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Abstract: Molecular genetic techniques (FISH, RT-PCR, and metagenomic analysis) were used
to investigate the comparative functional biodiversity in the prokaryotic complex in grassland
and forests’ sod-podzol under polycyclic aromatic hydrocarbon influence. The polluted samples
showed a decrease in the biomass of the prokaryotic community representatives and a change in the
metabolically active dominants–representatives of the Bacteria and Archaea domains compared to
the control samples. The suppression of the metabolic activity of prokaryote cells under the influence
of PAHs in sod-podzolic soil under meadow vegetation was more pronounced compared to soils
under forest vegetation. The representatives of prokaryotes that are sensitive and resistant to the
studied PAHs were identified. The representatives of the phylogenetic groups from the bacterial
complex resistant to PAH pollution were Proteobacteria (Alphaproteobacteria), Bacteroidetes, Firmicutes,
Chloroflexi, and Thaumarhaeota in the archaeal complex. Representatives of the phylum Acidobacteria
and Actinobacteria (Streptosporangiales) are noted among those sensitive to PAH contamination. The
presence and expression of the functional alkane monooxygenase (alkB) gene were established in all
the experimental variants studied. In the plant variants, the number of copies of alkB genes increased
by an order of magnitude and the biomass of metabolically active prokaryotic representatives with
the functional alkB gene doubled compared to the unpolluted territories. The copy number index of
the alkB gene can be used as one of the parameters when characterizing an ecosystem for the presence
of PAH pollutants.

Keywords: soil; contaminated PAHs; metabolically active prokaryotic complex; in situ hybridization
(FISH); high-throughput sequencing; metagenomic analysis

1. Introduction

Pollution of ecosystems with polycyclic aromatic hydrocarbon (PAH) is one of the
most important problems of modern ecology. Anthropogenic influence on the environ-
ment is becoming more and more irreversible. PAH compounds are the most dangerous
among those produced as a result of burning fossil fuels and as by-products inpulp and
paper, chemical, petrochemical, and metallurgical industries [1]. Large industrial sites and
municipal lands are the most contaminated [2].

PAHs have basic properties of persistent organic pollutants (POPs): environmental
stability, acute and chronic toxicity, degradation resistance, environmental transboundary
flows over long distances, and bioaccumulation.

The state of soil microbial communities (SMC) depends on many factors and is mostly
sensitive to changes in the water regime, structure of the soil adsorption complex, and the
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level of toxic pollution. SMCs respond to the influence of such factors in a manner that
alters its ecotrophic structure and species composition, leads to changes in the circulation
direction of biogenic elements, causes a disturbance of the ecological functions of the soil,
and increases phytotoxicity [3].

Microbial oxidation is the most effective means to destroy PAH based on the studies of
the processes behind their biological degradation. Selectivity of the microbial degradation
and oxidation rate of PAHs depend on the starting chemical properties and structure of
a PAH, such as the number of aromatic rings in the molecule, presence and size of side
substituents, and degree of ring saturation.

With the advancement of methods in molecular genetics to study functional and
structural genomics of destructing bacteria, a general understanding now exists regarding
the molecular mechanisms of biodegradation of the above mentioned compounds, as
well as the possibility to evaluate microbial activity in soil affected by different levels of
PAH pollution.

In situ remediation technologies for the soils polluted with benzo[a]pyrene that com-
bine humin and humin-mineral compounds with selected additives of bio-destructors of
organic compounds (such has bacteria and fungi) are promising. Therefore, it has become a
pressing issue to search for new bacterial strains for soil recultivation that could be resistant
to the conditions of territories under restoration and provide significant utilization of PAH.

The aim of this study was to assess the effect of PAHs on the metabolically active
prokaryotes of sod-podzolic soils under forest and meadow vegetations.

While evaluating metabolically active prokaryotic natural complexes, special attention
was paid to the analysis of the dynamics of structural and functional indicators during the
succession of microbial communities of terrestrial biocenoses.

The dynamics of carbon dioxide emission from samples; the diversity and abundance
of metabolically active cells of the prokaryotic microbial community of sod-podzolic soil;
and the presence and expression of alkan-monooxygenase (alkB), the functional gene
responsible for the degradation of n-alkanes contaminated with PAHs and in the control
during the succession initiated by moistening the samples, were studied.

