KS2, Bi, B2,
AKS5, AK1, AS1, and SA1 (Fig. 2).

As shown in Fig. 2, all colonies grown on the
M9 medium were smooth, shiny red, and S-shaped.

Fig. 2 Growth of POP-
degrading microorganisms
on a medium containing
POP-pesticides. a Pseu-
domonas plecoglossicida K2.
b Bacillus aryabhattai K3
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Feng et al. (1998) reported that colonies changed
the initial white-dull color to red during growth in
the M9 medium enriched with DDT as the sole car-
bon source.

The search for destructors was conducted among
microorganism cultures from dominating popu-
lations. On solid medium M9, the presence of
destructive strains in the composition of the entire
soil microbiota was determined using a pesticide as
a carbon supply 0.01% and 2,3,5-triphenyl tetrazo-
lium chloride (TTCH) as an indicator of bacterial
dehydrogenase activity. The destructive activity of
the cultures was measured by the activity of cell
growth and viability preservation in the presence of
organochlorine chemicals (Malik et al., 2019).
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3.4 Molecular Identification of POP-Degrading
Strains

Considering the possible errors in GenBank and
RDP-II, which were reported in a few studies (Rifaie
et al., 2022; Song et al., 2003; Turenne et al., 2001),
the construction of phylogenetic trees with 16S rRNA
nucleotide sequences of the gene was additionally
performed (http://www.bacterio.net). To construct a
phylogenetic tree for strain K2, 16S rRNA nucleotide
sequences of reference strain belonging to the Pseu-
domonas plecoglossicida group were used. As seen
in Fig. 3, strain K2 was on the same branch as Pseu-
domonas plecoglossicida FPC951. Due to the high
affinity (100%) of 16S rRNA gene fragments, reliable
identification required analysis of the gene nucleotide
sequence encoding proteins or phenotypic analysis
(Table S2).

Figure 4 shows a phylogenetic analysis of the
genetically related species Bacillus aryabhattai
B8W22 that results in a high affinity (100%) of the
strain K3 to the reference strain (Table S2).

Ten promising strains were identified as follows:
Pseudomonas plecoglossicida K2 (0K217230),
Bacillus aryabhattai K3 (MW866565), Solibacil-
lus isronensis KS1 (OK236011), Pseudomonas sp.
KS2 (OL348382), Bacillus pumilus B1 (OL348383),
Bacillus amyloliquefaciens B2 (OL348394), Bacil-
lus subtilis AKS (MW866566), Pseudomonas
koreensis AK1 (OL348403), Bacillus megaterium
AS1 (OL348404), and Bacillus paramycoides SAl
(OL348439) (Table S2). The growth dynamic of
identified active POP-degrading strains is demon-
strated in Fig. 5 and Table S4.

Fig. 3 Phylogenetic tree
constructed based on a 16S

Cell growth of Bacillus megaterium AS1 and Soliba-
cillus isronensis KS1 peaked on the fourth day (96 h) and
then declined by 43 and 21%, respectively. The growth
peak for other strains was observed on the fifth day (120 h).
The highest cell number was observed for Pseudomonas
sp. KS2 (12.6 x 10’ CFU g™). Interestingly, the growth of
Bacillus paramycoides SA1 was approximately the same
during the first 48 h and then increased drastically (Fig. 5).
Another interesting point was that Pseudomonas pleco-
glossicida K2 grew actively for 48 h, but then remained
unchanged for 24 h, and further continued to grow until the
peak (120 h).

3.5 Construction of Consortium and Its Destructive
Activity Investigation

Many traditional and sustainable methods have been
invented for the biodegradation of organic pollutants
(Gomes et al., 2013). For example, gram-negative
(Achromobacter, Alcaligenes, Burkholderia, Coma-
monas, and Pseudomonas) and gram-positive (Bacil-
lus, Corynebacterium, and Rhodococcus) bacteria can
destroy some POPs (Dercovi et al., 2013; Kafilzadeh
et al., 2015; Murinova et al., 2014; Murinova & Der-
cova, 2014a). Bioremediation can be carried out as
natural attenuation or an additional method: biostimu-
lation (addition of nutrients and inducers to promote
the growth of native microorganisms) and bioaug-
mentation (introduction of native or appropriate exog-
enous bacteria to promote biodegradation) (Dudasova
et al., 2017; Laszlova et al., 2016). However, success-
ful soil bioaugmentation requires not only the use of a
dedicated bacterial strain but also the construction of
a bacterial consortium with the targeted degradation

NR 114224.1 Pseudomonas monteilii strain NBRC 103158

{ NR 037000.1 Pseudomonas pseudoalcaligenes strain Stanier 63

TRNA gene fragment of NR 114226.1 Pseudomonas plecoglossicida strain NBRC 103162
Pseudomonas plecoglos- °

.. 1000, K2
sicida group 100%

Fig. 4 Phylogenetic tree
constructed based on a 16S
rRNA gene fragment of

NR 024662.1 Pseudomonas plecoglossicida strain FPC951

NR 115953.1 Bacillus aryabhattai strain BSW22

Bacillus aryabhattai group

NR 117473.1 Bacillus megaterium strain ATCC 14581

—

NR 116873.1 Bacillus megaterium strain ATCC 14581
NR 112636.1 Bacillus megaterium strain NBRC 15308