2. Materials and Methods

The objects of the study were samples of the humus horizon (A) of sod-podzolic soil
(sampling depth of 5–10 cm) taken from a plot located in the subzone of mixed coniferous-
broad-leaved forests in the Noginsk district of the Moscow region, within the city limits
of Electrougli and parts of suburban areas located to the east of the city, in June 2019
(GPS coordinates of the sampling locations are shown in Table 1). Soil samples under
forest and meadow vegetationswere taken at distances of 0.3 km and 12 km (control)
from the Elektorougli Technical Carbon Plant, CJSC, which operates in the chemical and
oil refining industry. Predominant soils were Sod-podzolic and Agrozeme salfegumusor
Umbric Luvisol and Antric Podzol, respectively [4] (Table 1). An average sample was
taken from each site and analyzed in five repetitions. From the moment of sampling until
the moment of study, the samples were stored in a freezer at −18 ◦C. The study area has
been under technogenic impact caused by the operation of the Elektorougli Technical
Carbon Plant for a long time. Pollutants in most areas came from this source through the
atmosphere. A large amount of solid material, represented by various industrial wastes
including hydrocarbon-containing substances, were present within and near the industrial
zone [5].

Chemical analysis data on the content of the most common groups of polycyclic
aromatic hydrocarbons, as well as the total content of PAHs, was available for each sample
(Table 2) [5]. Organic horizons of forest soils and urban soils may even reach individual
PAH concentrations of several 100 µg kg−1 [6].

Microbial succession in the soil samples was initiated by the soil moisture pressure
matrix −3.2 kPa and microcosms were incubated at 27 ◦C, which corresponds to the most
optimal conditions for the development of most microorganisms. Soil collected at 12 km
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from the pollution source moistened with 1 mL of water served as a background control.
The experiment was conducted for 30 days.

Table 1. Characteristics of the tested samples.

Sample Soil Sampling Location Sampling Depth, cm

1 Sod-podzolic post-agrogenic podzolized clayey-illuviated City, meadow, 0.3 km from the plant
(55.728016, 38.217825) 5–10

2 Sod-podzolic peated artistratified clayey-illuviated City, forest, 0.3 km from the plant
(55.728355, 38.220142) 5–10

3 Sod-podzolic gley ultra-deeply lightened Forest, 12 km from the plant
(55.724166, 38.389851) 5–10

4 Sod-podzolic gley ultra-deeply lightened Arable land, 12 km
(55.724371, 38.387340) 5–10

Table 2. PAH content in soil samples.

Sample Phenanthrene,
ng/g Soil

Chrysene,
ng/g Soil

Anthracene,
ng/g Soil

Benz(a)pyrene,
ng/g Soil

PAH content,
ng/g of Soil Corg, %

1 19,289.5 1937.5 1033.0 514.6 26,818.1 4.6

2 9416.9 6344.0 677.1 1518.7 29,128.3 10.8

3 133.7 40.9 14.5 2.0 443.1 3.3

4 44.1 4.6 0.0 0.1 74.3 2.9

Research Methods

The total number and number of metabolically active cells in the studied samples
were determined by microscopic FISH method (fluorescent in situ hybridization for cells)
using different fluorochromes, namely acridine orange and Cy3 [7]. Cell counting was
performed on the tenth day of hydration-initiated succession.

The total number of prokaryotes was determined using acridine orange dye reacting
with cell DNA. The number of metabolically active cells was established by staining the
rRNA in the cells with specific fluorescent-labeled oligonucleotide probes, which allowed
not only evaluate the viability of microorganisms but also study microbial diversity in situ.
A set of probes specific to the Archaea and Bacteria domains were applied to the studied
samples. The oligonucleotide sequences of the probes are shown in Table 3.

All bacteria observed were individual. Desorption of microorganisms from various
plant organs and soils was carried out using an UZDN-1 ultrasonic unit (2 min, current
0.40 A, frequency 22 kHz). The Axioskop 2 plus microscope (ZEISS, Germany) was used
for the direct counting of microorganisms. The Axioskop 2 plus microscope equipped with
Filter set 15 for the probes (Cy3) and Filter set 09 for acridine orange staining was used. The
number of microbial cells contained in 1 g of the sample was calculated according to the
formula: N = S1an/vS2c, where N is the number of bacterial cells (or mycelium length in
µm) in 1 g of the soil sample; S1 is the area of the sample in µm2; a is the number of cells (or
mycelium length, µm) in one field of view (averaging was performed for all preparations);
n is the index of suspension dilution in mL; v is the volume of the drop applied to the slide
in mL; S2 is the area of the microscope field in µm2; and c is the weight of the soil sample in
g. The specific bacterial mass was assumed equal to 1 g/cm3 and the water content in cells
was 80%. The biomass of microbial cells was calculated assuming the following values for
dry biomass: 2 × 10−14 g for one bacterial cell with a volume of 0.1 µm3 and 3.9 × 10−8 g
for 1 m of actinomycete mycelium with a diameter of 0.5 µm [7].

A similar in situ hybridization method with rRNA-specific fluorescent-labeled oligonu-
cleotide probes (FISH, fluorescent in situ hybridization) was used to determine the expres-
sion of the functional gene alkane monooxygenase (alkB), responsible for the destruction of
n-alkanes in the studied samples [8]. The primer was designed based on the Pesudomonas
AJ233397 alkB gene sequence. The target amplification region was 870 base pairs.



Forests 2021, 12, 1103 4 of 15

Table 3. rRNA-specific oligonucleotide probes used in this study. Y=C or T; W=A or T; R=A or G.

Probe Target Group
of Organisms 16S rRNA Target Site Nucleotide Sequence

of the Probe (5’-3’) Formamide, % a NaCl, mM b Reference

EUB338 I Bacteria
338–355

GCTGCC TCC
20 225 [9]EUB338 II Bacteria (Planctomycetales) CGTAGGAGTGCAGCCACCC

EUB338 III Bacteria (Verrucomicrobiales) GTAGGTGTGCTGCCACCCGTAGGTGT

ARCH915
Archaea

915–934 GTG CTC CCC CGC CAA TTC CT
30 112 [9,10]ARC344 344–363 TCGCGCCTGCTGCIC CCC GT

EURY806 Euryarchaeota 806–824 CAC AGC GTT TAC ACC TAG 30 112 [11,12]

CREN537 Cren + Thaumarchaeota 537–555 TGA CCA CTT GAG GTG CTG 30 112 [11]

THAUM-494 Thaumarchaeota 494–513 GAA TAA GGG GTG GGC AAGT 30 112 [11]

ALFlb Alphaproteobacteria 19–35 CGTTCGYTCTGAGCCAG cG
20 225 [13,14]ALF968 968–986 GTAAGGTTCTGCGCGTT

BET42a Betaproteobacteria 1027–1043 d GCC TTC CCA CTT CGT TT 35 80 [13]

GAM42a Gammaproteobacteria 1027–1043 d GCC TTC CCA CAT CGT TT 35 80 [13]

SRB385Db Deltaproteobacteria 385–402 CGG CGT TGC TGC GTC AGG 20 225 [15]

CF319a
Bacteroidetes 560–593

TGG TCC GTG TCT CAG TAC WCC CTT
35 80 [16]CFB560 TAA ACC CART

HGC69a Actinobacteria 1901–1918 d TAT AGT TAC CAC CGC CGT e 25 159 [17]

LGC354A
Firmicutes 354–371

TGGGAAGATTCCCTACTGC
35 80 [18]LGC354B CGGGAAGATTCCCTACTGC

LGC354C f CCGGAAGATTCCCTACTGC

HoAc1402 Acidobacteria 1402–1420 CTT TCG TGA TGT GAC GGG 10 450 [19]

Ver138
Verrucomicrobia

138–155 CGA GCT ATT CCC CTC TTG
10 450 [20]Ver1455 1455–1472 CCA TCC ATA CCT TCG GCA

PLA46 Planctomycetes 46–64 GAC TTG CAT GCC TAA TCC
30 112 [21,22]PLA886 886–905 GCC TTG CGA CCA TAC TCC C

a indicates formamide concentration in the hybridization buffer. b indicates NaCl concentration in the washing buffer. c indicates Y=C or T; W=A or T; R=A or G. d indicates target molecule is 23S rRNA.
e indicates that the labeled probe was mixed with unlabeled oligonucleotide 5’-TATAGTTACGGCCGCCGT-3’. f indicates equimolar mixture of three labeled oligonucleotides.
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Hybridization of the samples with fluorescence-labeled probes was performed at 46 ◦C
and 50% formamide [23]. The hybridization conditions used for the alkB probes, formamide
concentration in the hybridization buffer, and NaCl concentration in the washing buffer
are shown in Table 4.

Table 4. rRNA-specific oligonucleotide probes used in this study.

Probe Nucleotide Sequence of the Probe (5′-3′) Formamide, % a NaCl, mM b

alkB(F) Cy3-tgg-ccg-gct-act-ccg-atg-atc-gga-atc-tgg
50 500alkB(R) Cy3-cgc-gtg-gtg-atc-cga-gtg-ccg-ctg-aag-gtg

a indicates the formamide concentration in the hybridization buffer. b indicates the NaCl concentration in the
washing buffer.

The real-time PCR method was used for the quantitative analysis of the number of
DNA copies of bacteria carrying the functional gene alkB responsible for n-alkane degradation.

The Standard Power Soil DNA Isolation Kit (MO BIO, Carlsbad, CA, USA) was used
for the total DNA extraction, following the manufacturer’s instructions.

The measurement was performed on a DTLite4 DNA-Technology detection amplifier
on certain days of succession (day 14 after hydration-initiated succession). Obtained results
were processed using the program package Realtime_PCR. This DTLite4 detection amplifier
combines the functions of a programmable thermocycler and an optical system to record
the fluorescence of the reaction mixture in test tubes during the polymerase chain reaction.
SYBR® Green intercalating dye and primer-bound dyes (light cycler: two probes that bind
to the target DNA short distance from each other) were used. The reaction mixture was pre-
pared using Super MixEva Green Biorad (concentrated buffer with deoxyribonucleotides,
Sso7d-fusion polymerase, MgCl2, EvaGreen dye, and stabilizers). The instrument was
calibrated based on the correlation of the fluorescence intensity and logarithm of the DNA
concentrations in standard solutions. Streptomyces violaceus [sec. Roseus: ser. Roseoviolaceus]
culture, capable of using hydrocarbons as the only nutrient source (toluene), was used as a
standard. The primer sequences used to identify representatives possessing the functional
alkB gene are presented in Table 5.