NR 043401.1 Bacillus megaterium strain IAM 13418
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Fig. 5 Linear regression of active POP-degrading strain growth dynamic

capacity to survive in an adverse environment (Horva-
thova et al., 2018; Mrozik et al., 2010; Murinova et al.,
2013; Murinova & Dercova, 2014b). Furthermore, the
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successful degradation usually depends not only on the
nature of the biochemical pathway but the overcoming
of endogenous and exogenous stress associated with
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POPs. For example, high concentrations of POPs act
as stress and hinder cell survival thereby the ability of
a microorganism to degrade them. Therefore, micro-
bial strains must develop effective adaptation mecha-
nisms in unfavorable conditions (de Lorenzo & Loza-
Tavera, 2010; Zoradova et al., 2011).

The strains Pseudomonas plecoglossicida K2
and Bacillus aryabhattai K3 showed the greatest
activity against POP-pesticides. A consortium was
formed based on these bacterial strains. Three differ-
ent variants were investigated: Bacillus aryabhattai
K3, a bacterial consortium developed using Pseu-
domonas plecoglossicida K2 and Bacillus aryabhat-
tai K3, and the control (M9 medium enriched with
POP-pesticides).

The general trend for the experimental treatments
was as follows: the examined strain and microbial
consortium degraded DDT and its metabolite more
actively compared to the HCH isomers (Fig. 6).
Bacillus aryabhattai K3 and the consortium Pseu-
domonas plecoglossicida K2 + Bacillus aryabhat-
tai K3 degraded 4.4-DDT almost equally after both
time points, while the degradation of 4.4-DDE dif-
fered: after 96 h, the consortium degraded the POP-
pesticide 2.5 times more intensively than the single
strain. This suggests that Bacillus aryabhattai K3
was able to decompose 4.4-DDT, while Pseudomonas
plecoglossicida K2—4.4-DDE. When analyzing the
degradation of HCH isomers, Bacillus aryabhattai
K3 was more effective in the case of «- and f-HCH
compared to the consortium. In the case of y-HCH,

= Control ® Bacillus aryabhattai K3
60
529 =
50.3
50 473
[
40 |
50
Z 30.1 ‘
< 3
)
@
= ‘
192199
20
123 ‘
10 1 71
17 32 | ‘ 38 42 |
Y o = 1.0
0 = L ! L —
% 144 % 144 %
4.4-DDE 4.4-DDT

the consortium degraded 31.9%, which was 1.8 times
higher than a single strain. Thus, the consortium of
Pseudomonas plecoglossicida K2 and Bacillus ary-
abhattai K3 can be effectively used to degrade 4.4-
DDE and y-HCH, while the single strain Bacillus
aryabhattai K3—for 4.4-DDT and o and 3 isomers.

The advantages of microbiological decontami-
nation methods over other conventional methods
are that microorganisms produce different enzymes
having high metabolic lability that enables them to
degrade POPs. The most effective way to degrade
POPs is to use an adapted consortium of microorgan-
isms rather than a monoculture. A consortium has
higher and more diverse metabolic capabilities than a
single organism. The joint activity of the microorgan-
isms in the consortium enables the complete miner-
alization of POPs.

In the development of technologies for pesticide-
contaminated soil bioremediation using destructors,
a purely empirical approach is used in each case in
the selection of bioactivation conditions and, where
appropriate, the selection of destructor plants for
inoculation into the soil system. Pesticide degrada-
tion rates are affected not only by the type of micro-
organisms and substrate but also by soil moisture
and the availability of trace elements, nitrogen and
phosphorus sources, free oxygen, pH and medium
buffering, and temperature. The success of bioreme-
diation technologies is generally determined by the
level of microbial activity in the contaminated area.
In this regard, the employment of bioremediation

Pseudomonas plecoglossicida K2 + Bacillus aryabhattai K3
319
SE
17.9
15.9 e
138 127
" " gz 110
s 102 10,1
31 >4 i
1.8 20
o N ,
144 9% 144 9% 144
a-HCH p-HCH v-HCH

Fig. 6 Determination of POP-pesticide content after 144 h in M9 medium
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technologies for soil remediation entails the use of
agricultural practices aimed at generating optimal
conditions for speeding the development and acti-
vating the metabolism of the damaging microorgan-
isms’ cells (Sharma, 2020). The study of soil micro-
bial complexes in pesticide burial areas has the
potential to accelerate the decomposition of these
compounds, making it necessary to investigate the
microbial communities of pesticide-contaminated
soils, both for assessing biological risk and select-
ing promising agents for bioremediation technology
of natural objects.

4 Conclusion

An important prerequisite for this research was to
determine the diversity of microorganisms in soils
contaminated with POPs and to isolate pure microbial
cultures to investigate their destructive properties.
Promising strains were isolated and identified. The
active POP-degrading strains can be recommended
as a compound of commercial biological products
intended for the remediation of soils contaminated
with POPs. The application of consortia constructed
based on POP-degrading strains in bioremediation of
contaminated sites in natural conditions is a perspec-
tive approach to accelerate the restoration of marginal
and contaminated soils for agricultural use.
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