Table 5. Primer sequences for the functional alkB gene.

Probe Enzyme Nucleotide Sequence of the Probe (5′-3′) Size of the Target Area
(bp) Reference

alkB alkanemonooxygenase

F
TGGCCGGCTACTCCGATGATCGGAATCTGG 870 [8]

Re
CGCGTGGTGATCCGAGTGCCGCTGAAGGTG

The following protocol for amplification was used: First, 1 cycle: 94.0 ◦C for 5 min.
Second, 30 cycles: 94.0 ◦C for 1 min; 60 ◦C for 1 min; and 72 ◦C for 1 min. Third, 1 cycle:
72 ◦C for 3 min. Fourth, 1 cycle: 4 ◦C of cooling [24].

The amount of tested DNA was expressed in absolute or relative units. Each DNA
matrix quantification requires three standards and a negative control (sample without
DNA matrix).

The data were statistically processed using STATISTICA 8.0 software. An average
sample was taken from the site and examined in 5-fold replications. The ANOVA analysis
of variance was applied to the results. The Shapirotest showed a normal distribution of
results. An LSD test was applied to the results.

To analyze the biodiversity of the prokaryotic complex of the studied soil samples, we
used the method of high-throughput sequencing of the conserved 16S rRNA gene region.
Amplification of 16S rRNA gene fragments was performed using degenerate primers
complementary to the sequences of both bacteria and archaea:PRK341F (CCTACGGGRBG-
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CASCAG) and PRK806R (GGACTACYVGGGTATCTAAT). The obtained PCR fragments
were purified via QIAquick columns according to the manufacturer’s protocol. Each PCR
fragment was dissolved in 50 µL of TE buffer; the obtained material was sufficient for
further analysis. The nucleotide sequences of variable 16S ribosomal RNA gene fragments
from metagenomic DNA samples were determined by high-throughput sequencing. Se-
quencing was performed on an Illumina MiSeq polygenomic sequencer with the read time
of 39 h and the number of pair-end reads of8 million. After the reads from both ends of the
DNA were collected, a file was generated with forward and reverse reads, which repre-
sented a textual description of the primary structure of linear macromolecules in the form
of a monomer sequence. Sequencing data processing was performed using an automated
algorithm, namely QIIME 1.9.1, which included unification of the forward and reverse
reads; deletion of technical sequences; filtering out of sequences with low read reliability
scores for single nucleotides (quality less than Q20) and chimeric sequences; alignment
of reads with the reference of the 16S rRNA sequence; and distribution of sequences into
taxonomic units with the help of the Silva database version 132. We used an algorithm
for the classification of operational taxonomic units (OTUs) with an open-reference OTU
classification threshold of 97%.

The gas chromatography method was used to study carbon dioxide emissions from soil
samples. Gas samples were taken using a syringe. The instrument was a chromatograph
with a thermal conductivity detector. The column length was 3 m and Polysorb-1 was
used as the filler. The flow rate of the carrier gas (He) was 25 mL/min. Soil samples
(5 replications, 5 g each) were placed in hermetically sealed vials. The accumulation of
carbon dioxide in the gas phase over the samples was evaluated after one day of incubation
at room temperature. Soil collected 12 km from the pollution source served as a background
control. Measurements were taken on the second, fourth, seventh, ninth, fourteenth, and
twenty-first days. The experiment was conducted for 30 days. Calculationswere carried
out according to Formula (1):

µgC:CO2/g soil × day = [instrument readings] × 0.002124 × 12 × Va/m × t, (1)

where Va is the volume of air in the vial ml; m is the weight of the soil sample in g; t is the
time of incubation between vial airing and measuring in days; 12 g/mol is the molecular
weight of carbon; and 0.002124 is the calibration factor.

3. Results
3.1. Carbon Dioxide Emission from the Studied Soil Samples

In order to assess the effect of PAHs on soil microorganisms, the method of succession
initiation by wetting was applied. Samples taken at a distance of 12 km from the plant
and moistened with water served as a control. The intensity of processes in the control
was determined by the rate of the decomposition of organic matter present in the soil.
We considered the parameters of carbon dioxide emission activity as one of the indica-
tors of the impact of polycyclic aromatic hydrocarbons on the metabolic activity of the
microbial community.

When comparing soil samples taken from the meadow and forest, as the distance
from the source of pollution increased, all three locations showed an increase in carbon
dioxide emission from 360 to 480 µg C-CO2/g day. The graph of combined CO2 emission
also showed a clear relationship between the activity of carbon dioxide emission by soil
organisms and the proximity of the samples to the source of pollution. The higher the
concentrations of PAH in soil, the lower the total amount of CO2 emitted by microbiota
during the experiment (Figure 1, Table 6).
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Figure 1. Total carbon dioxide CO2 emission [µg C-CO2/g] from soil samples depending on the
distance from the source of pollution.

Table 6. Statistical analysis of total carbon dioxide CO2 emission data from the soil (LSD test; probabilities for post-hoc tests;
and error: between MS = 85,765, df = 16,000).

Soil 1 2 3 4

Soil under forest vegetation, 0.3 km from coal plant 0.361477 0.00000 0.000005

Soil under meadow vegetation, 0.3 km from coal plant 0.361477 0.000055 0.000031

Soil of arable land, control (12 km from coal plant) 0.000009 0.000055 0.766284

Soil under forest vegetation, control (12 km from coal plant) 0.000005 0.000031 0.766284

3.2. The Biomass of Prokaryotes in the Studied Soil Samples

A similar pattern noted in the CO2 emission was observed when analyzing the total
prokaryotic biomass, namely a decrease in the total abundance indicator as the content
of pollutants in the soil increased (Figure 2, Table 7). The background biomass values
were about 0.4 mg/g soil (400 µg/g soil) and the biomass in soils closer to the source of
contamination under the meadow vegetation was 260–270 µg/g soil, while under forest
vegetation it was half as high at 200–215 µg/g soil.

Table 7. Statistical analysis of total prokaryotic biomass data in the soil (LSD test; probabilities for post-hoc tests; and error:
between MS = 0.01465, df = 99.000).

Soil 1 2 3 4

Soil under forest vegetation, 0.3 km from coal plant 0.053527 0.000002 0.000000

Soil under meadow vegetation, 0.3 km from coal plant 0.053527 0.000868 0.000056

Soil of arable land, control (12 km from coal plant) 0.000002 0.000868 0.676425

Soil under forest vegetation, control (12 km from coal plant) 0.000000 0.000056 0.674225
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Figure 2. Total prokaryotic biomass [mg/g soil] in soil samples depending on the distance from the
source of pollution.

The metabolically active prokaryotic microbial community (actively growing and
dividing cells with the presence of rRNA) of the soils in the study area was analyzed by in
situ hybridization with rRNA-specific fluorescent-labeled oligonucleotide probes (FISH,
fluorescent in situ hybridization). The biomass of metabolically active prokaryote cells
decreased in the soils as the PAH concentration increased (Figure 3, Table 8a–c). Specifically,
the biomass values were 230–240 µg/g of the soil in the background samples, although
they did not exceed the 185 and 135 µg/g of the soil in the samples taken from the plant
territory under the forest and meadow vegetation, respectively.

It is known from the literature that, compared to the control, in the pollutant-containing
experimental sod-podzolic microcosms, a decrease in the share of metabolically active
prokaryotic cells was observed, as well as changes of the hydrolytic complex structure [25].

The suppression of the metabolic activity of prokaryote cells under the influence of
PAHs in sod-podzolic soil under meadow vegetation was more pronounced compared to
soils under forest vegetation, for which the microbial complex is characterized by greater
tolerance and buffering to the contaminant.

3.3. Study of the Structure of the Metabolically Active Prokaryotic Complex

The next stage of the research focused on studying the structure of the metabolically
active prokaryotic community in the studied soils.

According to the results of metagenomic analysis and FISH, metabolically active
members of the bacteria domain dominated (90%) all the investigated soil samples and the
proportion of Archaea was about 10% in both the experimental and control samples.

The bacterial component of the uncontaminated sod-podzolic soil was characterized
by the predominance of several phyla with Proteobacteria, Acidobacteria, and Actinobacteria
being the dominant groups (Figure 4). Moreover, Proteobacteria and Acidobacteria consti-
tuted approximately equal shares of the total detected bacterial communityin the soil under
the forest vegetation (38% and 32%, respectively), while in the soil under the meadow
vegetation, the share of Actinobacteria increased to 25% and the share of Acidobacteria
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decreased to 15%. Representatives of gamma proteobacteria belonging to the Xanthomon-
adaceae family of genus Dyella dominated among proteobacteria in the soil under the
forest vegetation; representatives of the Acidobacteriaceae (Edaphobacter) family dominated
among Acidobacteria; and representatives of order Streptosporangiales and Corynebacterales
dominated among Actinobacteria.
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Table 8. (a) Statistical analysis of Actinobacteria biomass data (LSD test; variable Var2 (spread sheet 25); probabilities for
post-hoc Tests; and error: between MS = 0.00008, df = 8.000). (b) Statistical analysis of Acidobacteria biomass data (LSD test;
variable Var2 (spread sheet 25); probabilities for post-hoc tests; and error: between MS = 0.00008, df = 8.000). (c) Statistical
analysis of Proteobacteria biomass data (LSD test; variable Var2 (spread sheet 25); probabilities for post-hoc tests; and error:
between MS =0.00146, df = 10.000).

Soil 1 2 3 4 Mean St. Err

Soil under forest vegetation, 0.3 km from coal plant 0.2168 0.0039 0.0055 0.023 0.005

Soil under meadow vegetation, 0.3 km from coal plant 0.2168 0.0007 0.0009 0.014 0.003

Soil of arable land, control (12 km from coal plant) 0.0039 0.0007 0.8177 0.052 0.007

Soil under forest vegetation, control (12 km from coal plant) 0.0055 0.0009 0.8177 0.050 0.004

Soil under forest vegetation, 0.3 km from coal plant 0.3639 0.5476 0.0033 0.026 0.003

Soil under meadow vegetation, 0.3 km from coal plant 0.3639 0.1504 0.0009 0.019 0.004

Soil of arable land, control (12 km from coal plant) 0.5476 0.1504 0.0081 0.031 0.004

Soil under forest vegetation, control (12 km from coal plant) 0.0033 0.0009 0.0081 0.056 0.008

Soil under forest vegetation, 0.3 km from coal plant 0.4704 0.2454 0.0071 0.026 0.003

Soil under meadow vegetation, 0.3 km from coal plant 0.4704 0.6389 0.0201 0.019 0.004

Soil of arable land, control (12 km from coal plant) 0.2454 0.6389 0.0396 0.031 0.004

Soil under forest vegetation, control (12 km from coal plant) 0.0071 0.0201 0.0396 0.056 0.008
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Figure 4. Phylogenetic map of the structure of the bacterial components of sod-podzolic soil under forest vegetation in the
control 12 km from the plant (A) and experimental (oil-contaminated, 0.3 km from the plant) (B) samples.

The metabolically active component of the prokaryotic complex was restructured in
contaminated samples at the plant site.

An increase in the biomass of metabolically active representatives of phylogenetic
groups such as Proteobacteria, Bacteroidetes, Firmicutes, and Chloroflexi was observed in the
plant territory soil. The share of alpha proteobacteria increased due to members of Sphin-
gomonas and Bradyrhizobiaceae. Representatives of the Cytophagaceae and Chitinophagaceae
families were detected from phylum Bacteroidetes.

In contrast, there were changes in the structure of the complex, leading to a decrease
in the biomass of some phylogenetic groups whose representatives can be classified as
sensitive forms. The share of acidobacteria and actinobacteria decreased. The structure of
the actinobacteria complex significantly changed. Representatives of the Streptosporangiales
order were practically not detected and they can be classified as PAH-sensitive. The
share of Micrococcales (Arthrobacter) and Nocardiodaceae (Nocardioides and Aeromicrobium)
increased. The share of representatives of the genus Gaiella belonging to Rubrobacteria
increased significantly.

There is information in the literature regarding the resistance of some bacterial rep-
resentatives to oil contamination. Wefound the followingrepresentatives of the Bacteria
domain that are resistant to oil contamination: Nocardiodes, Rhodococcus, Gaiella, Kribella,
Conexibacter, Solirubrobacter, Pseudomocardis, and Rhodopseudomonas [7]. Taking into account
the heterogeneity of the soil system, one should certainly not forget about other parameters
affecting changes in the structure of the microbial complex, such as, for example, the
physicochemical properties of the objects under study.

Considering the structure of the archaeal metabolically active complex, we noted
some increase in the abundance of metabolically active forms as compared to the control
(Figure 5). We also noted changes in the structure of polluted samples as compared to the
control and identified stable and sensitive phylogenetic forms. More profound restruc-
turing of the archaeal complex occurs in polluted territories under meadow vegetation as
compared to control. Contamination with PAH leads to an increase of Thaumarchaea’s share.
The biomass of Euryarchaeota increased by two-folds as compared to the control and reached
29 µg/g of soil. Modern literature indicates the presence of archaea belonging to the phy-
lum Euryarchaeota (methanogens of the genera Methanolobus and Methanoplanus), growing
on oil with methane formation in hydrocarbon-contaminated substrates [2]. Representa-
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tives of the Crenarchaeota phylogenetic group can be considered sensitive to PAHs; their
biomass decreased in contaminated soils by three-folds in comparison to the background
and was 8 µg/g of soil (Figure 5, Table 9a–c).
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Figure 5. The biomass and structure of the Archaeal metabolically active community in soil samples
depending onthe distance from the source of pollution.

Table 9. (a) Statistical analysis of Archaeal Thaumarchaeota biomass data (LSD test; variable Var2 (spread sheet 25);
probabilities for post-hoc tests; and error: between MS = 0.00008, df = 8.000). (b) Statistical analysis of Archaeal Euryarchaeota
biomass data (LSD test; variable Var2 (spread sheet 25); probabilities for post-hoc tests; and error: between MS = 0.00008,
df = 8.000). (c) Statistical analysis of Archaeal Crenarchaeota biomass data (LSD test; variable Var2 (spread sheet 25);
probabilities for post-hoc tests; and error: between MS = 0.00146, df = 10.000).

Soil 1 2 3 4 Mean St.Err

Soil under forest vegetation, 0.3 km from coal plant 0.229421 0.055347 0.410960 0.031859 0.005774

Soil under meadow vegetation, 0.3 km from coal plant 0.229421 0.0007597 0.061951 0.042887 0.00866

Soil of arable land, control (12 km from coal plant) 0.055347 0.007597 0.206866 0.012866 0.002887

Soil under forest vegetation, control (12 km from coal plant) 0.410960 0.061951 0.206866 0.024507 0.005196

Soil under forest vegetation, 0.3 km from coal plant 1.00000 0.000636 0.003636 0.008577 0.000751

Soil under meadow vegetation, 0.3 km from coal plant 1.00000 0.000636 0.003636 0.008577 0.000635

Soil of arable land, control (12 km from coal plant) 0.000636 0.003636 0.212999 0.003676 0.000520

Soil under forest vegetation, control (12 km from coal plant) 0.000636 0.003636 0.212999 0.004901 0.000635

Soil under forest vegetation, 0.3 km from coal plant 0.002388 0.692936 0.016999 0.023894 0.005196

Soil under meadow vegetation, 0.3 km from coal plant 0.002388 0.001396 0.0209428 0.004289 0.000577

Soil of arable land, control (12 km from coal plant) 0.692936 0.001396 0.009192 0.025732 0.000981

Soil under forest vegetation, control (12 km from coal plant) 0.016999 0.0209428 0.009192 0.010415 0.003464

In soils under forest vegetation, some changes in the structure can also be noted but
the observed differences will have a smoother character, which can be attributed to the
greater resilience of forest ecosystems.
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3.4. Detection of the Presence of the Functional Alkane Monooxygenase (alkB) Geneby RT-PCR
and Both the Abundance and Biomass of Metabolically Active Prokaryotes Carrying Functional
Alkane Monooxygenase by FISH

Results of RT-PCRpoint out the highest expression of the alkane monooxygenase gene
in the soil samples from the territory of the plant, in which the concentration values reached
2500 to 3100 copies/g soil, while in the background territories, the values were an order of
magnitude lower and ranged from 35 to 830 copies/g soil.

The copy analysis of the functional alkan-monooxygenase (alkB) in the samples studied
using the FISH method revealed that metabolically active cells with this gene were found
in all samples and the closer the sample was located to the source of pollution, the higher
the content of cells with the functional gene in it. Thus, the values of the biomass of
metabolically active cells containing the functional gene of alkan-monooxygenase on the
territories immediately adjacent to the plant were 14–18 µg/g soil, while at the background
sites, the values were two times lower and did not exceed 7 µg/g soil. In soils under
forest plants, the biomass of metabolically active cells containing the functional gene of
alkan-monooxygenase was higher than in soils under meadow plants and the was amount
18 and 14 µg/g soil, respectively.

Thus, the molecular-biological methods (FISH and RT-PCR) revealed an order of
magnitude increase in the number of copies of alkan-monooxygenase (alkB) genes in the soil
samples contaminated with PAH and a two-fold increase in the biomass of metabolically
active prokaryotes possessing the functional alkB gene compared to the uncontaminated
territories. The copy number index of the alkan monooxygenase (alkB) gene can be used as
one of the parameters when characterizing an ecosystem for the presence of PAH pollutants.

4. Discussion

The quantitative and qualitative detection of key enzymes responsible for the oxi-
dation of one or another oil component and their genes is a direct proof of the use of
PAH components and the metabolic activity of the microorganism [25–28]. In studies of
the degradation of polycyclic 28 aromatic hydrocarbons (PAHs), oil is a marker use key
enzyme of the dioxygenase class. When studying destructors of n-alkanes of PAH, the
alkane monooxygenases, key enzymes in the alkane hydroxylase system, oxidizes the
substrate. Regarding genes for di and monooxygenases, similar to other genes responsible
for metabolism, alternative sources of carbon and energy are under catabolic repression
and are only induced under certain conditions. The main requirement of such conditions
is the lack of energy sources quickly used by the cell, primarily glucose and other sugars,
as they are able to suppress the synthesis of enzymes of other pathways of catabolism
involved in the metabolism of relatively slowly used energy sources [29]. From here it
follows that the detection of the gene expression of additional metabolic pathways is
direct evidence of the use of a particular substrate by the cell as the only source of carbon
and energy. This approach is used to study metabolic activity and the identification of
destructors in the community. Thus, based on the analysis of the matrix RNA (mRNA)
of alkane hydroxylase genes alkB and the assessment of the 16S rRNA gene profile in the
community, it was possible to estimate the rate of oil degradation by the microbial com-
munity in five applied methods of bioremediation of contaminated soils [30]. The alkane
hydroxylases of eubacteria are of great interest for biocatalytic and environmental stud-
ies. The key enzyme of alkane hydroxylases is alkane monooxygenase (alkB). The alkane
hydroxylasescatalyze the hydroxylation of linear and branched aliphatic, alicyclic, and
alkylaromatic compounds [31]. The detection of the expression of alkB genes contributes
to the identification of the metabolically active part of the microbiological community,
capable of degrading n-alkanes by the enzyme alkane-monooxygenase [32]. The presence
of protein-coding genes of alkane monooxygenase, in other words “keeping house genes”,
has been shown in the corresponding bacteria; however, the question of gene expression
directly in in situ environmental systems remains open [33].

Experimental material of the data concerning microorganisms capable of destructing
polycyclic aromatic hydrocarbons has been accumulated on the processes of biodegrada-
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tion of naphthalene to metabolites of the main metabolism or its partial transformation
for representatives of bacteria of the following genera: Arthrobacter, Alcaligenes, Bacillus,
Comamonas, Cycloclasticus, Lutibacterium, Marinobacter, Micrococcus, Neptunomonas, Nocardia,
Paenibacillus, Polaromonas, Pseudomonas, Ralstonia, Rhodococcus, Sphingomonas, and Strepto-
myces [34].The ability to degrade higher molecular weight aromatic compounds containing
three or more benzene rings in their composition (anthracene, phenanthrene, pyrene, chry-
sene, etc.) was found in representatives of the following genera: Alteromonas, Arthrobacter,
Brevibacterium, Pseudomonas, Nocardioides, Sphingomonas, Rhodococcus, Alcaligenes, Mycobac-
terium, Pseudomonas, and Bacillus [35].A number of these bacteria are part of naphthalene
metabolizing complexes.

Thus, the composition and structure of microbiological communities, in addition to
soil and climatic conditions, will be influenced by the nature of the pollutant and its dose,
which will determine the number of individual groups of soil microorganisms and the
intensity of processes occurring in the soil. Recently, the development of technologies for
bioremediation of soils subjected to man-made stress using bacteria capable of degrad-
ingtarget toxicants or their transformation to less toxic forms has become more and more
relevant. The isolation of target strains–destructors of polycyclic aromatic hydrocarbons
and other petroleum products in soils is promising. According to the literature, they al-
ready include proteobacteria (Pseudomonas, Alcaligenes, and Flavobacterium), actinobacteria
(Arthrobacter, Brevibacterium, Cellulomonas, Microbacterium, Rhodococcus, Dietzia, Janibacter,
Kocuria, and Streptomyces), and spore-forming bacteria of the family Bacillaceae (Bacillus and
Paenibacillus) [34].

5. Conclusions

An increase in the PAH concentration in sod-podzolic soil from 70 to 25,000 ng/g
soil showed a decrease in the metabolic activity of the microbial community in terms of
both catabolic (respiration) and anabolic (biomass) processes by the fourteenth day of
the succession. The values of CO2 emission ranged from 480 to 360 µg(C-CO2)/g soil
per day and prokaryotic biomass from 400 to 225 µg/g soil for control and contaminated
samples, respectively.

It was demonstrated that the biomass of the metabolically active soil prokaryotic
component decreased by one and a half-folds in the meadow soil by the fourteenth day
of succession and was 265 µg/g of soil in the samples compared to the control. The
suppression of the metabolic activity of prokaryote cells under the influence of PAHs
in sod-podzolic soil under meadow vegetation was more pronounced compared to the
soils under forest vegetation, for which the microbial complex is characterized by greater
tolerance and buffering to the contaminant.

The structure of the metabolically active prokaryotic component was found to change
in the contaminated variants as compared to the background. The representatives of
prokaryotes that were sensitive and resistant to the studied PAHs were identified. The
representatives of the phylogenetic groups from the bacterial complex resistant to PAH
pollution were Proteobacteria (Alphaproteobacteria), Bacteroidetes, Firmicutes, and Chloroflexi,
and Thaumarchaeota in the archaeal complex.

The presence and expression of the functional gene alkan-monooxygenase (alkB) was
detected in all the experimental variants studied. The concentration of gene copies exceeded
the concentration in the background areas by an order of magnitude in the variants from
the plant area. The values of the biomass of metabolically active cells containing the
functional alkan-monooxygenase gene in the contaminated territories differed from the
control variants by a factor of two.
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